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Abstract
Li1/3Ce2/3PO4 and LiCe2/3PO4 compounds were synthesized by a solid state
reaction and studied by x-ray diffraction and thermogravimetric analysis. At
room temperature the investigated compounds exhibit monoclinic symmetry
(space group P21/n) with four formula units in the lattice. The compounds
are stable up to 1200 K in air and show no weight loss. The ceramic samples
were fabricated with varying sintering times. The surfaces of the ceramics were
studied by scanning electron microscopy. The increase of sintering time of the
ceramics leads to an increase of the grain size of the materials. The results of
an x-ray photoelectron spectroscopy study have shown that the external electric
field changes the Li amount on the surfaces of the ceramic samples. The electric
properties of the samples were investigated by complex impedance spectroscopy
in the frequency range from 50 to 1.2 × 109 Hz in the temperature range from
300 to 650 K. Varying the sintering time of the ceramics affects the values of the
total conductivity, activation energy, dielectric permittivity and dielectric losses
of the ceramics.

1. Introduction

Solids with high ionic conductivity are essential materials for the development of high energy
batteries [1] and sensitive CO2 sensors [2]. These materials have LISICON- or NASICON-type
network structures [3, 4]. It is known that Li3Sc2(Fe2)(PO4)3 polycrystals and single crystals
are solid electrolytes with fast Li+ ion transport [5–7].
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Esaka et al reported that the addition of Li ions in the YPO4 compound caused the
appearance of the ionic conductivity of Li3xY1−x PO4 solid solution [8]. Orlova et al
synthesized LiCe2(PO4)3 and Li3Ce1.5(PO4)3 compounds by the liquid-phase method and
studied them by x-ray diffraction at room and elevated temperatures [9]. They reported that
in LiCe2(PO4)3 and Li3Ce1.5(PO4)3 cerium exists as Ce(IV) and Ce(III) respectively.

The above-mentioned compounds have typical CePO4 monazite-type structure and exhibit
monoclinic symmetry (space group P21/n) with four formula units in the lattice [9]. The
thermal expansion coefficients along particular crystal axes of LiCe2(PO4)3 compound are
anisotropic, and were found to be αa = 7.73 × 10−6 deg−1, αb = 6.44 × 10−6 deg−1, and
αc = 7.73 × 10−6 deg−1 [9]. According to [10], the relative density, grain size and thermal
expansion coefficient of monazite ceramics depend on the sintering temperature and sintering
time. The authors of [11] reported that monazite crystals synthesized by a hydrothermal
method at 373 and 473 K exhibit hexagonal and monoclinic symmetry respectively. X-ray
photoelectron spectroscopy (XPS) indicated that the phosphorus exists completely in the form
of PO3−

4 and cerium exists as Ce(III), with no Ce(IV) in any crystal [11]. We found no
information in the literature about the investigation of electric properties and XPS of monazite
doped by Li+ ions.

In the present paper we report the technological conditions for the synthesis of
Li1/3Ce2/3PO4 and LiCe2/3PO4 powder, sintering of the ceramic samples and the results of
our investigations of x-ray diffraction (XRD) from the powder, thermo-gravimetrical analysis
(TGA), x-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and
electrical properties of the ceramics in the frequency range from 50 to 1.2 × 109 Hz in the
temperature range from 300 to 650 K.

2. Experimental details

Powders of Li1/3Ce2/3PO4 and LiCe2/3PO4 have been synthesized from a mixture of Li2CO3

(99.999%), CeO2 and NH4H2PO4 (extra pure) by solid-state reaction. The powder was milled
in a planetary mill for 12 h using ethyl alcohol as milling fluid with one milling ball of 52 mm
in diameter. After the milling the mixture was heated at 723 K for 3 h and then milled again
for 12 h. The Li1/3Ce2/3PO4 powder was heated at 1173 K for 1 h in air and after milling
was kept at the same temperature for a further 3 h. The LiCe2/3PO4 powder was heated at
1123 K for 4 h. After heating the Li1/3Ce2/3PO4 and LiCe2/3PO4 powders were milled for
8 h. The fine powders, with an average particle size of 0.1 μm, were dried at 393 K for
24 h.

The structure parameters of Li1/3Ce2/3PO4 and LiCe2/3PO4 were obtained at room
temperature from x-ray powder diffraction patterns using Cu Kα1 radiation. The scanning rate
in the 2� range from 6◦ to 80◦ was 1◦ min−1. The thermal stability of the obtained compounds
was studied in a TGA system (STA 449 C, NETZSCH). The heating rate was 10 K min−1.

Li1/3Ce2/3PO4 and LiCe2/3PO4 powders were uniaxially cold pressed at 300 MPa. The
ceramics were sintered in air for 1, 2, and 3 h. The sintering temperatures of Li1/3Ce2/3PO4 and
LiCe2/3PO4 ceramic samples were 1083 and 1163 K respectively. XPS was used to identify the
valence states of Ce and elemental compositions of the ceramics. All XPS measurements were
recorded by excitation with x-rays with hν = 1253.6 eV. The pressure in the XPS chamber was
10−8 Pa.

Platinum electrodes were prepared on a LiCe2/3PO4 ceramic cylindrical sample (8 mm
diameter, 1 mm thick) by applying a conductive Pt paste fired at 900 K. The first electrode
covered the bottom surface of the pellet, and the second electrode had a shape of a ring, was
placed on the top surface, and was connected to the negative potential. The ceramic sample
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Table 1. X-ray powder diffraction data (Miller indices, diffraction angles, interplanar distances,
relative intensities) for the Li1/3Ce2/3PO4 compound at room temperature.

hkl 2� d (Å) I/I0 (%)

−1 0 1 17.05 5.20 5
1 1 0 18.42 4.81 10
0 1 1 18.93 4.69 16

−1 1 1 21.23 4.18 32
1 0 1 21.63 4.105 16
1 1 1 25.12 3.542 16
0 2 0 25.35 3.511 21
2 0 0 26.95 3.306 74
1 2 0 28.77 3.101 100
2 1 0 29.88 2.9879 21
0 1 2; −1 1 2 31.15 2.8699 68

−2 0 2 34.45 2.6013 16
−2 1 2 36.85 2.4372 16

2 2 0 37.35 2.4057 5
0 3 1 41.11 2.1939 26

−3 1 1 42.16 2.1417 52
2 2 1 42.37 2.1315 26
2 1 2 46.05 1.9694 26
3 0 1 46.75 1.9415 10

−2 3 1 47.85 1.8994 21
1 0 3; −1 3 2 48.47 1.8766 42
0 2 3 50.67 1.8001 10

−3 2 2 51.78 1.7641 16
1 3 2 52.43 1.7438 21
1 4 0 54.05 1.6953 16

was placed in the XPS chamber and evacuated. Then an external permanent electric field (E)
was applied to the sample and it was heated at 493 K for 1 h. Then the sample under electric
field was cooled down to room temperature. The surface of the sample which was under the
negative electrode was studied by XPS without an external permanent electric field.

The surfaces of the ceramics were polished using a suspension with 1 μm diamond
particles, thermally etched for 1.5 h at 900 K with 10◦ min−1 heating and cooling rates,
and studied by SEM. The measurements of complex conductivity (σ̃ = σ ′ + iσ ′′), complex
impedance (Z̃ = Z ′ + iZ ′′) and complex dielectric permittivity (ε̃ = ε′ − iε′′) were performed
in the temperature range from 300 to 650 K in the frequency range from 50 to 106 Hz using
an LCR meter (HP 4284A) and in the frequency range from 106 to 1.2 × 109 Hz by using a
coaxial impedance spectrometer set-up [12].

3. Results and discussion

The x-ray diffraction data of the investigated powder are listed in tables 1 and 2. The lattice
parameters and densities of the materials are presented in table 3.

From the results of the x-ray diffraction study we conclude that Li1/3Ce2/3PO4 and
LiCe2/3PO4 compounds exhibit monoclinic symmetry (space group P21/n). Both compounds
have four formula units in the lattice. The decrease of Li number in the lattice leads to the
decreases of the values of density and volume of lattice of the investigated compounds. The
results of the x-ray diffraction study of LiCe2/3PO4 compound have shown an admixture of
Li3PO4 of about 7 wt%.

3



J. Phys.: Condens. Matter 19 (2007) 106204 T Salkus et al

Table 2. X-ray powder diffraction data for the LiCe2/3PO4 compound at room temperature.

hkl 2� d (Å) I/I0 (%)

−1 0 1 17.05 5.20 8
1 1 0 18.41 4.81 6
0 1 1 18.93 4.69 14

−1 1 1 21.25 4.18 4
1 0 1 21.67 4.098 17
1 1 1 25.10 3.545 14
0 2 0 25.34 3.512 17
2 0 0 26.98 3.302 64

−1 0 2 28.42 3.138 6
1 2 0 28.77 3.101 100
2 1 0 29.87 2.9889 17

−2 1 1 30.28 2.9493 3
−1 1 2 31.17 2.8671 75
−2 0 2 34.47 2.5998 17

1 1 2 36.65 2.4500 11
−2 1 2 36.85 2.4372 17

2 2 0 37.34 2.4063 7
0 2 2 38.40 2.3423 4

−3 0 1 40.10 2.2468 3
0 3 1 41.12 2.1934 19

−3 1 1 42.15 2.1422 28
2 2 1 42.40 2.1301 17
2 1 2 46.03 1.9702 28
3 0 1 46.70 1.9435 6
2 3 0 47.57 1.9100 3

−2 3 1 47.84 1.8998 11
−1 3 2 48.49 1.8759 22

3 2 0 48.76 1.8661 17
−1 2 3 49.70 1.8330 3

0 2 3 50.67 1.8001 8
−3 2 2 51.78 1.7641 17

1 3 2 52.44 1.7435 18
−2 2 3 52.80 1.7324 8

1 4 0 54.00 1.6967 10
4 0 0 55.60 1.6516 6

Table 3. Lattice parameters and densities of the Li1/3Ce2/3PO4 and LiCe2/3PO4 compounds at
room temperature.

Compound a (Å) b (Å) c (Å) β (deg) V (Å
3
) dXRD (g cm−3)

Li1/3Ce2/3PO4 6.7932(10) 7.0198(11) 6.4685(17) 103.455(17) 299.99 4.23
LiCe2/3PO4 6.7961(9) 7.0216(13) 6.4686(14) 103.449(15) 300.21 4.33

The TGA study of the Li1/3Ce2/3PO4 and LiCe2/3PO4 powders has shown that these
compounds are very stable up to 1200 K (figure 1) in air. The minor mass loss of 0.25% in
the Li1/3Ce2/3PO4 powder at about 550 K can be related to adsorbed water.

The XPS spectra of the investigated compounds at room temperature are shown in
figures 2(a)–(d). To exclude any effects on the values of binding energies due to charging
of the sample during the XPS analysis, all data were corrected by a linear shift such that
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Figure 1. Dependence of mass change of Li1/3Ce2/3PO4 and LiCe2/3PO4 powder on temperature
while heating.
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Figure 2. XPS analysis results of Li1/3Ce2/3PO4 Ce 3d (a), LiCe2/3PO4 Ce 3d (b), Li1/3Ce2/3PO4

P 2p (c), and LiCe2/3PO4 P 2p (d).

the peak maximum of the C 1s binding energy of adventitious carbon corresponded to
284.6 eV.

The Ce 3d spectrum is complex owing to a satellite structure that results from hybridization
with the O 2p orbital and partial occupancy of the 4f levels. The Ce 3d spectrum excites a
number of components attributed to 3d5/2 and 3d3/2 photoelectrons which causes satellite peaks
of ‘shake-down’ type. The peaks at the binding energies of 882.0, 900.5, 888.6, 907.3, 891.8,
and 916.4 eV have been assigned to Ce 3d5/2 and 3d3/2 characteristic peaks corresponding to
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Table 4. The elemental compositions of Li1/3Ce2/3PO4 and LiCe2/3PO4 compounds.

Atomic %

Compounds Ce O P Li

Li1/3Ce2/3PO4 9.2 65.8 15.8 9.2
LiCe2/3PO4 9.5 59.9 16.5 14.1

Table 5. The comparison of elemental composition of the LiCe2/3PO4 compound before and after
the influence of E .

Atomic %

Ce O P Li

Before heating in electric field E 9.5 59.9 16.5 14.1
After heating in electric field E 7.1 50.7 18.4 23.8

the Ce4+ state [13–16]. Only two doublets have been found in the spectra of Ce 3d if cerium
is in the Ce3+ state. The Ce 3d5/2 spectrum exhibits the two-line structure with peaks at the
binding energies 881.6 and 885.5 eV [17, 18], 881.5 and 886 eV [19], 882 and 887 eV [20]. Our
result do not show any peak at energies 900.5 and (916–917) eV, which are maximum intensity
in the spectra of Ce 3d if cerium is in the Ce4+ state. The spectra of Ce 3d in figures 2(a), (b)
show the two-line structure with Ce 3d5/2 peaks at binding energies ∼882.3 and ∼886.2 eV.
So we can presume cerium as Ce3+ in both investigated compounds. The spectra of P 2p are
asymmetric. This indicates that the phosphorus exists in the radical groups PO3−

4 and PO−
3 . The

binding energy of P 2p photoelectrons is higher when phosphorus is in the radical group PO−
3

compared to PO3−
4 [21–23]. The spectra of P 2p were deconvoluted into two components with

P 2p3/2 binding energies 133.0 eV (PO3−
4 ) and 133.7 eV (PO−

3 ). The P 2p spectra and results of
curve fitting are shown in figures 2(c), (d). The elemental compositions of the compounds
are summarized in table 4. The comparison of elemental compositions of the studied
compounds has shown that an increase of Li content leads to a decrease of the ratio O/P in the
compound.

XPS spectra of the LiCe2/3PO4 ceramic sample before and after effect of electric field are
presented in figures 3(a)–(c). The spectra for Li 1s, P 2p, and O 1s are presented on the y
axis with actual counts, i.e. experimental results after the background (Shirley background) has
been subtracted.

The intensity of the Li 1s XPS spectra is higher and it is shifted towards lower binding
energies. The intensities of the XPS spectra of P 2p and O 1s are lower and they are shifted
towards higher binding energies; this shifting indicates an increase of the number of radical
groups PO−

3 on the surface. The increase of Li on the studied surface clearly shows that
LiCe2/3PO4 compound is a Li ion conductor. The results of elemental composition before
and after the influence of E are summarized in table 5.

The densities of the ceramics sintered for 1, 2, and 3 h were found to be from 88% to 92%
of the theoretical density of the compounds.

After thermal etching, the surfaces of the ceramics were studied by SEM. The SEM images
of surfaces of Li1/3Ce2/3PO4 and LiCe2/3PO4 ceramics sintered for different sintering time (ts)
are shown in figures 4(a)–(d).

The increase of ts caused an increase of the size of the ceramic grains. In the SEM images
(figures 4(c), (d)) the Li3PO4 phase of the ceramic samples can be seen as dark grains.
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Figure 3. XPS analysis results of LiCe2/3PO4 ceramics before and after the influence of E: (a) Li
1s spectrum; (b) P 2p spectrum; (c) O 1s spectrum.

Figure 4. SEM images of Li1/3Ce2/3PO4 ceramics sintered for 1 h (a) and 3 h (b) and LiCe2/3PO4

ceramics sintered for 1 h (c) and 3 h (d).
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Figure 5. Frequency dependences of the real part of the complex conductivity measured at different
temperatures of Li1/3Ce2/3PO4 ceramics sintered for 1 h at 1083 K.

5000

0
0 5000 10000 15000

Z ', Ωm

Z
'',

 Ω
m

Figure 6. Complex impedance plots measured at temperatures 560 K (�), 600 K (◦), and 640 K
(×) of LiCe2/3PO4 ceramics sintered for 3 h at 1163 K.

The characteristic frequency dependences of the real part of σ̃ measured at different
temperatures of LiCe2/3PO4 ceramics sintered for 3 h at 1163 K are shown in figure 5.

Two dispersion regions were found in the σ ′ spectra for both investigated samples.
The high-frequency part of the obtained spectra may be attributed to the relaxation in grain
boundaries, while the lower-frequency part corresponds to processes related to interfaces
between the Pt electrodes and the superionic material. The dispersion related to ionic
processes in grains is usually observed at high frequencies and temperatures up to about
500 K [12, 24–26]. In our case this dispersion region was not measured due to the low ionic
conductivity of the investigated ceramics.

Both processes are thermally activated and the dispersions shift toward higher frequencies
with increasing temperature. The temperature dependences of the total (σt) conductivities of
Li1/3Ce2/3PO4 and LiCe2/3PO4 ceramics sintered for different ts were derived from the complex
plots of Z̃(ω) and σ̃ (ω) measured at different temperatures. The characteristic complex
impedance and complex conductivity plots of the LiCe2/3PO4 ceramic sample sintered for 3 h
at 1163 K are shown in figures 6 and 7.

The temperature dependences of σt of the ceramic samples for different sintering times are
shown in figure 8.

The activation energies of the total (	Et) conductivities were found from the slopes of
the Arrhenius plots. Different sintering time of the ion conductive ceramics mainly affects
the amount of grain boundaries due to grain growth and consequently their contribution to the
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Figure 7. Complex conductivity plots measured at temperatures 560 K (�), 600 K (◦), and 640 K
(×) of LiCe2/3PO4 ceramics sintered for 3 h at 1163 K.
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Figure 8. Temperature dependences of total conductivity of Li1/3Ce2/3PO4 and LiCe2/3PO4

ceramics with different ts.

electrical conductivity [12, 24, 25, 27]. The results of the measurements of electrical parameters
at 600 K for Li1/3Ce2/3PO4 and LiCe2/3PO4 ceramics sintered for different ts are presented in
table 6.

The temperature dependences of the real part of the complex dielectric permittivity and
dielectric losses (tan δ) were investigated at the frequency of 1 GHz. This frequency is higher
than the Maxwell relaxation frequency fM = σ ′/2πε0ε

′ (where ε0 = 8.85×10−12 F m−1 is the
dielectric constant of a vacuum). At T = 600 K, fM is lower than 110 MHz. The values of ε′
and tan δ of Li1/3Ce2/3PO4 and LiCe2/3PO4 compounds sintered for 1, 2, and 3 h at T = 450 K
are presented in table 7.
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Table 6. The results of the measurements of σt and 	Et at 600 K of Li1/3Ce2/3PO4 and
LiCe2/3PO4 ceramic samples sintered for different times.

Li1/3Ce2/3PO4 LiCe2/3PO4

Compounds
ts (h) σt (S m−1) 	Et (eV) σt (S m−1) 	Et (eV)

1 2.61 × 10−3 0.54 2.4 × 10−4 0.37
2 3.8 × 10−3 0.56 3.87 × 10−4 0.39
3 3.6 × 10−3 0.53 3.66 × 10−4 0.41

Table 7. The results of the measurements of ε′ and tan δ at 450 K of Li1/3Ce2/3PO4 and
LiCe2/3PO4 ceramic samples sintered for different times.

Li1/3Ce2/3PO4 LiCe2/3PO4

Compounds
ts (h) ε′ tan δ ε′ tan δ

1 7.1 0.076 8.4 0.050
2 6.5 0.037 10.0 0.115
3 8.1 0.051 9.6 0.034

The values of ε′ and tan δ were found to be independent of temperature in the temperature
range from 300 to 500 K. The value of ε′ can be affected by the contribution of the migration
polarization, vibration of the lattice and electronic polarization.

4. Conclusions

The solid electrolytes Li1/3Ce2/3PO4 and LiCe2/3PO4 have been synthesized by solid phase
reactions and studied by x-ray powder diffraction. The compounds exhibit monoclinic
symmetry (space group P21/n) with Z = 4 formula units in the lattice. The investigated
compounds are thermally stable up to 1200 K. The Li1/3Ce2/3PO4 and LiCe2/3PO4 ceramics
were sintered for 1, 2, and 3 h at 1083 and 1163 K respectively. XPS showed that Ce exists as
Ce(III) in both compounds and P was found in the radical group of PO3−

4 . The influence of a
permanent electric field on the elemental content of the LiCe2/3PO4 compound was investigated
by XPS. The results of the XPS study have shown that this material can be a Li+ ion conductor.
The ceramics were investigated by complex impedance spectroscopy in the frequency range
from 50 to 1.2 × 109 Hz in the temperature range from 300 to 650 K. The sintering time of
the ceramics affects the values of the total conductivity, activation energy and densities of the
materials. The values of ε′ at frequency 1 GHz are related mainly to the polarization process
due to the migration of Li+ ions, lattice vibrations and electronic polarization.
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