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ABSTRACT

The NASICON-type Lij 4Ti» yNby(PO4)3 (0 < x < 0.5) has been prepared using a conventional solid-state reac-
tion and characterized by powder X-ray (XRD), scanning electron microscopy (SEM), nuclear magnetic re-
sonance (NMR) and impedance spectroscopy (IS). The substitution of Ti** by Nb>* in LiTi,(PO,); increases unit
cell parameters of NASICON phases (S.G. R3c). The parallel XRD and NMR analysis confirmed the formation of
secondary phases besides NASICON compounds. The NMR components detected in °>Nb and *'P MAS-NMR
spectra have been ascribed to formation of crystalline NbPOs and NASICON phases. The substitution of Ti** by
Nb®* produces detection of three equally spaced *'P MAS-NMR P(OTi)4.,(ONb),, components, whose intensity
changes with the Nb content of the NASICON phase. On the other hand, the broad *'P NMR band detected at
~ —130 ppm has been ascribed to the formation of an amorphous Nb phosphate that strongly affects con-
ductivity of samples. At 355K, total conductivity decreased from 1.2 x 10”7 Scm™' (Ea = 0.49eV) to
6.0 x 10"°Scm ™! (Ea = 0.56 eV) when going from LiTiy(PO4); to LiosTi; sNbgs(PO4)s. This important de-
crease has been related to the increment of activation energy (stronger Li-network interaction); however, further

studies are required to understand the deleterious effect of niobium in Li; ,Tis xNb, (PO,4)3 series.

1. Introduction

Lithium-ion rechargeable batteries are considered as the best ap-
propriate power source for different applications such as electric ve-
hicles (EVs), implantable medical devices and large scale energy sto-
rage systems (ESSs). Recently, considerable research has been
concentrated on Li fast ion conductors with NASICON (Na Super-Ionic
Conductor) structure to be used as solid electrolyte in Li-ion batteries
[1-3].

The NASICON LiM,(PO4)s structure can be described as
[M5(PO4)3] ™ lanterns that share vertices with contiguous units to form
a three-dimensional network. LiM,(PO4); (M = Ti**, Ge**) com-
pounds, display rhombohedral symmetry (S.G. R3c) [4,5], while in
other compositions (M = Sn**, Zr**, Hf*"), a triclinic distortion was
detected at low temperature (S.G. CI) [6-8]. Samples derived from the
rhombohedral LiTi,(PO4)3 phase (S.G. R3c) display appropriated con-
ductivity and chemistry stability [9,10].

The most appropriate strategy to change the Li content in NASICON

compounds is the substitution of titanium by other cations [11]. The
structure of LiTi,(PO,); is flexible for partial substitution of Ti** with
trivalent like AI®*, Ga®*, Sc3*, Fe®™, Cr®*, or Y3* [12-16], tetra-
valent- Zr** [17] and pentavalent Nb®>* or V°>™ cations [18-21], giving
rise to a considerable amount of derived compounds. In conduction
pathways, Li cations can occupy M1 and M2 sites: in M1 sites Li is
sixfold coordinated at the Wyckoff position 6b (0, 0, 0) of ternary axes,
however, in M2 sites Li is tenfold coordinated at 18e (x, 0, 1/4), dis-
posed symmetrically around three-fold axes [22].

At room temperature, the maximum reported conductivity
(ogpr = 1073Sem ™) was found in AI®* [13,14] and Sc®* [13,15]
doped compounds. Neutron diffraction refinements of Lij.,Tis
xAly(PO4)3 samples showed that most part of Li is located at octaheral
M1 sites, but some part of Li is coordinated to four oxygens at M3 sites
in M2 cavities [22]. The increment of conductivity was ascribed to
formation of vacancies at M1 sites (intersection of three conduction
paths). The creation of vacancies at M1 sites can also be achieved by
substitution of Ti by pentavalent cations [18-20].
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In the present work, the NASICON-series LijTis xNby(PO4)3
(0 = x = 0.5) has been investigated. Special attention has been paid to
determine the amount of niobium incorporated into NASICON com-
pounds and the formation of secondary phases. In this study, the in-
fluence of M1 vacancies on Li conductivity is investigated. XRD and
MAS-NMR (°>Nb and 3!P) techniques have been used to characterize
structure of formed phases, and IS and “Li MAS-NMR techniques to
analyze Li* mobility.

2. Experimental

Compounds with the nominal composition Li;,Tis Nby(POy4)3
(0 =x=0.5) have been synthesized by solid-state reaction.
Stoichiometric amounts of high purity Li,CO3; (> 99%, Merck), TiO,
(98%, Aldrich), Nb,Os (99.5%, Aldrich) and (NH,),HPO, (> 97%,
Roth) reagents were used. These compounds were first dried at 390 K
for 10 h to remove any traces of water; then mixed in an agate mortar
and heated up to 1173 K for 2h in platinum crucible [14,15] to obtain
the NASICON compounds. The temperature and reaction times were
chosen to minimize the formation of secondary phases. In particular,
the heating at 1273 K, produced the segregation of some TiO» from
NASICON phases. After thermal treatments, X-ray diffraction was used
to check the elimination of starting reagents and formation of final
compounds.

X-ray diffraction (XRD) patterns were recorded at room temperature
on a Bruker D8-advance diffractometer (40kV and 30 mA), using the
1.5406 A Cu-Kal radiation. Data were collected in the 10°—110° (20)
range with 0.02° steps of 0.5s counting time/step. Crystalline phases
were identified using the International Centre for Diffraction Data
(ICDD). Le Bail technique was used to determine lattice parameters of
samples. Structural refinements were performed with the R3¢ model
(FullProf program) [23,24]. In Rietveld refinements, a pseudo-Voigt
function was chosen to describe the line shape of diffraction peaks. In a
first stage, scale factors, 20 zero positions, background coefficients,
line-width and peaks-shape were determined. In a second stage, posi-
tional parameters, site occupations and atom thermal factors were de-
duced. Agreement factors decrease considerably when the amount of
Nb increases as a consequence of secondary amorphous phases formed.

NMR spectra were recorded at room temperature with an AVANCE-
400 Bruker spectrometer (9.4 T magnetic field). °Li, “Li, °*Nb, and 3'P
NMR signals were recorded at 58.88, 155.45, 97.85 and 161.97 MHz
frequencies; using 5.0 us pulse lengths for °Li, 3.5 ys for “Li, 2.0 us for
93Nb, and 4.0 us for 'P signals. In Magic Angle Spinning (MAS) ex-
periments, spectra were recorded on samples rotated at 10 kHz around
an axis inclined 54°44” with respect to the external magnetic field. The
number of scans was in the range 100 —800. The NMR shifts of com-
ponents were referred to 1M LiCl, 1M NbCls and 85% H3PO, aqueous
solutions. Spectra deconvolution was performed with the Winfit soft-
ware package (Bruker) [25], which allowed intensity, linewidth and
position of components to be deduced with a nonlinear least-square
iterative program. NMR quadrupole C, and asymmetry n parameters
were determined with trial and error procedures.

Surface and cross section images of prepared pellets were obtained
with scanning electron microscopy (SEM) technique. Samples for SEM
were deposited on a metallic support and coated with a gold film before
observation in a JEOL 6400 electron microscope operating at 20 kV.

Electrical measurements were carried on cylindrical pellets (~6 mm
in diameter and 1.5 mm in thickness), obtained by applying an uniaxial
120 MPa pressing and 12 h of sintering at 1123 K. Gold electrodes were
formed from pastes deposited on the two faces of pellets. Samples were
placed in a JANIS VPF 750 cryostat under vacuum atmosphere, al-
lowing 4 L-configuration (2 probes) measurements. An automatically
controlled Agilent Precision LCR E4980-A analyzer was used for fre-
quency measurements (5 Hz-10” Hz). The electrical characterization
was performed between 305K and 465K (at 10K intervals). The
spectra were analyzed using the ZView2 impedance software [26].
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Fig. 1. (a) X-ray powder diffraction patterns and (b) dependence of unit cell parameters
with composition of Li; 4Tip ,Nby(PO4)3 samples.

3. Results and discussion
3.1. X-ray diffraction

XRD patterns of Li; 4xTis xNby(PO4)3 (0 < x < 0.5) samples, recorded
at room temperature, are given in Fig. 1a. In all analyzed samples, XRD
patterns display peaks of rhombohedral (S.G. R3c) NASICON phases
(JCDPS No. 035-0754). For x = 0.2, small XRD peaks corresponding to
NbPOs (JCDPS No. 073-1609) coexist with those of NASICON com-
pounds. The dependence of NASICON a and ¢ parameters with the Nb
content is given in Fig. 1b. A linear variation of unit cell parameters
(Vegard's law) was observed with the substitution of Ti** by Nb®™ ions
(rria+ = 0.605 [o\, I'nbs+ = 0.640 A) [27]. However, small departures
from linearity, observed in Nb-rich samples, indicate that not all Nb is
incorporated in NASICON compounds (Fig. 1b).

In Rietveld refinements, the rhombohedral LiTi,(PO,4)s structure
was used as starting model. Structural analysis revealed that only M1
(6b) sites were occupied by Li atoms (see Fig. 2). Observed, calculated,
and difference XRD patterns of LiggTi; oNbg1(PO4)3 and
Lig 7 Ti; 7Nbg 3(PO4)3 are depicted as examples in Fig. 3a and b. In Li-
rich (x < 0.1) samples, reliability R;, factors ranged between 7.5-8.5%,
Ry, between 9.3-10.4%, Rr between 2.0-2.8% and x2 between 1.2-1.6.
In Nb rich samples (x ~ 0.2), figures of merit increased considerably (R,
from 10.1 to 17.7%, Ry, from 11.2 to 18.9%, Rg from 2.6 to 7.1%). The
consideration of the NbPOs phase improved refinements; however,
figures of merit remained below those of Li-rich samples (Fig. 3b). In all
analyzed series, the amount of NbPOs phase do not exceed 5%. The
linewidth of XRD peaks increase along the series, indicating that the
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NASICON crystallite particles size decrease from 70.4 to 52.0 nm when
the amount of Nb increases.

Atom positions, thermal factors and sites occupancy of the
NASICON Lig 9Ti; 9Nbg 1(PO4)3 sample are depicted in Table 1. Struc-
tural refinement of NASICON phases leads to acceptable Ti,Nb-O and
P-O distances: Ti,Nb-O distances vary between 1.89(1)-1.96(5) and
P-O distances between 1.52(2)-1.56(8) A. In Ti,Nb octahedra two de-
tected distances indicate a shift of Ti inside octahedra, that disappears
as Nb content increases (Table 2). In conduction channels, Lil-O, dis-
tances vary between 2.27(3)-2.33(1) A. At room temperature, thermal
By; factors increased from 1.40(3) to 3.25(5) with the Li content, sug-
gesting a higher mobility of lithium in Li-rich samples.

3.2. NMR

9Nb MAS-NMR

9Nb (I = 9/2) MAS-NMR spectra of Li;_TisNby(PO4)3 (0 < x <
0.5) are formed by nine transitions modulated by sample spinning
sidebands (asterisks of Fig. 4). In “>Nb MAS-NMR spectra satellite
transitions display very low intensity, making difficult the estimation of
quadrupolar interactions [28,29]. This impedes the correction of
second-order quadrupolar effects on chemical shift values of compo-
nents. Based on these considerations, only relative position of central
93Nb components will be discussed here.

The study of niobio-phosphates showed the shift towards more ne-
gative values of the central “*Nb NMR component as the number of
phosphate groups increase in Nb(OP),(ONb)e. associations [30]. Ac-
cording to this work, the dominant component at — 1625 ppm has been
ascribed to octahedral niobium of NASICON phases, sharing oxygens
with six PO, tetrahedra. The small component detected near — 932 ppm
has been ascribed to the secondary NbPOs phase, where Nb cations
share oxygens with four PO, tetrahedra and two NbOg octahedra. Fi-
nally, NbOg signals ascribed to niobate oxides, with chemical shift va-
lues near —1000 ppm were not detected here.

To reproduce experimental profiles of samples, a broad component
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Fig. 2. Schematic view of the Lip oTi; oNbg 1(PO4)3 crystal structure, il-
lustrating P (blue) and Ti (orange-brown) polyhedra. In this figure, lithium
M1 sites (Lil) are also indicated.

at ~ —1615 ppm was considered, that was ascribed to the formation of
a disordered phase with similar environments of NASICON phases. In
the case of the sample x = 0.1, the central transition displays a bigger
asymmetry towards more negative positions, that has often be asso-
ciated with structural disordering [28]. On the other hand, the
— 2100 ppm component, ascribed to NbOg environments by I. Yu. Pinus
et al. [18], has not been detected in our samples.

31p MAS-NMR

3lp (1=1/2) MAS-NMR spectra of the Li;,TiyNby(PO,)s
(0 = x = 0.5) samples are depicted in Fig. 5. LiTi»(PO4)s displays a
single component at —27.6 ppm, ascribed to P(OTi), environments
[14]. This component becomes broadened as a consequence of small
distortions produced in PO, tetrahedra of Nb doped samples.

In 3'P MAS-NMR spectra of Li; 4Tis ,Nby(PO4)3 samples, the sub-
stitution of Ti** by Nb®" induces the polarization of oxygen atoms,
shifting P components towards more negative values. The opposite
trend was detected when Ti** ions are substituted by trivalent cations
[14,15]. This has permitted the assignment of detected components to P
(OTi)4, P(OTi)3(ONb); and P(OTi)o(ONb), environments in Li;_Tis.
«Nb,(PO4); samples (lines labeled (0), (1) and (2) in Fig. 5). The de-
convolution of *'P MAS-NMR spectra of Lig,Ti;,Nbg3(PO4); and
Lio.sTi; sNbg s(PO4)3 phases are given in the top of Fig. 5.

The quantitative analysis of >'P MAS-NMR spectra allowed the de-
termination of Nb/Ti ratios of NASICON phases, with the expression
[15,31] :

Nb**+ 2L + I X
Ti*+ 4ly + 3L + 2L, 2—x

where I, (n = 0, 1, 2) stands for the intensity of bands associated with
(2-n)Ti.(n)Nb environments. From Nb/Ti values, the relative amounts
of Nb (x) and Ti (2-x) were deduced (Table 3). In general, it is observed
that the amount of Nb incorporated in NASICON phases (x™"F) is lower
than nominal values (x), increasing this difference with the Nb content.

As Nb increases, a small component at ~ —24 ppm and a broad
band at —31 ppm were detected (Fig. 5). The first component was
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Table 1
Structural parameters deduced from the Rietveld refinement of Lig 9Ti; oNbg 1(PO4)3.

Atom Wyckoff X y z B Occupancy
position

Lil (M1) 6b 0 0 0 1.89(9) 0.95(3)
Ti 12¢ 0 0 0.140 (9) 0.25(5) 1.86(5)
Nb 12¢ 0 0 0.140 (9) 0.25(5) 0.13(2)

P 18e 0.288(8) 0 1/4 0.48(9) 3

0, 36f 0.187 (5) 0991 (4) 0.188(4) 1.22(7) 6

0, 36f 0.190 (5) 0.165(4) 0.081(5) 0.86(5) 6

a= 8512 (2) A, ¢ =20.867 (3) A,
R, = 7.51%, Ryp = 9.35%, x> = 1.16.

V =1309.4 (1) A% Rp=2.09%, Ry = 2.77%,

Table 2
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Fig. 5. *'P MAS-NMR central components of Li; TisNby(PO4)s spectra. The deconvo-
lution of x = 0.3 and x = 0.5 spectra are given in the top of the figure.

ascribed to NbPOs phases and the broad one to amorphous phosphates.
The presence of an amorphous phase, with compositions near NASICON
phases, suggests that temperature used in preparations was not suffi-
ciently high for NASICON formation; however, the segregation of part
of TiO, from NASICON's compounds, prevented the use of thermal
treatments above 1173 K [18].

In summary, 3'P MAS-NMR spectra indicate the existence of two
main phases: (1) equally spaced components correspond to crystalline

Interatomic Lil — O, Ti,Nb—O and P — O distances (A) deduced from structural refinements of Li; xTioxNby(PO4)3 samples. Percentage (%) of NASICON and NbPOs crystalline phase are

also depicted*.

X Li1(M1) - O, Ti,Nb — O, Ti,Nb — O, P-0; P -0, (%) NASICON phase (%) NbPOs phase
0 2.27 (3) 1.89 (1) 1.96 (5) 1.54 (8) 1.53 (2) 100 —

0.1 2.30 (1) 1.89 (7) 1954 1.54 (2) 1.53 (2) 100 —

0.2 2.30 (7) 1.90 (4) 1.94 (7) 1.53 (2) 1.54 (1) 98.92 (1) 1.08 (1)

0.3 2.31 (3) 1.91 (2) 1.93 (1) 1.53 (4) 1.55 (1) 97.91 (1) 2.09 (1)

0.4 2.32(2) 1.92 (6) 1.93 (3) 1.52 (6) 1.55 (4 96.45 (1) 3.55 (1)

0.5 2.33 (1) 1.93 (2) 1.92 (9) 1.52 (2) 1.56 (8) 94.66 (1) 5.34 (1)

*The presence of amorphous phases cannot be detected by XRD.
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Table 3
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Chemical shift 85,(ppm), quadrupole constant Cq (kHz), asymmetry parameter n (dimensionless), full width at half maximum FWHM (kHz) and percentage (%) of species deduced from

7Li and *'P MAS-NMR spectra of Li;_,Ti..Nb,(PO4); samples.

NMR

X X Co 8(Li) n FWHM 8(P(OTi)4) 8(P(OTi)3 (ONb);) 8(P(OTi), (OND),) S8(Amorphous phase) (%)* Amorphous
0 0 43 1.28 0 0.06 —27.61 - - - -
0.1 0.04 44 1.25 0 0.07 —27.55 —32.25 —36.98 —30.00 8.68
0.2 0.08 46 1.30 0 0.07 —27.52 —32.20 —36.97 —30.02 9.89
0.3 0.12 47 1.33 0 0.08 —27.50 —-32.17 —36.68 —31.44 22.82
0.4 0.22 49 1.35 0 0.09 —27.48 —32.15 —36.53 —31.01 37.24
0.5 0.26 49 1.37 0 0.09 —27.43 —32.08 —36.61 —31.02 40.74
*The presence of amorphous phases reduces the relative amount of crystalline NASICON in the samples.
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Fig. 6. (a) Phosphorus (%) in NASICON and secondary phases vs. Nb nominal contents.
(b) Niobium (x) content deduced from 3'P MAS-NMR spectra in NASICON phases.

NASICON and (2) the broad band correspond to disordered phosphates.
The quantitative analysis of the 3!P MAS-NMR spectrum of the sample
x = 0.5shows that the amount of phosphorous incorporated in
NASICON and secondary phases are respectively 59% and 41%
(Fig. 6a). According to this, the niobium incorporated in NASICON
phases, deduced from 3'P MAS-NMR spectra (Table 3), is always lower
than nominal one (Fig. 6b), increasing differences with the Nb content.

57Li MAS-NMR

7Li and °Li MAS-NMR spectra of the LijTis Nb(PO4);
(0 < x < 0.5) samples are shown in Fig. 7a and b. The “Li (I = 3/2)
spectra are formed by the central + 1/2 <= + 1/2 and lateral = 3/2 <
+ 1/2 transitions, modulated by equally spaced spinning sidebands
(Fig. 7a). In °Li MAS-NMR (I = 1) spectra, only a single component
results from 0 <= * 1 transitions (Fig. 7b). The deconvolution of NMR
central components permitted an estimation of chemical shift values
(8is0) and line-widths (FWHM) of components. Quadrupolar constants
(Cq and 1) deduced from 7Li MAS-NMR spectra are given in Table 3.

-1.0 -1.5
8 (ppm)

Fig. 7. (a) "Li and (b) °Li MAS-NMR spectra of Li;.,TipNb,(PO,); samples.

In LiTi,(PO4)s, M1 sites are mainly occupied by Li* (n values near
zero). The incorporation of Nb reduces the Li content, increasing the
amount of M1 vacant sites. According to this, quadrupole Cq values do
not change significantly and asymmetry n remains always zero, in-
dicating that Li ions remain at M1 sites. From the analysis of the central
linewidth (FWHM), it was deduced that mobility of lithium is higher in
Li-rich than in Li-poor samples. As the Nb content increases, the central
component shifts towards more negative values and increases its line-
width, from 60 to 90 Hz, suggesting the presence of several non-re-
solved components (inset of Fig. 7a and Table 3). This observation
could again be associated with formation of a disordered phase.

3.3. SEM study

In Fig. 8a, c, e, the fresh fracture image of ceramic pellets with
nominal Nb composition x = 0.1, 0.3, 0.5 can be found. For the same
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Fig. 8. SEM micrographs of Li; 4Ti, {Nbs(PO,4); samples with nominal x = 0.1, 0.3, 0.5 compositions. Images a, c and e correspond to fresh fracture images and b, d and f to surface of

ceramic pellets.

samples the SEM image of the surface of the pellets can be found in
Fig. 8b, d, f. In sample x = 0.1, the mean size of particles ranges from 2
to 10 um. Particles exhibit well defined faces in fresh fracture image
surface but more rounded contacts among particles in the surface of the
ceramic. Small porosity is observed in Fig. 8b, where observed pores are
detected in the interior of agglomerates. From these images it can be
inferred that the NASICON particles are well connected trough tiny
contacts.

In the fresh fracture image of ceramics with nominal Nb content
x = 0.3 (Fig. 8c), analyzed particles display a more homogeneous dis-
tribution centered around 5pm size, with almost no pores. In the
ceramic surface image, porosity has disappeared and rounded particles
are interconnected trough thick glassy boundaries. The formation of an
important quantity of glassy phase around the NASICON particles can
explain the broad band detected in 3'P MAS-NMR spectra. A large
variety of P environments explains the absence of well defined spinning
sidebands in the corresponding NMR pattern. In this sample, the

amorphous phase seems to surround crystalline NASICON nuclei,
showing a different contrast in surface and nuclei of particles (core-
shell structures).

In agreement with broadened XRD peaks detected in sample
x = 0.5, the size of particles has considerably decreased to 1 um, as can
be observed in the corresponding fresh fracture SEM image (Fig. 8e).
Moreover particles can be grouped it two different types, displaying
different gray intensity, that agree with relative amounts of two de-
tected phosphates. The surface image of the pellet showed a homo-
geneous particle size distribution with an important increase of porosity
with respect intermediate compositions. Small rounded particles are
again connected trough glassy boundaries. In this case, the surface/
volume ratio of NASICON particles increased as a consequence of the
particles size decrease. The particles size lowering explain the crystal-
linity loss detected in XRD patterns. Density of samples was determined
with the Archimedes method, decreasing from 93.5 to 80.7 gecm ™ as
the Nb content increased (Table 4).
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Table 4
Apparent, theoretical and relative density of Li; 4xTi»,Nbx(PO4)3 samples.

X Apparent density Theoretical density Relative density

(gem™3) (gem™3) (%)
0 2.76 2.95 93.5
0.1 258 2.97 86.8
02 253 2.99 84.6
03 252 3.02 83.4
0.4 250 3.03 82.5
05 247 3.06 80.7
1.0
—X = 0.1
455 K —x=02
0.8 —x=0.3
—x=0.4
g —x=0.5
© 0.6
£
N
-~
f\lj 0.4-
0.2
00 L} L} L} L} 1
0.0 0.2 0.4 0.6 0.8 1.0
Z'[Z'max

Fig. 9. Nyquist plots of Li; 4Ti» Nbx(PO4)3; samples recorded at 455K.

3.4. Electrical properties

Li mobility was investigated with Impedance Spectroscopy in the
NASICON Li; 4 Tis x Nby(PO4)s series. In these samples, Nyquist plots are
constituted by two semicircles or a single broad semicircle, being dif-
ficult the resolution of bulk and grain boundary contributions.
Normalized complex impedance plots measured at 455K are given in
Fig. 9. In this plot it was observed that impedance diagrams for x = 0.1,
0.4 and 0.5 are similar. In these samples, typical "bulk" and grain
boundary responses, with different time constants, could be resolved. In
x = 0.2 and 0.3 samples, a distorted semicircle was associated with the
presence of non-resolved "grain boundary" and "bulk" responses. At
455K, the study of the electrode contribution (incipient spike, see
Fig. 9), showed Li blocking at Au electrode, indicating that Li conduc-
tion is preponderant in analyzed samples.

The plot of the real part of permittivity vs. frequency (not shown),
displays a large permittivity increment that separates bulk and grain
boundary responses. In Fig. 10a and b, the frequency dependence of
conductivity, measured at various temperatures, is given for Li-
Tip(PO4)3 and Lig ;Ti; 7Nbg 3(PO4)3 samples. Derivative plots were used
to determine dc. conductivity values [32]. In LiTi»(PO,4)s, "bulk" and
grain boundary contributions were differentiated (Fig. 10a); however,
in Lig,Ti; 7Nbg 3(PO4)3 sample, the plateau of the "bulk" response was
not resolved (Fig. 10b). The lack of resolution has been ascribed to
compositional heterogeneities that increases grain boundary contribu-
tions and hinders the detection of the bulk contribution. In the analysis
of the SEM images, a thick vitreous phase surround NASICON particles.
The relative large thickness of this layer increases the convolution be-
tween the impedance of the "bulk" response of NASICON particles and
the grain boundary of thick amorphous layers.

The dc conductivity obeys the Arrhenius equation

gacx T = Agexp( —Ea
kg

)
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Fig. 10. Real conductivity vs. frequency in (a) LiTi>(PO4); and (b) Lig 7 Ti; 7Nbo 3(PO4)3
samples.

where o0y is the dc-conductivity, A, stands for the pre-exponential
factor, E, is the activation energy for the Li* ion migration, T is the
absolute temperature (K) and kg is the Boltzmann constant. In the case
of x = 0 and 0.1 samples, the bulk conductivity at 355K could be de-
termined. In particular, o, = 2.3 X 107°Sem ™! was measured in
x = 0(0.38eV), and decreased to 2.3 x 10”7 S.cm ™~ ! in x = 0.1 sample
(0.62 eV). For x = 0.2 and 0.3, bulk conductivity could not be resolved
from total conductivity. In x = 0.4 and 0.5 samples, "bulk" conductivity
decreased to 3.2 x 108 (0.58 eV) to finally decrease to 1.9 x 10~8
(0.61 eV) (Table 5). The rather good separation of the conductivity time
constant for the "bulk" and grain boundary contributions in x = 0.4 and
0.5 samples is related to the microstructure observed in Fig. 8e. For this
sample the amorphous shells of particles are thin allowing the separa-
tion of the corresponding time constants.

Li mobility has been shown to depend on relative occupation of two
crystallographic sites of NASICON compounds. In LiTiy(PO,)s, Li* oc-
cupy most of M1 sites favoring the onset of correlated motions
[12,33,34]. In Lij,4Tiy4Al(PO,4), the increment of the Li content

Table 5

Total ionic conductivity (o) and activation energy (E,) at 355K of Li; 4Tis xNby(PO4)3
samples. Bulk ion conductivity (Opui) and activation energy (Ea) are only given for some
compositions.

X o (Sem™1) E, (eV) Orpuer (Sem ™) E, (eV)
0 1.2x 1077 0.49 2.34 x 107° 0.38
0.1 45x10°8 0.51 2.32 x 1077 0.62
0.2 3.5x 1078 0.52 — —

0.3 1.53 x 1078 0.53 — —

0.4 1.09 x 1078 0.55 3.16 x 1078 0.58
0.5 6.02 x 107° 0.56 1.91 x 1078 0.61
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Fig. 11. Arrhenius plots of total dc-conductivity in Li; ,Tis \Nby(PO4); samples.

increased the repulsion between Li* ions at M1 and MS3 sites, favoring
the occupation of M3 sites. In these samples, small Li-network inter-
actions and allocation of vacancy at M1 sites favored the delocalization
of Li along ... M1-M3-M1-M3... channels. In Li; ,Ti, ,Nb,(PO,)5 series,
the incorporation of Nb°* increased the amount of vacancy at M1 sites,
what should increase Li hoping between partial occupied M1 sites. The
Li hoping probability should be given by

Fiv = Cix G/Ci + Gy

where C;; and Cy are Li and vacancy occupation of M1 sites. The in-
crement of conductivity was not observed experimentally indicating
that not only M1 vacancy affect Li mobility.

To explain the decrease on conductivity with Nb substitution, it
must be assumed that creation of vacancy at M1 sites reduces con-
ductivity. This effect is contrary to what produced by Ti** for AI**
substitution, where vacancy M1 sites favored Li hoping. The in-
corporation of small amounts of Nb produces a strong reduction of bulk
conductivity that must be associated with an increment of migration
energy. Another possible effect associated with Nb incorporation could
be the vacancy ordering, that as reported previously hinder Li motions
[11]. A discussion of possible causes that decrease Li mobility, requires
a deeper study of Li-network interactions with DFT simulation techni-
ques [35].

The inverse temperature dependence of the total o4, conductivity is
given in Fig. 11. The values of total dc-conductivities and activation
energies, measured at, 355K, are given in Table 5. It is observed that
total conductivity decreases with Nb doping. The LiTi»(PO4); end
member exhibits the best total conductivity, (1.2 x 1077 Sem ™), and
the lowest activation energy (0.49eV). In the case of
Lio.oTi;.9Nbg 1(PO4)3, total conductivity decrease to 4.5 X 107 8Sem™!
and activation energy increased to 0.51 eV. This agrees with values
reported in literature [18,33,34]. For remaining samples the total
conductivity decreased again till 6.02 x 10" °Scm ™! and activation
energy increased to 0.56 eV.

The increment of the Nb content favors also the formation of an
amorphous secondary phase (see Table 3). The increment of the con-
volution between the "bulk" and grain boundary conductivity time
constants contributions can be explained by a broadening of disordered
shells that surround NASICON particles. However, activation energy for
total d.c. conductivity is lower than "bulk" one. This result is not usual
in Li-NASICON ceramics and should deserve further study. It is possible
that, the large quantity of amorphous phases in x = 0.4 and 0.5 be
evenly distributed in ceramics. The study of Li ion conductivity in
amorphous phases deserved further investigation with alternative
composite models [36].
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4. Conclusions

NASICON Li; 4 Tis xNby(PO4)3 (0 < x < 0.5) samples were synthe-
sized by solid-state reaction and characterized with XRD, NMR and IS
techniques. In prepared samples, crystalline and amorphous materials
were detected, indicating that incorporation of Nb to the NASICON
structure (S.G. R3c) is not easy at 1173 K. In Nb rich samples, besides
NASICON phases, an small amount of crystalline NbPOs phases was
detected.

The substitution of Ti** by Nb®>* in NASICON phases, increases unit
cell parameters but decreases "bulk" Li conductivity from 2.3 x 10~° to
1.9 x 108Scem ™! at 355K. In the temperature range investigated, ac-
tivation energy increases from 0.38 to 0.62 eV with Nb content.

/7L MAS-NMR spectra showed the presence of Li atoms at M1 sites
of NASICON phases. Li mobility decreased when the niobium increased
and Li content decreased, suggesting that the decrease detected on
"bulk" d.c conductivity must be attributed to stronger Li-network in-
teractions (increment of activation energy) in Nb doped samples. The
formation of a disordered (amorphous) phase in quite large quantity
reduces the volume fraction of crystalline NASICON in the samples and
its distribution seems to be responsible for the evolution of the total
resistance detected in prepared ceramics.
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