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ABSTRACT: Structural features responsible for lithium conductivity in Li;,, Ti, AL (PO,); (x = 10n
0, 0.2, and 0.4) samples have been investigated by Rietveld analysis of high-resolution neutron i / Li;
diffraction (ND) patterns. From structural analysis, variation of the Li site occupancies and atomic e W < e I

= WS
thermal factors have been deduced as a function of aluminum doping in the temperature range | “‘ g e ~

100—500 K. Fourier map differences deduced from ND patterns revealed that Li ions occupy M1 y/b NG “ e 2 P

sites and, to a lower extent, M3 sites, disposed around ternary axes. The occupation of M1 sites by '@~ ;

Li ions is responsible for the preferential expansion of the rhombohedral R3¢ unit cell along the ¢ S o )

axis with temperature. The occupation of less symmetric M3 sites decreases electrostatic repulsions o0 B0F S NN TN

among Li cations, favoring ion conductivity in Li;,,Ti,_ AL (PO,); compounds. The variations 0g 15 e

detected on long-range lithium motions have been related to variations of the oxygen thermal N

factors with temperature. The information deduced by ND explains two lithium motion regimes X ;,aﬁ ”--5
i

deduced previously by Li NMR and impedance spectroscopy.

B INTRODUCTION

Li-ion batteries (LIBs) based on solid electrolytes are one of
the most promising stationary power sources for sustainable
energy storage. The performance of LIBs depends critically on
the materials used; thus, the preparation of new cheaper and
safer materials is crucial for developing new-generation LIBs
required for large-scale applications in electric and hybrid
electric vehicles."* However, before LIBs can be used in high-
power applications, some characteristics regarding the battery
cycle life, rate capability, production cost, and safety must be
improved.

In all-solid-state LIBs, the solid electrolyte is one of the key
components that control the properties of the batteries. Solid
electrolytes must meet certain requirements including high
conductivity, large cationic transport number, wide potential
window, and low electronic conductivity. Lithium phosphates
are between active materials able to answer safety concerns
surrounding oxide chemistry.” Among phosphates, good
electrochemical performances have been reported for Nasi-
con-type materials, groposed as electrodes and/or electrolytes
for secondary LIBs.%’

Figure 1. Structure of Nasicon compounds displaying M1, M12, M2,
and M3 Li sites along conduction channels (connected lines).

LiM,(PO,); compounds is rhombohedral R3¢, although in
some cases, a triclinic distortion (space group CI) was
found.""™" In rhombohedral samples, Li* ions are usually

The Nasicon framework of LM,(PO,); (L = Li and Na and surrounded by six O atoms in MI sites,"”"" but in triclinic
M = Ge, Ti, Sn, Hf, and Zr) materials is built up by M,(PO,), phases, Li* ions are 4-fold-coordinated at M12 sites between
] ) ) e : 12—-14
units, in which two MO octahedra share O atoms with three M1 and M2 positions (Figure 1).
PO, tetrahedra.®® Tetrahedra and octahedra of contiguous
M,(PO,); units are bound to form the three-dimensional Received: March 7, 2013

network of Nasicon phases (Figure 1). The usual symmetry of Published: July 30, 2013
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The ionic conductivity of the LiM,(PO,); series is
considerably enhanced, reaching values near 10 S em™ at
room temperature, when the tetravalent ions (M) are partially
substituted by trivalent cations (Al Ga, In, Fe, etc.).”> " In Li-
intercalated Li;Ti**,(PO,); samples, diffraction patterns were
indexed with the rhombohedral space group R3 and Li ions
were disposed near M2 sites, in two different M3 and M3’
positions.”*">* In these materials, the creation of vacancy at the
conduction pathway crossing (M1 sites) was suggested to
improve long-range lithium mobility (Figure 1).**

In the present work, structural features of
Li,,, Ti,_,Al(PO,); compounds have been deduced from the
Rietveld analysis of neutron diffraction patterns recorded in the
100—500 K interval. Fourier map differences have been used to
localize Li ions in the Nasicon framework. In this work, special
attention has also been paid to analyze structural reasons that
favor lithium mobility. The correlation between structural
information, deduced by neutron diffraction, and lithium
mobility, deduced by impedance and NMR spectroscopy,”
provides new insight about the origin of lithium conductivity in
Nasicon materials.

B EXPERIMENTAL SECTION

The Liy,,Ti,_,AL(PO,) samples were prepared by heating stoichio-
metric mixtures of Li,CO; (NH,),H(PO,);, ALO; and TiO, at
increasing temperatures in the 573—1373 K interval, following the
procedure described elsewhere.****

X-ray diffraction patterns of powder samples were analyzed with Cu
Ka radiation (4 = 1.54056 A) in a Phillips PW 1050/25 apparatus to
identify crystalline phases. Unit cell parameters of the
Liy, Ti,_,Al(PO,); samples, with nominal x = 0, 0.2, and 0.4 values,
were determined with the Fullprof package.”® In order to increase the
sensitivity to O and Li positions, neutron diffraction (ND) patterns
were collected in the high-resolution powder SPODI diffractometer of
the FRM-II reactor (Garching, Munich, Germany). In this analysis, a
wavelength of 1.548 A was selected from the germanium
monochromator. Cylindrical vanadium cans of 8 mm diameter were
filled with 2 g of powder sample and mounted in a high-temperature
vacuum furnace equipped with niobium heating elements. ND
patterns were collected for 4 h over the 20 = 5—160° range with a
step size of 0.05°.

In structural analyses carried out with the Rietveld method, a
pseudo-Voigt function was chosen to reproduce the line shape of the
diffraction peaks.”” In Li,,, Ti,_ Al  (PO,), structural refinements, the
R3¢ model, given in Table 1, was used. Neutron coherent lengths used

Table 1. R3¢ Model Used in the Structural Refinement of
ND Patterns of Li,,,Ti, AL (PO,);

atom Wyckoff position x/a y/b z/c occupancy
Lil 6b 0 0 0 1

Li3 36f 0.070 0.34 0.07 0.2

Ti, Al 12¢ 0 0 0.142 1

P 18e 0.290 0 /4 1

o1 36f 0.185 0.996 0.190 1

02 36f 0.188 0.164 0.081 1

for Li, Ti, Al, P, and O atoms were —1.90, —3.30, +3.45, +5.13, and
+5.80 fm.*® The negative length factors of the Ti and Li atoms increase
considerably the contrast of Ti and light O and Li elements, making
favorable Fourier map investigations addressed to localize Li atoms.
Rietveld analysis performed on ND patterns recorded between 100
and 500 K afforded relevant information about the evolution of the
atom thermal factors and Li site occupancies with temperature.
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B RESULTS

ND patterns of three analyzed Li,,, Ti, Al (PO,); samples are
depicted in Figure 2. In all cases, ND patterns display the
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Figure 2. ND pattern of the Li;,, Ti, AL (PO,); (x = 0, 0.2, and 0.4)
samples, recorded at 295 K, where observed, calculated, and difference
profiles are depicted. Bragg positions deduced from the R3¢ model are
marked with vertical lines. In the case of the Li;,Ti;¢Aly4(PO,);
sample, peaks of secondary AIPO, phases were detected.

Nasicon R3¢ symmetry; however, in the Al-rich x = 0.4 sample,
additional peaks at 21.9, 31.3, 38.4, 46.8, 56.8, 61.7, and 88.9°
(260) indicate the presence of aluminum phosphates as minor
secondary phases (less than 4% by weight).

In structural analyses carried out with the Fullprof program,
the overall parameters histogram scale factors, background
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coefficients, unit cell parameters, zero-shift errors, and pseudo-
Voigt coefficients® corrected for asymmetry®® were first
refined. The temperature dependence of the unit cell
parameters a and c¢ is given in Figure 3. It is observed that
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Figure 3. Temperature dependence of the unit cell parameters 4 and ¢
of the Li,,,Ti,_,AL(PO,); (x = 0, 0.2, and 0.4) samples.

both parameters decrease with the incorporation of Al into the
Nasicon framework. The heating of samples produced
anisotropic expansion of the unit cell: the increment of the a
axis is small, but that of the ¢ axis is considerably larger. The
expansion coefficients deduced for the a and ¢ axes are ~3.33 X
107 and 4.13 x 107 A K, respectively.

In structural refinements carried out with the Rietveld
method, positional parameters were first deduced; then the site
occupations and isotropic thermal parameters of the atoms
were determined. Structural information deduced for the
Li,,Ti, Al (PO,); samples is given as Supporting Information
in Tables SM1-3.

The total amount of aluminum incorporated in the Nasicon
framework was lower than the nominal one. In the case of
Li; ,Ti; gAly,(PO,);, the amount of aluminum was 0.17, but in
the case of Li;,Ti;¢Aly4(PO,);, this amount was 0.27,
indicating, in agreement with previous results,®* that the
amount of aluminum segregated as aluminum phosphates
increases above x = 0.2.

In the samples analyzed here, it was found that the Li site
occupation of M1 sites decreases with the amount of
incorporated aluminum. In order to investigate other possible
sites for lithium, the Fourier map differences between observed
peaks and intensities deduced from structural models without
Li and with Li occupying M1 sites were calculated (Figure 4).
In both cases, negative peaks for Li at M1 (0, 0, 0) and M3
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Figure 4. Fourier map differences calculated at z/c = 0 from ND
patterns recorded at S K. In this calculation, structural R3¢ models
without Li (a) and with Li (b) occupying M1 sites were considered.
New negative peaks were detected for Li at M1 (0, 0, 0) and M3 (0.06,
0.34, 0.07) positions (a and c). The incorporation of lithium at two
sites considerably decreased the contribution of lithium to the Fourier
map differences at z/c = 0.062 (d).

(0.06, 0.34, 0.08) positions were detected. The incorporation of
lithium at these two sites considerably improved the agreement
factors and considerably decreased its contribution to the
Fourier map differences at sections z = 0 (Figure 4a,b) and z =
0.0625 (Figure 4c,d). The existence of correlations between site
occupancies and thermal factors of lithium overestimated the
overall lithium content of the samples;31 to limit this effect,
thermal Lil and Li3 factors were assumed to be equal and the
lithium content per formula was constraint to 1 + [Al] values.

The compositional dependence of Lil and Li3 site
occupation is analyzed in Figure 5. It can be observed that
the increment of lithium slightly reduces the amount of Li at
M1 sites but considerably increases that at M3 sites. This result
suggests that the increment of lithium increases electrostatic
repulsions between Li cations, destabilizing the occupancy of
M1 sites. The increment of temperature showed an appreciable
decrement on the M3 site occupancy but a moderate effect on
the M1 site occupancy, indicating that Li is better stabilized at
M1 sites than at M3 sites.

A summary of the mean Li—O, Ti,Al-0, and P—O distances,
measured at increasing temperatures, is depicted in Table 2. In
general, the average P—O distances do not change, but the
T1,Al-O distances slightly decrease with the aluminum content.
Small increments detected in the Li—O distances during
heating of samples have been ascribed to enhancement of the
lithium mobility.

Analysis of the atomic thermal factors is illustrated in Figures
6 and 7. In all cases, the thermal factors increase with the
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Figure S. Temperature dependence of Lil and Li3 site occupation in
Li,,, Ti,_,AL(PO,); (x = 0, 0.2, and 0.4) samples.

amount of aluminum and temperature. In the case of P
tetrahedra, the temperature dependence of the B, factors is
linear and moderate; however, that displayed by octahedral
cations, Br; 4, is not linear and considerably increases above 200
K (Figure 6a,b). In the case of O atoms, By, and B, display a
similar dependence; however, the temperature dependence of
Bo, is appreciably higher than that of By, (Figure 7a). The
temperature dependence of Bp; is much bigger than that
detected for other cations, indicating an important contribution
of the lithium mobility to this parameter (Figure 7b).

B DISCUSSION

Analysis of the unit cell parameters of the Li,, Ti,_,AL(PO,),
compounds indicates that the substitution of Ti** by AI** and
Li* decreases the ¢ axis but only slightly affects the a axis
(Figure 3). The increment of octahedral aluminum slightly
decreases the Ti,AlI—O distances from 1.93 to 1.92 A but does
not appreciably affect the P—O distances, 1.53 A (Table 2).
The decrease of the mean cation size produces the progressive
contraction of octahedra along the ¢ axis.

The increment of temperature from 100 to 500 K favors the
preferential expansion of the ¢ axis with respect to the a axis,
increasing the volume of the unit cell. In the case of P and Ti,Al
polyhedra, the P—O and Ti,Al—O distances do not appreciably
change, but in the case of Li atoms, the Li—O distances
considerably increase with temperature: Lil—O increases from
225 to 229 A and Li2—O from 2.17 to 2.30 A. Structural
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Figure 6. Temperature dependence of the B, (a) and By (b)
parameters in the Li,,, Ti, Al (PO,); (x = 0, 0.2, and 0.4) samples.

analyses indicate that the contribution of Lil octahedra to the
expansion of the ¢ axis is preponderant.

Rietveld analysis of the ND patterns indicates that the
aluminum contents are always lower than nominal values. In
samples with nominal x values 0.2 and 0.4, aluminum contents
deduced from structural refinements were 0.17 and 0.27.
Observed differences increased with the amount of aluminum,
suggesting that the limited miscibility of titanium and
aluminum detected is mainly due to the formation of
segregated AIPO, phases. Taking into account the charge
balance, the amount of lithium incorporated into these
compounds is limited to 1 + [Al] per structural formula.

Table 2. Temperature Dependence of the Mean Li—O, Ti,Al-0, and P—O Distances (A) in the Li,,,Ti,_,AL(PO,); (x =0, 0.2,

and 0.4) Samples

5K 100 K
Li1—O (Al = 0.0) 2.24(2)
Li3—0 2.17(2)
Ti,Al-O 1.93(1)
P—O 1.53(1)
Lil-O (Al = 0.2) 225(2)
Li3—0 2.16(2)
Ti,Al-O 1.92(1)
P-O 1.53(1)
Li1—O (Al = 0.4) 2.25(2) 225(2)
Li3—0 2.23(2) 2.24(2)
Ti,Al-O 1.92(1) 1.92(1)
P-O 1.53(1) 1.53(1)

200 K
2.26(2)
2.18(2)
1.93(1)
1.53(1)
2.26(2)
2.19(2)
1.92(1)
1.53(1)
2.26(2)
2.22(2)
1.92(1)
1.53(1)
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300 K

2.27(2)
2.15(2)
1.94(1)
1.53(1)
227(2)
221(2)
1.93(1)
1.53(1)
2.27(2)
223(2)
1.92(1)
1.52(1)

400 K

2.27(2)
223(2)
1.93(1)
1.53(1)
2.28(2)
2.20(2)
1.93(1)
1.52(1)
2.28(2)
2.25(2)
1.92(1)
1.53(1)

500 K

2.29(2)
2.25(2)
1.93(1)
1.53(1)
229(2)
2.22(2)
1.92(1)
1.53(1)
2.29(2)
2.30(2)
1.92(1)
1.53(1)
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Figure 7. Temperature dependence of the By, (a) and By (b)

parameters in the Li,,, Ti,_, AL (PO,); (x = 0, 0.2, and 0.4) samples.
In rhombohedral phases, O2 atoms are bound to Lil ions.

On the other hand, the occupation of M1 sites by Li atoms is
lower than that reported in LiTi,(PO,);, where the preferential
occupation of 6-fold-coordinated M1 sites was detected.”' In
order to investigate alternative sites for Li, Fourier map
differences between observed intensities and those calculated
with the R3¢ model were studied. In this analysis, it was shown
that, besides M1 sites, Li ions occupy M3 sites (0.07, 0.34,
0.07), previously proposed by Catti et al. in
Li; sFeysTi, s(PO,);*" and Aatiq et al. in Li;Ti,(PO,);>"
(Figure 4). The partial occupation of M1 and M3 sites
considerably improved structural refinements. As deduced in
previous works, the lithium coordination at M3 sites is 4 + 1;
however, the mean Li—O distances given in Table 2 have been
calculated assuming a 4-fold distorted coordination for lithium.
In three analyzed samples, the Lil—O distances deduced at 300
K were near 2.27 A, but the Li3—O distances increased from
2.15 to 2.23 A with the aluminum content.

In structural analyses performed in this work, it was observed
that, for increasing lithium contents, the Lil occupancy
decreased and Li3 increased (Tables SM1-3 in the Supporting
Information and Figure S). The increment of the lithium
content at M3 sites increases electrostatic Lil—Li3 repulsions;
then, to minimize this interaction, Li was preferentially
allocated at M3 sites. This arrangement increases the average
distance Li3—Li3 (~6 A) with respect to that of Lil—Li3 ions
(~3 A) in conduction channels.

Analysis of the thermal factors indicates that structural
disorder and local motions contribute to B parameters. In
analyzed compounds, structural titanium and aluminum
disorder explains important thermal By, factors extrapolated
to 0 K. Analysis of the temperature dependence of thermal
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factors affords valuable information about the local atom
motion. This analysis shows that the local mobility of P ion is
lower than that of Ti and Al cations and that of octahedral
cations is considerably lower than that of Li ions (Figures 6 and
7). In analyzed samples, the lithium mobility increases slowly at
low temperatures but faster above 200 K. Similar variations
have been deduced for O atoms, suggesting that oxygen
thermal motions affect lithium coordination. In three analyzed
samples, the increment of By, factors is appreciably lower than
that of By, suggesting that coordination of Lil to O2 is more
stable than that of Li3 to O1 and O2 atoms. On the basis of
these observations, the local mobility of Li3 should be higher
than that of Lil ions; however, in refinements, the lithium
thermal factors of Lil and Li3 sites were assumed to be
equivalent.

Structural information deduced from ND patterns was
compared with that deduced by NMR and im4pedance
spectroscopy in Li;,,Ti,_,AL(PO,), compounds.23’2 Magic-
angle-spinning "Li NMR (I = 3/,) spectra recorded below 250
K display three expected transitions modulated by the sample
spinning (inset of Figure 8a). The increment of Cg values
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Figure 8. (a) Temperature dependence of quadrupolar C, constants
deduced from “Li NMR spectra. (b) Inverse temperature dependence
of bulk dc conductivity of the Li;,,Ti,_, AL(PO,); (x = 0, 0.2, and
0.4) samples.

detected above 250 K, associated with quadrupolar interaction
of lithium moments with electric field gradients at occupied
sites, suggests the existence of Li exchange between M1 and M3
sites (Figure 8a). According to this mechanism, Cq values
increase with the relative amount of Li located at distorted M3
sites, detecting a new regime at 250 K in Li;,Ti; gAly,(PO,);
and at 280 K in LiTi,(PO,),.>*
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Two regimes were also deduced from the temperature
dependence of bulk conductivity (Figure 8b).>®> At low
temperature, an activation energy of 0.27 eV was deduced in
aluminum-doped samples, which was appreciably lower than
that obtained in LiTi,(PO,); 0.31 eV. At increasing temper-
atures, decrements in the activation energy from 0.31 to 0.21
eV and from 0.27 to 0.18 were observed in titanium- and
aluminum-doped samples. This decrement has been ascribed to
the increment of the conductivity detected above 250 K, which
was previously ascribed to the creation of M1 vacant sites.”®

These two regimes should be related to variation of the
oxygen thermal factors By with temperature. On the basis of
structural refinements, the increment detected on the lithium
mobility is triggered by oxygen local motions. According to
observed variations, the oxygen thermal factors remain
moderate below 250 K but increase considerably above this
temperature. This variation agrees with that observed in By,
suggesting that local oxygen motions destabilize lithium
coordination. A comparison of the By, and By, factors with
temperature indicates that the local mobility of Li3 is higher
than that of the Lil species.

In general, direct-current (dc) conductivity depends on the
structural site occupancy involved in hopping processes. The
local mobility of lithium increases with temperature, but long-
range motion requires the existence of vacant M1 sites at the
intersection of conduction pathways. In general, the percolation
of vacancies in three-dimensional networks is attained when the
amount of vacancies per structural site is ~0.31.%> In order to
investigate this point, the occupation of M1 and M3 sites was
analyzed as a function of the composition and temperature. In
this analysis, it is observed that the amount of vacancies
increases with the amount of lithium, approaching the
percolation threshold in aluminum-richer samples. The
detection of an important conductivity in samples with a
lower amount of vacancies must be ascribed to the creation/
elimination of vacancies during lithium motions.

In agreement with NMR and conductivity results,”>** the
variation of By; with temperature is higher in aluminum-doped
Liy,,Ti, Al (PO,); than in the end member LiTi,(PO,);. In
all cases, lithium thermal factors increase above 250 K,
achieving a maximum at 500 K. The increment of lithium
thermal factors was associated with the progressive delocaliza-
tion of Li ions in ..M1—M3—ML... conduction paths. The long-
range motion of lithium detected at high temperatures favors
the detection of a new lithium signal at 0 ppm, displaying a
much lower quadrupolar coupling.

Finally, when the conductivities of the samples are compared,
it is observed that the conductivity increases from x = 0 to 0.2
but does not change significantly from 0.2 to 0.4. Analysis of
the samples revealed similar structural features, suggesting, in
agreement with previous works, that the presence of AIPO,
could decrease the particles connectivity, affecting the long-
range mobility of lithium.**

B CONCLUSIONS

Structural analysis of the Li,,, Ti, Al (PO,); (x = 0, 0.2, and
0.4) samples, prepared by the ceramic route, was performed in
the temperature range 100—500 K. In all cases, samples display
rhombohedral R3¢ symmetry. Structural refinements carried
out in three samples at increasing temperatures showed that
variations in the octahedral Lil—O and Ti,AlI-O distances are
responsible for the preferential expansion/contraction of the
unit cell along the ¢ axis.
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Fourier map differences deduced from high-resolution ND
patterns revealed that Li ions occupy preferentially M1 sites in
LiTi,(PO,); samples but M1 and M3 sites in aluminum-doped
samples. The increment of the lithium content favors the
occupation of M3 sites, decreasing electrostatic repulsions
between Lil and Li3 ions. The creation of vacancies at M1 sites
favors the onset of the fast conduction regime.

Rietveld analysis of the ND patterns revealed that the lithium
mobility increases with the lithium content and temperature.
Below 250 K, local exchange processes dominate lithium
conductivity; but above 250 K, extended lithium motions were
produced. The information deduced on oxygen thermal factors
explains two lithium motion regimes detected by "Li NMR and
impedance spectroscopy. In general, the increment of Bg
factors destabilize the lithium coordination at M1 sites,
improving the long-range mobility of lithium.
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