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Two LipAlLGeyTir—x—y(PO4)3 (0.2 < x < 0.8; y = 0.8, 1.0) solid solutions have been prepared
as polycrystalline powders. These compounds crystallize in the NASICON-type structure,
R3c space group, and the crystal structures have been characterized by the Rietveld method
with laboratory X-ray powder diffraction data. The cell parameters evolution along the two
series agrees with the substitution of larger Ti*" by smaller Ge*t and AI®" cations. The
electrical properties have been characterized by an impedance study. Bulk conductivity values
at room temperature are close to 1072 S-cm~?! with low activation energies (~0.35 eV). The
trajectories of the Li* cations have been simulated from the bond valence sum calculation.
Structural keys, which justify the high ionic conductivity and the low activation energy, are

discussed.

Introduction

All-solid-state lithium batteries have a very important
market due to their unmatchable properties of high
potential (Ereq® = —3.024 V), very light weight, and
hence, very high energy—density storage properties.
Thus, there is an intense research effort in three-
dimensional Li-based solid electrolytes for all solid
lithium batteries. Li analogues of NASICON-type ma-
terials are promising candidates as electrolytes in these
cells if the conductivity at room temperature is en-
hanced. There are many reports dealing with NASI-
CON-type Li* ion conductor materials.»~2 The original
NASICON:S are solid solutions derived from NaZr,P3;012
by partial replacement of P by Si, with Na excess to
balance the negatively charged framework, to yield the
general formula Na;+xZr;P3-SixO12 (0 < x < 3).45 The
NASICON structure has a negatively charged 3D
framework, of general formula M2X301,, within which
the Nat cations reside in fully or partially occupied sites.
The framework is built of XO,4 tetrahedra linked by
corners to MOg octahedra. Each XO, tetrahedron shares
each corner with one MOg octahedron and, conversely,
each MOg octahedron shares each corner with a differ-
ent XO4 group. The interstitial voids generated within
the network are of two types known as M1 and M2 sites
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(2:3 multiplicity). The M1 site is coordinated by a
trigonal antiprism of oxygens and the M2 site has a
distorted 8-fold coordination. The large charge-compen-
sating Na™ cations are located in these two positions.

In general, the properties of the NASICON-type
Li™ ion conductor compounds strongly depend on
the chemical stoichiometry and the thermal treatment.
LiMY (PO4)s (MY = Ti, Zr, Hf, Ge, Sn) systems have
been widely studied.1=36-11 For M = Zr, Hf, Sn composi-
tions, a triclinic phase has been reported at low
temperature!?=14 and for M = Ti, Ge, the compounds
are rhombohedral at all reported temperatures.'>16 The
M = Ti system is probably the most studied system
because the smaller size of the Ti** cations makes the
size of the sites in the channels more appropriate for
lithium cations. The ionic conductivity of LiTiy(POgy)3
(~10% S:cm~! at RT) may be increased, at least 2 orders
of magnitude, by partial substitution of Ti** by trivalent
cations such as Al, Ga, In, Ti, Sc, Y, La, Cr, Fe.1’-27 The
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increasing of overall ionic conductivities is due to a
higher charge carrier number and to a lower porosity
of the pellets. The conductivities for Lij+xTio—xAlx(PO4)3
materials can be as high as 1072 S.cm™! at RT.26 The
ionic radius of AT is likely in the tolerability limit of
the NASICON framework. The maximum amount of
Ti4* that can be replaced for AI**, with the concomitant
insertion of Li*™ to balance the charges, is 0.4 per unit
formula.2%2” Mouahid et al.?8 tried to obtain a higher
aluminum content (x = 0.6) by an ionic exchange
reaction of the sodium analogues, but the exchange was
not complete and an appreciable amount of sodium
remains in the final compounds. Recently, Arbi et al.?®
carried out a new attempt to obtain x = 0.7, but their
2TAl MAS NMR study showed that the aluminum
compositions of the NASICON samples were lower than
nominal ones.

The ionic conductivity of LiGey(POg4)s (~107° S.cm™1
at 300 °C) may also be increased by partial substitu-
tion of Ge** by trivalent cations.2® The conductivity of
Li1_5G61,5A|0,5(PO4)3 composition is2.4 x 1074 S-cm~ 1 at
RT and the maximum amount of Ge*" that can be
replaced for AI3*, with the concomitant insertion of Li*
to balance the charges, is 0.6 per unit formula.3¢

The aim of this work is to synthesize new NASICON-
type Li" ion conductor materials with higher aluminum
content, which increases the charge carrier number, and
to relate the structural features to their ionic conduc-
tivities. We report the synthesis and characterization
of LizxAlGeyTir—x—y(PO4)3 (0.2 = x < 0.8;0.8 <y < 1.0)
materials. We have chosen these cations because of the
relative similarity of the ionic radii, which may yield
the most appropriate tunnel size for Li* cation mobility
in the 3D NASICON structure. Moreover, we reduced
Ti content and, consequently, the possibility of electronic
conductivity, which is inherent to a Ti** — Ti®" reduc-
tion.

Experimental Section

Stoichiometric amounts of Li,COs, y-Al,O3, GeO,, activated
TiOy, and (NH,4):;HPO, were heated to give the following overall
reaction:

[(1 + X)/2]Li,CO, + (X/2)ALO, +
yGeO, + (2 — x — y)TiO, + 3(NH,),HPO, >
Li . ALGe, Ti, ,_(PO,); + 6NH, + (9/2)H,0 +
[(1 + x)/2]CO,
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Activated TiO, was prepared by slow hydrolysis of commercial
Ti(OCH(CHs)2)s with 1:4 water-to-propanol solution. The
resulting white suspension was centrifuged, washed thor-
oughly with water, and heated at 300 °C for 24 h. Part of this
sample was heated at 1000 °C to determine the small weight
loss due to the residual water. This was taken into account
when preparing the stoichiometric reagent mixture.

The synthesis of LiiAlkGeyTi>—x—y(PO4)s samples has been
optimized by studying the choice of reagents and heating
temperatures, rates, and times. The final synthetic procedure
was as follows: (1) The reagents were ground in an agate
mortar for 20 min. (2) The mixtures were heated in platinum
crucibles at 0.1 °C-min~! up to 200 °C and held at that
temperature for 4 h. (3) Then, the mixtures were heated to
350 °C and held at that temperature for 8 h to ensure total
decomposition of reagents. (4) After cooling, the sample was
ground for 30 min in agate bowls in a Pulverizette Fritsch mill
at 200 rpm with reverse rotation every 10 min. (5) The
mixtures were pelletized and a second thermal treatment was
carried out at 950 °C for 45 min. (6) Finally, the samples were
ground for another 15 min in the mortar, pelletized, and
heated again at 950 °C for 12 h. Eight Liy+xAlLGe, Tiz—y—y(PO4)3
samples were prepared for 0.2 < x < 0.8 andy = 0.8, 1.0, and
they were divided into two series, which are labeled hereafter
AlGeos and AlGe; o, respectively.

XRPD Patterns. XRPD patterns were collected on a
Siemens D5000 automated diffractometer with (6/20) Bragg—
Brentano geometry using graphite monochromated Cu Koz
radiation. XRPD patterns were recorded between 10° and 50°
(26) to follow the chemical reactions. Patterns were collected
between 14° and 125° (20) with 0.03° step size for 14 s
(counting time) to refine the crystal structures by the Rietveld
method.3!

Impedance Data. Impedance data were collected on cy-
lindrical pellets (~5 mm in diameter and ~1.2 mm in depth)
obtained by applying uniaxial pressure of 150 MPa for 1 min
in a5 mm die. The pellets were heated at 1050 °C for 1 h and
quenched to room temperature. Electrodes were made by
sputtering of gold on opposite pellet faces. The impedance data
were collected using a Hewlett-Packard 4284 impedance
analyzer over the frequency range from 20 Hz to 1 MHz. The
samples were studied in two temperature ranges: (i) from 153
to 223 K (at 10 K intervals) and (ii) from 273 to 523 K (at 50
K intervals) in a Novocontrol Quatro Cryosystem. All mea-
surements were done with the pellets under a dried nitrogen
atmosphere. Stabilization time before each data acquisition
was 40 min where the maximum temperature variation was
0.1 °C. Measurement processes were controlled electronically
by the Windeta package of programs.s?

Results

Rietveld Study. Initial XRPD data indicated that
all members of these series are crystalline phases, with
the rhombohedral R3c NASICON-type structure. A
minor side phase was detected in all samples, AIPO,
(PDF 71-1043). For x = 0.4, another polymorph phase
appears, AIPO, (PDF 48-0652), and the intensities of
its reflections increase as Al content increases. However,
there is no structural data in the literature for this
phase, so it was not possible to quantify it by X-ray
diffraction using the Rietveld method. These results are
similar for both series, AlyGegg and Al,Ge; .
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Table 1. Some Crystallographic Parameters for LiiixAlxGeyTiz—x-y(POs)3 (0.2 = x =< 0.8; y = 0.8, 1.0) from Rietveld Studies

Rup (%) Rp (%) Rk (%) a(h) c(A) V (A3) % wiw AIPO,
Alg2Geos 6.88 4.83 1.37 8.4032(2) 20.6769(6) 1264.47(5) 0.7(1)
Alo.4Geos 8.65 5.56 1.51 8.3894(2) 20.6449(6) 1258.35(5) 1.0(1)
AlosGeos 18.38 10.69 2.34 8.3830(3) 20.637(1) 1256.0(1) 1.0(1)
AlgsGeos 24.07 14.26 3.05 8.3629(5) 20.625(2) 1249.2(2) 2.6(1)
Alg2Ge o 6.49 4.69 1.26 8.3804(1) 20.6460(5) 1255.72(5) 0.5(2)
Alg.4Ge1o 9.52 6.22 1.45 8.3629(2) 20.6087(6) 1248.22(6) 1.1(1)
AlgsGero 17.08 9.97 2.22 8.3505(3) 20.592(1) 1243.5(1) 2.9(1)
AlggGero 23.55 14.29 3.36 8.3225(5) 20.587(2) 1234.9(2) 3.4(1)

Table 2. Refined Structural Parameters for AlxGeps and
AlGei o (Italics)

AIO.2 AIO.4 AI0.6 AIO.B
Li1 (6b) - - - -
(000)
Li2(18¢)  x 0.55(2) 0.60(1) 0.62(2) 0.64(2)
(x 0 1y) 0.58(2) 0.61(1) 0.63(2) 0.61(2)
Al-Ge—Ti (12¢)2 z 0.1411(1) 0.1412(1) 0.1414(1) 0.1412(2)
(002) 0.1411(1) 0.1412(1) 0.1413(1) 0.1413(2)
P (18e) x 0.2897(2) 0.2887(2) 0.2890(5) 0.2895(8)
(x 0 y) 0.2895(2) 0.2882(2) 0.2889(5) 0.2882(8)
01 (361) x 0.1840(4) 0.1800(4) 0.179(1)  0.178(1)
(xyz) 0.1828(4) 0.1797(5) 0.1778(9) 0.173(1)
y —0.0114(4) —0.0163(4) —0.017(1) —0.019(2)
—0.0144(4) —0.0164(5) —0.017(1) —0.020(2)
z 0.1889(1) 0.1888(1) 0.1884(3) 0.1889(4)
0.1888(1) 0.1886(1) 0.1885(3) 0.1888(5)
02 (36f) x 0.1862(3) 0.1861(3) 0.1836(8) 0.180(1)
(Xyz) 0.1859(3) 0.1860(4) 0.1817(7) 0.176(1)
y 0.1591(3) 0.1602(3) 0.1582(8) 0.156(1)
0.1596(3) 0.1596(4) 0.1574(7) 0.153(1)
z 0.0809(1) 0.0819(2) 0.0818(4) 0.0825(5)
0.0810(1) 0.0819(2) 0.0815(3) 0.0182(1)
Uise? x 100 0.56(2) 0.71(2) 0.85(6) 0.99(9)
0.59(2) 0.71(3) 0.78(5) 1.06(8)

a Al/Ge/Ti occupation factors were fixed to the nominal composi-
tions. P An overall Ujs, was refined for all atoms for each NASICON
composition.

The crystal structure of the eight phases, Al,Gep g and
AlGe1p (x = 0.2, 0.4, 0.6, 0.8), were refined by the
Rietveld method3! using the GSAS suit of programs.33
The structure of Naj 2Alg2Ti1g(PO4)3 was used as the
starting model.3* The Al/Ge/Ti fractions were fixed to
the nominal stoichiometry because it is not possible to
refine three occupation factors in the same site with a
unique diffraction data set. Hence, the occupation
factors of the Li2 site were also fixed to the nominal
values. First, the common overall parameters, histo-
gram scale factor, background coefficients, unit-cell
parameters, zero-shift, error, and pseudo-Voigt coef-
ficients were refined. Then, the positional parameters
were optimized. An overall isotropic thermal parameter
was refined for all atoms for each NASICON composi-
tion. The Al/Ge/Ti compositions were assumed to be
randomly distributed in the octahedral site. The weight
fraction of AIPO,4 (PDF 71-1043) was also refined and
it was not higher than 3.3% w/w for any composition.

Final Rietveld figures of merit were good (Table 1)
with Re ranging between 1.26 and 3.36%. Final refined
unit cell parameters are given in Table 1 and atomic
parameters in Table 2. To correlate the structure and
electrical properties, it is important to determine the
bottlenecks shapes and sizes. Selected M1M2 and M2M2
bottlenecks to oxygen distances are given in Table 3.
Bond distances and angles are given in the Supporting
Information as Tables 1 and 2, respectively. As an
example of the Rietveld refinement quality, the fit to
the X-ray pattern for Alg4Geio is shown in Figure 1.
The main peaks of the unfitted impurity, AIPO, (PDF
48-0652), are marked with an asterisk.

Impedance Study. The porosity of the pellets,
determined from the masses and geometry, ranges
between 11 and 23%. Representative impedance data
for one composition, Alp 4Ge o, at two temperatures are
shown as impedance complex plane plots in Figure 2;
similar plots were obtained for all compositions.

At high temperatures, a well-developed spike can be
observed with an associated capacitance of ~0.34 uF (20
Hz). Since it is inclined to the Z' axis at ~70—80°, it
indicates a blocking electrode response; therefore, the
conducting species must be ionic, that is, Li*" ions. The
total pellet conductivity, o, is obtained from the inter-
cept of the spike and/or the arc (low-frequency end) on
the Z' axis. At lower temperatures, that is, 223 K, a very
broad arc is observed and, at least, two well-resolved
components can be distinguished. These components are
due to the presence of several contributions to the
electrical response of the pellets.

Figure 3 shows the imaginary part of the modulus at
different temperatures for the same sample on a double-
logarithmic scale. At low temperatures, M spectra have
well-defined maxima showing clear power law behavior
at both sides of the peaks. The M"" maximum associated
capacitance (~4 pF) is bulk characteristic. However, at
higher temperatures, M" peaks show clear shoulders on
the low-frequency side with associated capacitance of
~260 pF. At this point, it is interesting to analyze Z"/
M'" vs log f plots for the same impedance data (see inset
Figure 3). A large separation between two maxima can
be seen (more than 3 orders of magnitude in frequency).

Table 3. Bottlenecks to Oxygens Sublattice Shortest Distances (A)

M1M2 bottleneck

M2M2 bottleneck

M1M2—-02 M1M2-02' M1M2-02" MiM2-00 M2M2-01 M2M2—-02 M2M2-02' mM2M2—-00
AlooGegg 1.888 1.962 2.050 1.97 2.273 1.816 1.855 1.98
Alo.4Geos 1.867 2.032 2.060 1.99 2.412 1.856 1.859 2.04
AlosGeo s 1.861 2.022 2.048 1.98 2.334 1.836 1.853 2.01
AlogGeqg 1.871 2.007 2.072 1.98 2.300 1.846 1.868 2.00
AlooGero 1.889 1.964 2.045 1.96 2.320 1.823 1.851 2.00
Alp.4Geio 1.865 2.026 2.058 1.98 2.404 1.859 1.848 2.04
AlpsGe1o 1.858 1.983 2.029 1.96 2.259 1.819 1.842 1.97
AlosGero 1.816 1.966 2.056 1.95 2.191 1.813 1.850 1.95
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Figure 1. Observed, calculated, and difference laboratory X-ray diffraction pattern for Li; 4Alg4Ge10Tios(PO4)s. The main peaks
of the unfitted impurity, AIPO, (PDF 48-0652), are marked with an asterisk.

373K | 223K

2.0x10%]2.0x10"] o

o

Z" (Q-cm)

20 Hz, 0.34 pF

o
1.5x10%]1.0x10%] D‘:‘
o

ol

T
0.0 1.0x10*

1.0x10% T

2.0x10*
o00nqp

ke : “o

5.0x10°%] o B

%

0.26 kHz, 268 pF
] M 1 M 1
1.0x10°  1.5x10°  2.0x10°
Z' (Q-cm)

0.0

M 1
0.0 5.0x10°

Figure 2. Complex impedance plane plot for LiysAlp4Ge;o-
Tios(PO4)s at 223 K (373 K in the inset).

Moreover, the shoulder on the low-frequency side of M"
is approximately coincident with the maximum in the
Z" spectrum. This is attributed to a thin grain boundary
region of grain—grain contacts and arises in materials
that are well-sintered, with narrow intergranular re-
gions. Nevertheless, the overall resistance of these
narrow grain boundaries is more than 10 times greater
than the resistance of the grains (see also Figure 2). This
component dominates the Z'" spectrum and, therefore,
forms the major part of the total resistance of the
samples. Another component in the overall response is
evident as a high-frequency shoulder in the Z'" spec-
trum, with an associated capacitance of ~5 pF and
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Laboratory: Los Alamos, NM, 1994.
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Bruque, S.; Losilla, E. R.; Aranda, M. A. G. J. Mater. Chem. 2000, 10,
2748.
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Figure 3. Imaginary part of the modulus vs frequency at
several selected temperatures for Liy4Alg4Ge10Tios(PO4)s. The
inset shows the spectroscopic plots of Z"" and M" vs log f at
213 K.

almost coincident with M" maxima. This shoulder
certainly represents the bulk response of the sample;
because its resistance is quite small, it is not readily
apparent in the Z" spectrum (Z" peak height is equal
to R/2 for that particular element). Bulk and grain
boundary conductivities were obtained from the inter-
cepts on the Z' axis in Nyquist plots for well-separated
arcs. For overlapped arcs, the intercept was calculated
using the program Zview.3® The conductivity data are
plotted as log(opuikT) vs 1000/T in Figure 4. Intrinsic
activation energies (E,) and pre-exponential factors (oo)
were obtained from the slopes and intercepts of the log-
(obuikT) vs 1000/T plots and are plotted as a function of
composition in Figure 3. Bulk conductivity values at 298
K obtained from these representations are listed in
Table 4. Overall conductivities are also shown and have
been extracted from the corresponding Arrhenius plots
(not shown).
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Table 4. Activation Energy (Ea), Preexponential Factor (gg), and Conductivity Values (o) at 298 K

bulk overall
Ea (eV) 0o (S:cm~1:K) o (S:cm) Ea (V) 0o (S:cm~1-K) o (S.cm™?)
Alp2Gegg 0.33(1) 0.5(1) x 105 3(1) x 1074 0.43(1) 1.6(1) x 10° 3(1) x 1075
Alg4Geos 0.34(1) 1.3(3) x 10° 7(2) x 104 0.40(1) 1.3(2) x 105 6(1) x 1075
AlosGeos 0.35(1) 1.8(4) x 10° 7(1) x 1074 0.41(1) 3.6(5) x 10° 11(2) x 1075
AlosGeos 0.37(2) 2.4(6) x 10° 4(1) x 104 0.42(1) 2.9(5) x 10° 7(1) x 1075
Alo2Gero 0.34(1) 0.3(1) x 105 2(1) x 104 0.41(1) 0.7(1) x 10° 3(1) x 1075
AlosGero 0.34(1) 0.9(1) x 105 5(1) x 104 0.41(1) 2.3(2) x 105 8(1) x 1075
AlgsGero 0.35(1) 0.8(2) x 10° 3(1) x 104 0.40(1) 0.9(3) x 10° 5(2) x 1075
AlgsGero 0.37(1) 1.3(5) x 10° 2(1) x 104 0.44(1) 2.6(4) x 10° 3(1) x 1075
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Figure 4. Variation of log(o,ukT) versus 1000/T for both, Aly-
Gegs and AlGes o, series.

Discussion

The unit cell a and ¢ parameters decrease steadily
along each series, consistently with the variation in the
ionic radii.3® The ionic radii of AI’* and Ge*" are very
close (0.535 and 0.530 A, respectively) and smaller than
that of Ti4* (0.605 A). The volume contraction with Al
for each series is due to the aliovalent replacement of
larger Ti*t for smaller AIR*T within the NASICON
framework; see Table 1. Consistently, the analogous
samples with higher germanium contents have smaller
unit cell volumes due to the isovalent replacement of
Ti** by smaller Ge**; see Table 1. The Rietveld study
shows that the average metal—oxygen bond distances
decrease with the aluminum content (see Table 1 in the
Supporting Information), as expected for the progressive
incorporation of this element to the NASICON frame-
work. The evolution of the cell parameters and the
average metal—oxygen bond distances along the two
series confirms the formation of the solid solutions with
compositions quite similar to the nominal ones. To
accurately determine the Li positions, a neutron powder
diffraction study is required.

The electrical microstructure of the samples is com-
plex; a thin constriction region between adjacent grains
dominates overall conductivities. Nevertheless, the tem-
perature and composition dependence of the bulk re-
sponse can be obtained readily from the impedance
plane plots.

The Arrhenius plots for the bulk conductivities in both
series fall on a set of approximately parallel lines, show-

(36) Shannon, R. D. Acta Crystallogr. 1976, A32, 751.

Figure 5. Variation of the conductivity pre-exponential factor
and activation energy with composition.

ing a maximum in conductivity at RT for x = 0.4 in both
series. The conductivity values for all compositions are
guite close and the maximun difference is lower than 1
order of magnitude (Alp4Geos and AlggGes o). Moreover,
these values are comparable to the titanium-based
NASICON-type Li* ion conductor system Li; 3Alo3Tiy 7-
(POy4)3! (030 :.c = 7 x 107* S-cm™1), the perovskite phase
(Lao.55Li0_35)Ti033 system (0'30 oc~ 15 x 1074 S-cm*l),
and the NASICON system Naj;+xZrP3—xSix0122 (030 °c
~ 10 x 1074 S-cm1). The data in Figure 5 fall on smooth
curves and do not show any discontinuity. This is con-
sistent with the previous observation that the samples
form a solid solution. The activation energy increases
from ~0.33 to ~0.37 eV in both series as Al content in-
creases. At the same time, the pre-exponential factor
reaches close to a maximum value of ~2.4 x 10% S-cm~1-
K. As a first approximation, the variation in E, occurs
at the same time as a decrease in the size of the hexa-
gonal unit cell. This trend is the same as that found in
stoichiometric LiM,(PO,)3 compounds.® On the other
hand, the variation in log oy is attributed to a variation
in the concentration of mobile Li™ ions. In the solid sol-
utions, the pre-exponential factor has a value of ~10°,
which indicates that a large proportion of the Li* ions
are mobile since for these compositions the number of
vacant and filled M2 sites are well-balanced. An expres-
sion for conductivity that is often used is provided by
random-walk theory. In this the conductivity o is given

by
o= Nc(1 — c)e’a®yaw k 1T el 46D

where e, a, y, wo, k, T, and G are the electronic charge,
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Figure 6. Arrhenius plots of the frequency of Z" (solid) and
M (open) at maxima for Aly4Geos (squares) and Aly.Geo
(triangles).

the jump distance for the ions, a constant depending
on the number of possible jumps available to a particu-
lar ion, the vibrational frequency of the mobile ions,
Boltzman’s constant, absolute temperature, and free
energy of activation for migration. The key term of
present interest is the product Nc(1 — ¢). N is the num-
ber of equivalent sites. If ¢ is either 0 or 1, the product
Nc(1 — c) is zero; if c = 0.5, the product has a maximum
value. The effect of this product on the pre-exponential
factor op is shown in Figure 5, by writing the solid
solution formula as Lii+cAle(Ti,Ge)2—(PO4)s. The dashed
curved is given by ¢(1 — c)o; in which o; has a constant
value but is adjusted so that the calculated curve
coincides approximately, at the maximum, with the
experimental data points for the two series. The experi-
mental data points show little scatter and they do very
approximately take the form indicated by the curve.
There is not a clear correlation between the AIPO4
contents determined from the Rietveld study and the
grain boundary contribution to the resistivities deter-
mined from the impedance study. Some insights into
the similarities and differences between the bulk and
thin grain boundary regions are obtained from a com-
parison of the frequency at the maximum of M" and Z",
fmax, versus 1000/T (Arrhenius plots). Two samples,
representatives of the behavior of the series, are shown
in Figure 6. Log fmax[M''] data occur at 3 or more orders
of magnitude higher than corresponding log fmax[Z"]
data but are essentially parallel for the temperatures
over which both M" and Z" data were obtained. The
parallel behavior of the M", Z" plots shows that the
conduction mechanism and the nature of the material
is essentially the same in the bulk and thin boundary
regions of the samples. It is well-established that even
in single crystals, the Z" peaks always occur at lower
frequencies than corresponding M" peaks. In extreme
cases, such as Na p-alumina crystals, the peak separa-
tion may be 2 orders of magnitude; more commonly,
peak separations are often about 0.5—1 order of mag-
nitude. The origin of the peak separations lies in the
conduction mechanisms and the fact that the electrical
response cannot be represented by simple, ideal, fre-
guency-independent RC elements, but additional, fre-
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guency-dependent admittances or constant phase ele-
ments are necessary to model the experimental data
adequately.

The main objective of this work is to correlate the
structural characteristics, deduced from Rietveld study,
with the ionic conductivity, obtained from the imped-
ance analysis. Most authors agree that structural
features are the key for explaining the conduction
mechanism, but also the number of ionic carriers and
their distribution over the different sites are factors
likely affecting conductivity.3” Long-range conduction of
the ions in the NASICON structure involves hopping
between M1 and M2 sites. These sites are joined by
bottlenecks, generally termed the M1M2 bottleneck.
Symmetry-related infinite channels running in different
directions are interconnected at the M1 site. However,
it has recently been suggested that the conduction
pathway in NASICONs may also be :-*M2—M2--- de-
pending upon the composition of the series and their
corresponding crystal structures.® If Li can move
directly through M2 sites, then the high Li mobility in
these two new series would be justified.

We have used bond valence calculations to predict the
conduction geometry on the basis of the oxygen sublat-
tice. Bond valence sum ®(x,y,z) is calculated for any
arbitrary point (x,y,z) of the interstice of the oxygen
sublattice of the structure. By moving the arbitrary
point (x,y,z) over a grid covering the whole unit cell
volume, one can find the probable trajectory for the Li+
ions. This can be done by following the points with
lowest ®(x,y,z) starting from a specified position (e.g,
Lil) and following a certain initial direction (e.g., toward
Li2). Then, this direction is not fixed during the path,
and the ion is left free to direct itself following the lowest
®d(x,y,z) way inside a solid angle with an iterative
process. We have carried out all calculations using the
JUMPITER program, courtesy of Prof. Mazza. The
valence sum for Li™ ion can be plotted versus the
distance traveled along, thus, obtaining a plot of ®(d)
versus d(A). Saddle points of the ®(d) function cor-
respond to potential barriers (bottlenecks) encountered
by the ion along its trajectory. Figure 7 shows ®(d)
curves for ---Lil—Li2:- and ---Li2—Li2-:- conduction
paths for Alp4Ge;o. These data are typical for all
compositions. The shape of ®(d) curves indicates that
Li ions move without reaching at any point valence
sums are higher than 1.0. This can explain the excep-
tionally high conduction for this series, and related
materials,! as there are no narrow bottlenecks that
would yield ®(d) values higher than 1.1.

There are two conduction pathways in these NASI-
CON materials. The first one involves the ---Lil—Li2--
jump, where one M1 site is surrounded of six M2 sites
and one M2 cation is surrounded by two M1 cations
connected by the M1M2 bottleneck; see Figure 7. The
second one involves the ---Li2—Li2--- jump, connected
by the M2M2 bottleneck; see Figure 7. The M2 sites are
surrounded by two sets of four M2 sites. However, only
a set of four M2 sites is accessible to the jump from a
given M2 due to the geometry of the path. The other
set of four M2 sites has an oxygen atom in a position

(37) Boilot, J. P.; Collin, G.; Colomban, Ph. J. Solid State Chem.
1988, 73, 160.
(38) Mazza, D. J. Solid State Chem. 2001, 156, 154.
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Figure 7. ®(d) curves for Lil—Li2 and Li2—Li2 paths in Liys-

Alo4Ge10Tios(POs)3. M1 and M2 sites and the M1M2 and
M2M2 bottlenecks are also highlighted.

that rules out this lithium jump. The exact (x,y,z)
positions for both bottlenecks can be derived from the
d(d) study; see Figure 7. On the basis of the bond
valence study, both conduction pathways are operating
simultaneously.

Finally, the higher conductivity values for the two
Alo.4Gey compositions are due to slightly larger average
bottlenecks to oxygen, M1M2—0O and M2M2-0O, dis-
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tances (Table 3). This means that these two composi-
tions have more suitable openings of the bottlenecks.

Conclusions

Two rhombohedral NASICON-type Li* ion conductor
solid solutions have been prepared and their structures
have been determined by the Rietveld method. The
impedance study has allowed us to separate the bulk
and thin grain boundary contributions. These solids are
very good Li ionic conductors with bulk conductivities
ranging between 2 and 7 x 107 S-cm™! at room
temperature. Their conductivities have been correlated
with structural parameters and the bottleneck positions
have been determined from a bond valence sum study
of the probable lithium trajectories.
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