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Abstract Compounds of the system Li1+xMxTi2–x
(PO4)3 (where M=Sc, Al, Fe, Y; x=0.3) were synthe-
sized by a solid-state reaction and studied by X-ray
diffraction. The ceramic samples were sintered and
investigated by complex impedance spectroscopy in the
frequency range 106–1.2·109 Hz in the temperature
range 300–600 K. Two relaxation dispersions related to
the fast Li+ ion transport in bulk and grain boundaries
were found. The activation energies of the bulk con-
ductivity and relaxation frequency were obtained from
the slops of Arrhenius plots. The values of the activation
energies of the bulk ionic conductivity and relaxation
frequency were found to be very similar in all the
materials investigated. That can be attributed to the fact
that the temperature dependences of the bulk conduc-
tivity are caused only by the mobility of the fast Li+

ions, while the number of charge carriers remains con-
stant with temperature.

Keywords Solid electrolyte ceramics Æ Fast ion
transport Æ Ionic conductivity

Introduction

Lithium ion conductors with high conductivity are
especially attractive materials for development of

rechargeable batteries [1] and CO2 gas sensors [2]. It has
already been reported [3] that the conductivity of Li-
Ti2(PO4)3 increases noticeably if the Ti4+ cation is
partially substituted by a cation such as M3+=Sc3+,
Al3+, Y3+, Fe3+ or La3+. So-synthesized compounds
of the Li1+xMxTi2–x(PO4)3 system are known as low-
temperature solid electrolytes with fast Li+ ion trans-
port [3, 4]. The values of the ionic conductivity, their
activation energy and the lattice constants of the com-
pounds of this system depend on the ionic radius of the
substituting metal and on the x value (the compounds
with Mx=Sc0.3, Al0.3 or Fe0.3 belong to the rhombo-
hedral symmetry space group R�33c [3, 4, 5, 6]).

The substitution Ti4+fiY3+(La3+)+Li+ in LiTi2
(PO4)3 causes the formation of a solid solution of the
mixed LiTi2(PO4)3 and Li3Y2(La2)(PO4)3 phases [4]. At
298 K in a low-frequency electric field (m=103 Hz) the
values of the total conductivity of the compounds with
Mx=Sc0.3, Al0.3, Fe0.3 or Y0.4 or La0.3 were found to be
4·10–2, 7·10–2, 2.5·10–2, 6·10–4 and 5·10–4 Sm–1, re-
spectively [3, 7]. Their good chemical stability in air and
high ionic conductivity at room temperature stimulate
further investigations of these materials. The present
work continues our studies [8, 9, 10] on Li+ conductive
ceramics based on LiTi2(PO4)3 with the partial substi-
tution by Sc, Al, Fe or Y. We report the synthesis
conditions of powders of Li1+xMxTi2–x(PO4)3 (where
Mx=Sc0.3, Al0.3, Fe0.3, Y0.3), sintering of the ceramic
samples, the results of our X-ray investigations, the
bulk, rb, the grain boundary, rgb, and the total, rtot,
conductivity of the ceramic materials at frequencies
from 106 to 1.2·109 Hz in the temperature range 300–
600 K.

Experimental

Powder of the compounds of the Li1+xMxTi2–x(PO4)3 systems
(where Mx=Sc0.3, Al0.3, Fe0.3, Y0.3) were synthesized from a stoi-
chiometric mixtures of Li2CO3 (purity 99.999%), extra pure
NH4H2PO4, M2O3 (where M=Sc, Al, Fe, Y) and TiO2 by a solid-
phase reaction. Each mixture was milled for 8 h in an agate mill in
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ethyl alcohol. After milling, the synthesis of powders with Mx=
Al0.3, Fe0.3 or Y0.3 followed this sequence: heating of the mixtures
at 723 K (for Al, Fe) and at 773 K (for Y) for 24 h, milling for
12 h, heating of the powder at 1,173 K for 1 h and at 1,273 K for
2 h. After cooling to room temperature, the powder was placed in
ethyl alcohol and milled in a planetary mill for 8 h. The fine powder
was dried at 393 K for 24 h. The synthesis of the Li1.3Sc0.3Ti1.7
(PO4)3 powder was slightly different: heating at 423 K for 20 h,
milling for 10 h, heating at 723 K for 24 h, milling for 8 h, heating
three times to 1,153 K and milling for 10 h. A planetary mill was
also used for milling the emulsions of the powders with ethyl
alcohol. The particle size of the dried powder was found to be 5 lm
on average for compounds with M=Al, Fe or Y and about 1 lm
for the compound with M=Sc. The powders obtained were
uniaxially cold-pressed into pellets at a pressure of 300 MPa. The
sintering temperatures of the ceramic samples of the systems with
Mx=Sc0.3, Al0.3, Fe0.3 or Y0.3 were 1,543, 1,383, 1,283 and 1,293 K
respectively. The samples of each compound were sintered in air for
1 h. The structural parameters of all the powders were obtained
from the X-ray diffraction patterns using Cu Ka1 radiation. The
patterns were step-scanned [1� (2h)/60 s] in the region of 2h=(6–
80)�. The measurements of the electric properties were conducted in
air using a coaxial impedance spectrometer setup [10]. A part of a
coaxial line was used as a sample holder. The ceramic sample was
placed between two pieces of inner conductor of the line and
transmittance coefficient, Tx, of this section of the line was mea-
sured at different frequencies and temperatures. Pellets of 3.5 mm
diameter and 1.5 mm thickness were used for our measurements.
The complex impedance, Zx, of the sample in its holder may be
expressed as

1

Zx
¼ ix A2 Cp þ C1

� �
� Cp þ C0

� �
; ð1Þ

where x=2pm is the angular frequency of the electrical field, C0 is
the geometrical capacitance of a sample with dielectric permittivity
�=1, i.e. C0=�0S/d, where S and d are the area and the thickness of
the sample under investigation and �0 is the dielectric constant of a
vacuum(8.85·10–12 Fm–1), Cp=(A1C1–C2)/(1–A1) is a parasitic
capacity, and C1 and C2 are the capacities of two calibration
samples. A1 and A2 are

A1 ¼ T0=T1�1
T0=T2�1 ; A2 ¼ T0=T1�1

T0=Tx�1 ; ð2Þ

where T0, T1 and T2 are calibration transmittance coefficients for
the cases when the sample holder in the central line is shortened
and calibration samples of capacity C1 and C2 are inserted, re-
spectively, and Tx is the transmittance coefficient in the system with
the sample investigated.

In the frequency range from 106 to 1.25·109 Hz, the calibration
and measurements were performed by means of a computerized
system for a set of 64 fixed frequencies. Primary processing of the
data and the plotting of the frequency dependence of the imped-
ance, admittance, dielectric permittivity and electric modulus were
performed and controlled in real time. The temperature was mea-
sured using a K-type thermocouple. The thermocouple was placed
near the sample. The measurements can be carried out in the
temperature region from 300 to 1,200 K. The error of the tem-
perature measurements in the temperature range investigated did
not exceed ±1 K.

Results and discussion

The results of the X-ray investigations have shown that
the compounds, obtained by the substitution Ti4+fi
Sc3+, (Al3+), (Fe3+)+Li+ in the Li1+xMxTi2–x (PO4)3
(where x=0.3) system are single-phase materials
(Table 1). A small amount of YPO4 was detected in
Li1.3Y0.3Ti1.7(PO4)3 as an impurity. The results revealed
changes in the interplanar distances with the change of

substituting atoms in the superionic material. The lattice
parameters, unit cell volume and density of the materials
are presented in Table 2. All four compounds have
rhombohedral symmetry (space group R�33c) with six
formula units in a unit cell. The density of the ceramic
samples was found to be on average 88–93% of the
value of the theoretical density.

Complex impedance spectroscopy at alternating
electric fields of variable frequency has been extensively
used to distinguish between different mechanisms con-
tributing to the charge transport [12, 13, 14]. High-fre-
quency impedance measurements of ionic conductors
allow elimination of the effects caused by the blocking
processes between electrodes and the superionic material
and also separating charge transport processes in a grain
and grain boundary of ceramics at high temperature.
The impedance spectra of superionic materials consist of
two overlapped dispersion regions: the high-frequency
part may be attributed to the relaxation in bulk, while
the lower part corresponds to grain boundary processes
as in a wide range of other ceramic conducting materials
[15, 16, 17]. Owing to the apparent thermally activated
nature, both processes, bulk and grain boundary relax-
ations, shift toward the high-frequency range with an
increase in the temperature. The observed relaxation-
type dispersions can be analyzed using the frequency
dependences of the impedance in the complex plane. It is
a representation of the complex impedance (Ž=Z¢+Z00)
as a Z00 (Z¢) dependence. Examples of the complex im-
pedance plots of the Li1.3Y0.3Ti1.7(PO4)3 ceramic sample
at 300, 455 and 575 K are shown in Fig. 1. The plots
consist of two overlapped semicircles with centers below
the real axis. The relaxation process in the bulk causes
the high-frequency arc, and the low-frequency arc is
related to the relaxation process in the intragrain areas
of the ceramic samples. The frequencies of the relaxation
dispersion shift with temperature into the higher-fre-
quency region and, when T>500 K, a relaxation pro-
cess in the bulk occurs outside the frequency region
investigated by us. At high temperature, when the
conductivity increases, deviation from the symmetrical
low-frequency semicircle appears on the right shoulder
owing to blocking Pt contacts of a sample (Fig. 1c). For
the quantitative analysis of the spectra a simplified
equivalent circuit of two resistors in series, each shunted
by a constant phase element [18], was used. Such a cir-
cuit can be described by the sum of two Cole–Cole
expressions [19, 20], which represent depressed semicir-
cles with centers below the real axis. The temperature
dependence of the bulk ionic conductivity, rb=Zb

–1

(where Zb is the impedance of bulk) is shown in Fig. 2.
The activation energy of the bulk conductivity, DEb, is
calculated according to the Arrhenius equation:

rb ¼
r0

T
exp �DEb

kT

� �
; ð3Þ

where k=1.38·10–23 JK–1 is the Boltzmann constant.
This equation is widely used to parameterize measured
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conductivity data. The preexponential factor is inversely
proportional to temperature, which is why we present
the bulk conductivity as rbT in Fig. 2.

The temperature dependences of the total conduc-
tivity, rtot, of the ceramic samples investigated are
shown in Fig. 3. The activation energy of rtot (marked
as DEtot) is also calculated according to the Arrhenius
equation. The results of the measurements of rb, rtot,
DEb and DEtot of the ceramic samples are presented in
Table 3.

The relaxation frequency, fb, of the relaxation process
in the bulk of the ceramic samples was obtained from

the maximum of the frequency dependence of Z00 at
different temperatures. The relaxation frequencies of the
dispersion of rb are shown as a function of temperature
in Fig. 4. The relaxation frequencies in the bulk of the
ceramic samples increase with temperature according to
the formula

fb ¼ f0 exp �
DEf

kT

� �
; ð4Þ

where f0 is a frequency related to the lattice vibrations
and DEf is the activation energy of fb. The values of fb at
300 K and their activation energies for all the materials
investigated are presented in Table 4.

The comparison of the estimated values of DEb and
DEf shows that for the same compound these energies
are approximately equal. The ionic conductivity of the
bulk is the product of the volume concentration, n, of
mobile Li+ ions, their electric mobility, l, and the
electric charge, q:

r ¼ lnq; ð5Þ

where q=ze, where z is the valence of the charged Li+

ions (z=1) and e is the electron charge. The charge
carrier concentration and the mobility can be thermally
activated if an association of charge carriers in defect

Table 2 Lattice constants, unit cell volume and density of the
compounds of Li1+xMxTi2–x(PO4)3

Compound Lattice constants (Å) Unit cell
volume (Å3)

Density,
(gcm–3)

a c

Li1.3Sc0.3Ti1.7
(PO4)3

8.5354(12) 20.9339(52) 1,320.77 2.930

Li1.3Al0.3Ti1.7
(PO4)3

8.5049(6) 20.820(3) 1,304.3 2.928

Li1.3Fe0.3Ti1.7
(PO4)3

8.5109(10) 20.870(2) 1,309.2 2.983

Li1.3Y0.3Ti1.7
(PO4)3

8.5087(7) 20.830(3) 1,306.0 3.066

Table 1 X-ray powder diffraction results for LiTi2(PO4)3 [11], Li1.3Sc0.3Ti1.7(PO4)3, Li1.3Al0.3Ti1.7(PO4)3, Li1.3Fe0.3Ti1.7(PO4)3 and
Li1.3Y0.3Ti1.7(PO4)3

LiTi2(PO4)3 Li1.3Sc0.3Ti1.7(PO4)3 Li1.3Al0.3Ti1.7(PO4)3 Li1.3Fe0.3Ti1.7(PO4)3 Li1.3Y0.3Ti1.7(PO4)3

d (Å) I/I0, (%) d (Å) I/I0, (%) d (Å) I/I0, (%) d (Å) I/I0, (%) d (Å) I/I0, (%)

6.017 13 6.07 15 6.03 23 5.99 29 6.01 23
4.258 80 4.27 57 4.73 3 5.04 5 4.25 60
3.632 100 3.65 100 4.27 68 4.25 62 3.63 100
3.477 8 3.490 7 4.09 9 4.02 2 3.473 7
3.011 28 3.022 30 3.636 100 3.951 2 3.002 30
2.761 20 2.772 15 3.480 8 3.754 2 2.758 14
2.694 26 2.705 22 3.255 10 3.619 100 2.689 24
2.457 25 2.467 19 3.016 26 3.466 7 2.456 17
2.3180 1 2.134 3 2.7615 17 3.243 3 2.128 5
2.1291 3 2.042 9 2.6921 23 2.998 31 2.033 8
2.0351 12 2.014 3 2.4947 3 2.755 15 2.005 3
2.0065 2 1.9102 13 2.4577 17 2.683 23 1.9019 14
1.9043 17 1.8412 3 2.1910 2 2.455 16 1.8346 5
1.8360 5 1.8205 12 2.1318 2 2.122 3 1.8138 14
1.8147 16 1.7446 2 2.0359 9 2.032 8 1.7357 2
1.7397 2 1.6900 5 2.0060 2 1.9027 15 1.6848 5
1.6862 6 1.6754 6 1.9028 14 1.8343 3 1.6681 5
1.6706 7 1.6137 15 1.8365 2 1.8139 11 1.6073 15
1.6087 22 1.5725 4 1.8160 12 1.6807 5 1.5659 5
1.5674 7 1.5094 2 1.7411 2 1.6667 7 1.5036 2
1.5052 3 1.4744 1 1.6865 5 1.6078 15 1.4696 6
1.4710 2 1.4648 7 1.6695 5 1.5679 5 1.4582 3
1.4602 8 1.4229 4 1.6104 16 1.4588 8 1.4177 4
1.4188 5 1.3941 2 1.5694 5 1.4192 3 1.3891 5
1.3900 3 1.3859 3 1.5055 2 1.3803 3 1.3796 3

1.3505 3 1.4609 7 1.3456 2 1.3449 5
1.3253 4 1.4200 5 1.3210 5 1.3205 4
1.3175 2 1.3912 2 1.3123 2
1.2869 3 1.3822 3 1.2827 3

1.3467 3
1.3220 5
1.3141 3
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complexes occurs [21, 22]. The temperature dependence
of the ionic conductivity can be expressed as

r ¼ n0 exp �
DEN

kT

� �� �
C
kT

exp �DEl

kT

� �� �
q; ð6Þ

where DEN is the activation energy of the mobile carrier

Fig. 1a–c Complex plane impedance plots of a Li1.3Y0.3Ti1.7
(PO4)3 ceramic sample at different temperatures

Fig. 2 Temperature dependences of the bulk conductivity of
ceramic samples of Li1+xMxTi2–x(PO4)3, where Mx=Sc0.3 (closed
circles), Mx=Y0.3 (open circles), Mx=Al0.3 (closed squares) and
Mx=Fe0.3 (open squares)

Fig. 3 Temperature dependences of the total conductivity of
ceramic samples of Li1+xMxTi2–x(PO4)3, where Mx=Sc0.3 (closed
circles), Mx=Y0.3 (open circles), Mx=Al0.3 (closed squares) and
Mx=Fe0.3 (open squares)

Table 3 The values of rb, rtot, DEb and DEtot of the compounds of
Li1+xMxTi2–x(PO4)3

Composition rtot at 450 K
(Sm–1)

DEtot

(eV)
rb at 300 K
(Sm–1)

DEb

(eV)

Li1.3Sc0.3
Ti1.7(PO4)3

9.6·10–3 0.42 2.1·10–2 0.20

Li1.3Al0.3
Ti1.7(PO4)3

9.0·10–2 0.33 3.5·10–1 0.30

Li1.3Fe0.3
Ti1.7(PO4)3

1.2·10–1 0.40 2.2·10–1 0.31

Li1.3Y0.3

Ti1.7(PO4)3

8.0·10–2 0.30 9.4·10–2 0.19

Fig. 4 Temperature dependences of frequencies of the relaxation
processes in the bulk of ceramic samples of Li1+xMxTi2–x(PO4)3,
where Mx=Sc0.3 (closed circles), Mx=Y0.3 (open circles),
Mx=Al0.3 (closed squares) and Mx=Fe0.3 (open squares)

Table 4 Values of fb and DEf of the Li1+xMxTi2–x(PO4)3 com-
pounds at temperature 300 K

Compound fb (Hz) DEf (eV)

Li1.3Sc0.3Ti1.7(PO4)3 4.0·106 0.19
Li1.3Al0.3Ti1.7(PO4)3 3.0·108 0.30
Li1.3Fe0.3Ti1.7(PO4)3 1.3·108 0.30
Li1.3Y0.3Ti1.7(PO4)3 7.3·107 0.19
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formation, n0 is the maximum possible concentration of
charge carriers, DEl is the activation energy for their
migration and C is a constant [23]. The activation energy
of rb is the sum DEb=DEN+DEl. From the conduc-
tivity measurement alone it is therefore not possible to
separate the contributions of mobile carrier formation
and their mobility from rb. According to the Nernst–
Einstein relation, l and the diffusion coefficient, D, of
the mobile ions are directly proportional:

l ¼ qD=kT : ð7Þ

The values of the activation energies of D and l are
equal. According to the random-walk model of ther-
mally activated jumps, the diffusion coefficient of mobile
ions is related to the mean jump frequency, x, by the
expression

D ¼ vcl2x; ð8Þ

where x=2pfb, v=1/4 is the geometric factor for a two-
dimensional conductivity path in the rhombohedral site
symmetry, l2 is the mean-square jump distance between
the cation sites in the crystal lattice and c is the corre-
lation factor. Since we have found that for the same
material the activation energy of rb is equal to the ac-
tivation energy of fb, which may be attributed to the
migration of Li+ ion, from Eqs. (6) and (7) it follows
that the concentration of charge carriers remains con-
stant with temperature for the temperatures investigat-
ed. Such ion transport peculiarities are characteristic for
oxygen [23, 24] and Na+ solid electrolytes [15].

Conclusions

Solid electrolyte compounds of Li1+xMxTi2–x(PO4)3
(where Mx=Sc0.3, Al0.3, Fe0.3, Y0.3) were synthesized by
solid-phase reactions and studied by X-ray diffraction
and complex impedance spectroscopy in the frequency
range from 106 to 1.2·109 Hz in the temperature range
from 300 to 600 K. Two regions of the impedance dis-
persion were analyzed in terms of the fast Li+ ion
transport in the grain boundaries and the bulk of the
ceramic samples. The temperature dependences of the
bulk conductivity and relaxation frequency in the bulk
are governed by the same activation energy. This

suggests that fast Li+ ion transport in the bulk of the
investigated compounds may be described mainly by the
temperature-dependent mobility, while the concentra-
tion of mobile ions remains constant with temperature.
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