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Abstract A new material LiBiP,O; was prepared by so-
lid-state reaction method. The XRD analysis confirms
the formation of the sample. The Raman analysis indi-
cates the presence of characteristic bands for a (P,O;)*~
group in the sample. The electrical characterization was
carried out using the impedance spectroscopy method in
the frequency range of 1 KHz—5 MHz. The bulk con-
ductivity of the material was extracted from the
impedance analysis and was found to be in the order of
1007Q “"em™' at 473 K. The activation energy was
calculated from the Arrhenius plot and was found to be
0.37 eV. The modulus peak maximum shifts to higher
frequencies with an increase in temperature and the
broad nature of the peaks indicates the non-debye nat-
ure of the material. The high value for the activation
energy calculated from the conductance spectrum indi-
cates that some energy has been utilized in the creation
of charge carriers.

Keywords LiBiP,O; - XRD analysis - Raman
analysis - Impedance analysis - Arrhenius
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Introduction

During the last few years, numerous studies on lithium-
ionic conductors have been published [1, 2]. Lithium-ion
conducting materials such as Li,La,TiO;, Li,BaP,0-,
LiNiVOy, and LiMn,O4 were destined to be used both
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as solid electrolytes and as electrode materials for sec-
ondary batteries because of their significant ionic con-
ductivity, high reduction potential, and the low atomic
mass of lithium [3, 4]. Among the lithium-ion conduc-
tors, diphosphate material has gained much interest as
solid electrolytes for high-energy density batteries,
promising non-linear optic materials, ion exchange
materials etc. [5]. This is because of the properties of
complex monophosphate and diphosphate ions, which
have been used as building blocks for a wide variety of
crystal phases with a wide spectrum of physical and
chemical properties, such as high chemical stability at
ambient temperature and high ionic conductivity [6].
Recently Danicela et al. [6] reported synthesis and ionic
conductivity studies on cobalt-substituted LiBaP,O-.
But the main disadvantage of this material is its low
ionic conductivity. To improve the ionic conductivity of
lithium-based phosphate materials, a material search is
still necessary and this includes ceramic crystalline
materials. In this study, a new material LiBiP,O; was
synthesized by the solid-state reaction method and was
analyzed by XRD, Raman, and impedance spectro-
scopic techniques.

Experimental

The sample LiBiP,O; was prepared by the solid-state
reaction method. Stoichiometric amounts of the raw
materials Li,COs3, Bi,O3, and (NH4),HPO, according to
the compositions of LiBiP,O; were ground into a fine
powder using a mortar and pestle. The resultant powder
was heated at a temperature of 1,073 K in a silica cru-
cible. The resultant sample was cooled slowly, crushed
into fine powders, and then sprayed in a die. A pressure
around 4,000 kg cm > was applied to form the pellet
with a thickness of 0.1 cm and a diameter of 1.0 cm. The
pellet was sintered at 773 K in air for 1 h. An X-ray
diffractogram was taken to confirm the formation of the
sample, using the Philips X-ray diffractometer PW 1830.
Raman spectra of the samples were obtained by a



microscopic Raman spectrometer using an Ar-ion laser
line of 4,880 A. Lorentzian line shapes were fitted to the
Raman spectra from which the peak position was
obtained. The impedance analyzer HIOKI 3532 con-
trolled by a computer was used to obtain the electrical
measurements in the frequency range of 1 KHz to
5 MHz with silver as an electrode. The ac impedance
measurements were made in the temperature range of
423-473 K

Results and discussion
XRD analysis

Figure 1 shows the XRD spectra of LiBiP,O,. The dif-
fractogram reveals the formation of the crystalline phase
of the product. The diffraction peaks were compared
with the standard XRD data given by the JCPDS record
(28-0555) [7] and were found to match well with the
standard data. The standard d spacing and the calcu-
lated d spacing are been given in Table 1. The compar-
ison of the observed and standard d spacing indicates
the formation of crystalline LiBiP,O-.

Raman analysis

Figure 2 shows the Raman spectra of LiBiP,O;. The
diphosphate ion consists of two PO, tetrahedra with a
central P-O—P bridge bond [§]. The bands observed in
Raman spectra in the region 563-343 cm™' were as-
signed to asymmetric (v4) and symmetric (v,) bending
vibrations of PO, tetrahedra [9]. For LiBiP,O; these
bands were observed at 551 and 387 cm™' due to the
asymmetric and symmetric bending modes of PO, tet-
rahedra, respectively. Generally the bending modes of
the PO3~ group and the bridge stretching modes of
P-O-P were assigned in the regions of 492412 cm™!
and 975-600 cm !, respectively [8, 9]. The bending
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Fig. 1 XRD pattern of LiBiP,O; at room temperature
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Table 1 Powder XRD data of LiBiP,O; at room temperature

20 (%) d(A) d (A)
Experimental Standard
19.14 4.63 4.61
21.61 4.10 4.18
22.96 3.87 4.05
25.34 3.51 3.52
27.55 3.23 3.09
29.17 3.05 2.98
30.82 2.89 2.89
34.83 2.57 2.71
36.91 2.43 2.40
39.37 2.28 2.30
41.04 2.19 2.17
43.97 2.05 2.10
45.36 1.99 2.00
48.06 1.89 1.84
51.57 1.77 1.75
57.96 1.58 1.61
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Fig. 2 Raman vibrational spectrum of LiBiP,O,

modes of PO3~ for LiBiP,O; were observed at
485 cm~'. The P-O-P symmetric and asymmetric
stretching vibrations were observed as a weak intensity
band at 737 cm™' along with a shoulder peak at
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945 cm™~'. The double peak observed at 967 cm™' was
also assigned to the P-O-P asymmetric stretching
vibrations. The high intensity band observed at
1,041 cm™~! was assigned to stretching modes of POy
tetrahedra [10]. The band assignments are shown in
Table 2.

Impedance spectroscopy

Figure 3 shows the complex impedance plot for
LiBiP,O; at 473 K. The data fall on a single semicircle
whose center lies below the real axis. The high frequency
semicircle was due to the parallel combination of bulk
resistance (Ry) and bulk capacitance (Cp,) of the
LiBiP,O,. The associated capacitance values were cal-
culated at the arc maximum frequency using the relation
21 fmaxRC=1. The observed semicircle has a capaci-
tance of the order of pF and it has been attributed to a
conduction process through the bulk or grain interior
response of the material, i.e., Li motion within the
structure [11].

Bulk resistance values were obtained from the low-
frequency intercept of the semicircle on the real Z’ axis
using the program EQ developed by Boukamp [12, 13].
The bulk conductivity calculated from the formula 1/R X

Table 2 Raman spectral data and band assignments of LiBiP,O,

Raman wave number (cm ') Assignment
387 1053 PO4
407 Bending modes of P-O-P bridge
465 Lo PO4
485 1053 PO4
551 V4 PO4
609 Symmetric P-O-P stretching
737 Symmetric P-O-P stretching
828 -
943 Assymmetric P-O-P stretching
967 Assymmetric P-O-P stretching
1,041 Symmetric stretching of POy
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Fig. 3 Complex impedance spectra for LiBiP,O; at 473 K

(1/4) was found to be in the order of 107 Q' em™".
The temperature dependence of bulk conductivity is
shown in Fig. 4 and it is found to obey the Arrhenius
equation given by

o= O'()Ci<EH/KT) (1)

where o is the pre-exponential factor, E, is the activa-
tion energy. The activation energy was found to be
0.37 eV.

Modulus spectra analysis

The electric modulus formalism has been widely used in
glass and ceramic materials because it gives information
about the bulk or grain interior response and is not
usually affected by blocking phenomena, i.e., grain
boundary and electrode response [14]. In order to
ascertain whether the arc observed in the impedance
analysis has been affected by a grain boundary response
overlapped with the grain interior one, an analysis of the
imaginary part of the electric modulus as a function of
frequency was made. Fig. 5 shows the plot of the
imaginary part of the electric modulus (M”/M” ,.x) as a
function of frequency indicating an asymmetric peak
whose position has been shifted towards higher
frequencies with rising temperature. The experimental
frequency data are fitted to the equations /= foexp(—E,/
Kt) [6]. The activation energy Er has been found to be
0.37 eV. The similar values of E, and E;suggest that the
impedance arcs were dominated by the grain interior
response; hence the conduction in the material is due to
Li" ions within the structure [14].

Conductance spectra analysis
The frequency dependence of the real part of conduc-

tivity for LiBiP,O5 is shown in Fig. 6. Conductivity has
a low frequency plateau and a crossover to power-law
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Fig. 4 Temperature dependence of bulk conductance and relaxa-
tion frequency for LiBiP,O,
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Fig. 6 Conductance spectra for LiBiP,O; at various temperatures

dependence at higher frequencies. Conductivity spectra
of ionic conductors were found to exhibit universal
power law behavior in the form

ol = e[l + (/1)) (2)

where o’ is the real part of complex conductivity, oy is
the dc conductivity, f, is the cross-over frequency, fis
the measuring frequency, and a is the exponent of the
power law [15-18]. Almond et al. [19] have suggested
that the ac conductivity data reveal necessary informa-
tion on ion dynamics, the cross-over frequency and the
exponent provide information on the mobility and the
coulomb interaction between mobile ions, respectively.
Ionic hopping rates (w,) were calculated from the con-
ductivity spectra for all the samples at different tem-
peratures using the formula proposed by Almond and
West [17]:
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wp = 204c (3)

The calculated hopping frequency was found to be
linear with temperature and this variation was fitted to
the equation

wp = wyel~Eo/KD) (4)

where g is the true attempt frequency and E,, is the
activation energy for the hopping process. The activa-
tion energy was calculated to be 0.44 eV. This is close to
the dc conductivity activation energy (E,), 0.37 eV. The
value of E, is somewhat higher than the value of E,.
This indicates that some energy has been utilized for the
creation of a free-charge carrier [20]. The activation
energies calculated from impedance, modulus, and
conductance spectra analysis were found to be low. But
the ionic conductivity was not found to be very high.
This may be due to the hindrance given by Bi** ions to
Li ions.

Conclusion

The compound LiBiP,O; was prepared by solid-state
reaction method. The formation of the sample was
confirmed by XRD analysis. The Raman analysis indi-
cates the presence of characteristic bands for a (P,O;)*~
group in the sample. The bulk conductivity calculated
from the impedance analysis was found to be
1.5x1077 Q@ ~' em ™! at 473 K. The modulus peak max-
imum shifts to a higher frequency with an increase in
temperature and the broad nature of the peaks indicates
the non-debye nature of the material. The similar values
for the activation energies E, and E, indicate that the
grain interior response of the sample alone was observed
in the measured frequency range. The low conductivity
observed for the sample may be due to the non-avail-
ability of vacancy sites for lithium-ion conduction in
LiBiP,0.
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