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Abstract
Vitreous phases of K3 M2 P3 O12 (M = B, Al, Bi) NASICON-type materials are prepared and their electrical properties are investigated over
a frequency range from 42 Hz to 1 MHz and at different temperatures. An anomalous diffusion model (ADM) is applied to discuss the ac
conductivity, permittivity and electric modulus of the NASICON-type glasses. The ADM is used to extract the dc conductivity and relevant
physical parameters, namely, crossover length and relaxation frequency in the ion diffusion process. The dc conductivities and relaxation
frequencies are thermally activated, with activation energies found to be in the range 0.70–0.82 eV. The frequency- and temperature-dependent
conductivity spectra of individual glasses can be superimposed by means of the Summerfield scaling.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
During the last few years, much effort has been devoted to
find new solids with high ionic conductivity for applications
in solid state batteries, fuel cells, sensors, etc. [1]. The general formula of a phosphate network system is Ax My P3 O12 ,
where A is an alkali ion and M is one or more ions in tri,
tetra, or pentavalent state. The monovalent A ions can easily
migrate in the lattice with low activation energy [2,3]. This
family of crystalline phosphates (often referred to as NASICON, acronym for ‘Na’ superionic conductors) is uniquely
identified as tailor-made materials, capable of accommodating a wide range of compositional variation, thereby offering
flexibility of physical and electrical properties [3–6].
In recent years, titanium based NASICONs have received
great deal of scientific attention. These crystallites (of the
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formula of A1+x Mx Ti2−x P3 O12 (AMTP), where A = Na or
Li, and M is trivalent cations) show enhanced electrical conductivity features upon partial substitution of Ti4+ by trivalent cations (M3+ , such as Al, Ga, In, Sc, Y, La, Cr or Fe)
[7–10]. The maximum conductivity yet obtained is about
∼10−3 S cm−1 for Li1.3 M0.3 Ti1.7 P3 O12 , where M is a trivalent cation Al or Sc. Only the low trivalent cation titanium
based materials have been investigated. However, applicability of these NASICON polycrystalline as solid electrolytes
is limited due to Ti4+ /Ti3+ reduction and the large grain
boundary contribution. Recent reports suggest that such disadvantages could be conveniently minimized by vitrification
and avoiding Ti of such NASICON composites [11,12].
It is also interesting to consider the vitrification capability of NASICON composites and to examine the electrical properties. Extensive studies of both vitreous and
crystalline binary phosphates with NASICON chemistry,
containing mostly transition metal ions (valencies 4 or
5) or non-transition metals like Ge, show significant differences in electrical properties between glassy and crystalline forms [13]. The vitreous forms of fully trivalent (M
site) cation-containing binary phosphate NASICONs provide good systems for a systematic examination of elec-
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trical relaxation processes, and such systems are scarcely
reported.
In this work, we report the synthesis, characterization
and electrical relaxation processes in vitreous forms of
K3 M2 P3 O12 (M = B, Al, Bi) NASICONs. To the best of our
knowledge, these materials have not previously been investigated. Electrical relaxation processes of the NASICON-type
glasses are investigated and analyzed using an anomalous diffusion model. We also present the time-temperature superposition principle, the so-called Summerfield scaling approach,
of conductivity spectra of NASICON-type glasses.

of the samples were ground and polished. Silver paint was
pasted on to the parallel surfaces of the polished sample and
the sample was fixed in the spring loaded sample holder.
Parallel conductance and capacitance for all the compounds
were measured using a Hioki 3532-50 LCR Hitester in the
frequency range of 42 Hz to 1 MHz and in the temperature
range from 300 to 470 K. The measurements were carried
out in an under vacuum. Prior to the electrical conductivity
measurements, the samples were heated at 373 K in a spring
loaded sample holder to allow stabilization of the electrodes
and then the samples were cooled. The Lab-Equip package
program was used to control electronically the temperature
and measurement processes.

2. Experimental
The vitreous materials K3 B2 P3 O12 (KBP), K3 Al2 P3 O12
(KAP), and K3 Bi2 P3 O12 (KBiP) were prepared by a solidstate reaction from K2 CO3 , B2 O3 , Al2 O3 , Bi2 O3 and
NH4 H2 PO4 . The KAP system was prepared by taking stoichiometric quantities of K2 CO3 , Al2 O3 , and NH4 H2 PO4 and
the overall reaction for KAP formation is given by:
3/2K2 CO3 + Al2 O3 + 3NH4 H2 PO4


−→ K3 Al2 P3 O12 + 3NH3 + 9/2H2 O + 3/2CO2
The synthesis of the samples was as follows: (i) the calculated amounts of the starting materials were ground in an
agate mortar for 45 min; (ii) the mixture was placed in a silica crucible and slowly heated in an electric furnace up to
523 K, further heated and held at a temperature of 623 K for
6 h in order to ensure the total decomposition of the reagents;
(iii) after cooling the sample to room temperature, the mixture was again ground for 45 min in an agate mortar and
heated in a silica crucible for ∼16 h at the temperature range
of 923–1023 K without melting the mixtures; (iv) the sample was heated further in the range of 1173–1273 K to melt
the sample and stirred for 5–10 min to ensure homogeneity;
(v) finally, the melt was poured into a stainless steel plate
and quenched by pressing with another stainless steel plate
at room temperature.
These systems were characterized by X-ray diffraction
(XRD), differential scanning calorimetry (DSC), Fourier
transform infrared (FTIR) and ac electrical conductivity measurements. XRD spectra were recorded for all the samples by
using a Rigaku miniflex X-ray diffractometer with monochromatic Cu K␣ radiation at glancing angles between 5◦ and 65◦ .
The DSC measurements were carried out using a Mettler
Toledo DSC 821e instrument and the temperature was varied
from 308 to 798 K at a rate of 10 K/min. FTIR spectra were
recorded in the wave number range 1600–400 cm−1 using
the KBr pellet method in a Shimadzu FTIR-8700 spectrophotometer at room temperature. Measurements had a spectral
resolution of 4 cm−1 and were averaged over 40 scans.
The samples for electrical conductivity measurements
were made by cutting the prepared glasses into pellets of
∼10 mm diameter and ∼1.5–2.0 mm thickness. Both sides

3. Results and discussion
X ray diffraction (XRD) patterns were recorded for all the
samples understudy and they (not shown here) do not display
any features, suggesting the amorphous nature of the samples.
Fig. 1(a) shows the FTIR absorption spectra for the different
NASICON-type vitreous materials. Possible infrared band
assignments are indicated by arrow mark in the figure. Table 1
shows corresponding absorption assignment values. These
bands are assigned to the various vibrational contributions
of the basic phosphates [14–19]. The entire region between
1200 and 400 cm−1 dominantly by the vibrations of the PO4
tetrahedra. The spectra are similar for different alkali members for common M ion [20] but for different M ions spectra
show less similarity for the same alkali ion, implying that
M ions play a more significant role than alkali ion in the

Fig. 1. (a) FT-IR spectra of NASICON-type glasses. (b) DSC thermogram
for KAP glass.
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Table 1
FTIR absorption bands (in cm−1 ) and attributions for the NASICON-type vitreous materials
Sample

Harmonics of P–O–P bending

P–O–P stretching

PO3 2− ionic

PO4 3− ionic

P2 O7 4− pyrophosphate

K3 B2 P3 O12
K3 Al2 P3 O12
K3 Bi2 P3 O12

466, 497, 534
499
441, 538

729
717
723

906
–
–

1027, 1085
1018, 1064
997

1189
1175
–

Table 2
Glass transition temperature (Tg ), dc conductivity activation energy (Eσ ), conductivity elaxation frequency activation energy (Eω ), frequency exponent (n),
cross over length (ξ) and KWW stretched exponent (β), for the NASICON-type samples
Name of the sample

Tg (K)

Eσ (eV) ± 0.02

Eω (eV) ± 0.02

n ± 0.03

ξ (Å)

β ± 0.02

K3 B2 P3 O12
K3 Al2 P3 O12
K3 Bi2 P3 O12

678
747
688

0.71
0.75
0.82

0.70
0.74
0.82

0.66
0.63
0.60

0.69
0.80
0.91

0.57
0.63
0.65

structure of the glass. The spectra further suggest the fully vitrified samples, as there are no traces of the initial precursors
(absence of carbonate absorption peaks, typically observable
in the 1500–1400 cm−1 region). The DSC thermogram was
recorded for all the samples and it is shown in Fig. 1(b) at
scan rate of 10 K/min. The endothermic and exothermic peaks
observed in the DSC are corresponds to the glass transition
and crystallization respectively for the present amorphous
material. The glass transition (Tg ) temperatures of all vitreous samples are shown in Table 2.

ters, namely, length and time scales involved in the diffusion
process. The frequency dependent conductivity σ(ω) and the
real part of the dielectric permittivity ε (ω) can be expressed
as [27]:
σ(ω) = σdc [1 + h(n) cos (nπ/2)(ω/ωσ )n ],

(1)

ε (ω) = ε∞ [1 + h(n) sin (nπ/2)(ω/ωσ )n−1 ],

(2)

3.1. Electrical conductivity studies
The frequency dependent conductivity in KBP at various temperatures is shown in Fig. 2(a). The conductivity
is found to be frequency independent in the low frequency
regime, suggesting that the ions perform uncorrelated and
random hopping motions leading to a macroscopic transport
or dc conductivity [21]. In the high frequency region, where
the power law dispersion, σ(ω) ∝ ωn , is observed, indicating
correlated forward–backward hopping of ion motion [22].
The range of low frequency conductivity plateau is found to
increase with temperature, while the temperature dependency
is less prominent in the high frequency region. The real part of
the dielectric permittivity ε (ω), as shown in Fig. 2(b) for KBP
at different temperatures, follows a well-known non-Debye
behavior, ω(n−1) , in the high frequency region [21]. The ε (ω)
increases with decreasing frequency, approaching a limiting
value, εs , which is associated with polarization resulting from
the alignment of the dipoles along the direction of the electric
field at low frequencies. At high temperatures, the limiting
value, εs , increases sharply, possibly due to the contribution
from the charge accumulation at the electrode-sample interface [21].
Recently, a number of theoretical models have been proposed based on anomalous diffusion in the analysis of ac
conductivity [22–26]. We have taken the anomalous diffusion
model (ADM) proposed by Sidebottom et al. for ac conductivity and permittivity. This model successfully eliminates
the numerical fitting uncertainty in the high frequency region
of electric modulus. It also provides other important parame-

Fig. 2. (a) ac conductivity of for KBP at different temperatures. The solid
lines are the fits to Eq. (1). (b) ac real part of permittivity of KBP at selected
temperatures. The solid lines are the fits to Eq. (2).
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with h(n) = fn g(n), g(n) = Γ (2 − n)
ωσ = fωc (or) ωσ = σdc /ε∞ ε0 ,
K = e2ncρ /6kT,

σdc = Kξ 2 ωc ,
(3)

where σ dc is the dc conductivity, ωσ the conductivity relaxation frequency, ε∞ the high-frequency dielectric permittivity, ε0 the permittivity at free space, ξ is cross over length,
n the frequency exponent (0 < n < 1), ωc the crossover frequency, e is electronic charge, and ncρ is the number density
of charge carrier. Eqs. (1) and (2) are used to fit the measured ac conductivity and the real part of permittivity data
by the non-linear least square fitting method and the parameters σ dc , ωc , ε∞ and n are extracted. Both equations fit well
with the experimental data shown in Fig. 2(a) and (b) and the
parameters evaluated from the above fitting are represented in
Table 2. The crossover length parameter (ξ) involved in the
diffusion process is increasing with the M site cation size.
Furthermore, the obtained n values (0.60–0.66) are universally characteristic of the non-Debye behavior of materials.
The n value, together with the small value of ξ, supports the
Coulombic interaction-based diffusion models such as the
jump relaxation model and the Coulomb-interacting lattice
gas model [22,28].
The parameters σ dc and ωσ , extracted from the above fits
are strongly dependent on temperature and show a general
trend of KBP > KAP > KBiP. These features suggest strong
M-site ion radius dependence and possible thermally activated drift mobility of ions, according to hopping mechanism
[29]. Fig. 3(a) and (b) show the plots of ln(σ dc T) versus
1000/T and ln(ωσ ) versus 1000/T, respectively, for different NASICON-type glasses. This temperature dependency is
found to obey the Arrhenius equations:
σdc T = σ0 exp(−Eσ /kT ),

(4)

ωσ = ω0 exp(−Eω /kT ),

(5)

where σ 0 is the dc conductivity pre-exponential factor, Eσ is
the dc conductivity activation energy for mobile ions, ω0 is
the pre-exponential of the conductivity relaxation frequency,
and Eω is the activation energy for the conductivity relaxation
frequency.
The activation energies, Eσ and Eω are determined using
Arrhenius equation by linear regression and are shown in
Table 2. The close match between Eω and Eσ indicates that
the charge carriers have to overcome the same energy barrier
in both conduction and relaxation processes. Both these activation energies show increase with the size of M site ion i.e.,
with a general trend of KBP < KAP < KBiP. It is also interesting to note that the strongly temperature dependant parameters σ dc and ωσ , show a general trend of KBP > KAP > KBiP,
thus suggesting the strong correlation between the activation
energies and the above parameters.

Fig. 3. (a) dc conductivity vs. reciprocal temperatures for the NASICON
type glasses. The solid lines are the fits to Eq. (4). (b) Temperature dependence of conductivity relaxation frequency for NASICON type glasses. The
solid lines are the fits to Eq. (5).

3.2. Electric modulus analysis
The dielectric response of the materials can alternatively
be analyzed in terms of complex electric modulus M* (ω),
with the added advantage of suppressing the electrode polarization effects [30–32]. Fig. 4(a) and (b), are representative
of curves of the real (M (ω)) and imaginary (M (ω)) parts
of the electric modulus at different temperatures for one of
the glasses, KBP. In Fig. 4(a), M (ω) attains a constant value
at high frequencies for all temperatures and tends to zero at
low frequencies, indicating negligible electrode polarization
[32]. The M (ω) spectra in Fig. 4(b) show slightly asymmetric
peak which shifts towards higher frequencies as temperature
increases.
The dielectric relaxation process, in general, can
be represented by the numerical Laplace transform of
the Kohlraush–Williams–Watts (KWW) decay function,
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Fig. 5. Summerfield scaling for conductivity spectra of KBP.

and imaginary parts of electrical modulus can be represented
in terms of σ(ω) and ε (ω) as:
2

M (ω) = ε (ω)/(ε (ω) + (σ(ω)/ω)2 ),
2

M (ω) = (σ(ω)/ω)/(ε (ω) + (σ(ω)/ω)2 ).

Fig. 4. Isothermal modulus spectra for KBP at several temperatures (a)
M (ω) and (b) M (ω), the dashed line is fits to KWW equation. The solid
curves are the fits to ADM.

φ(t) = exp[–(t/τ)β ], where the exponent β characterizes the
degree of non-Debye behavior and τ is the conductivity relaxation time [30].
Recently, Bergman has modified the KWW function fitting approach, allowing direct analysis in the frequency
domain [33,34]. The imaginary part of the M (ω) has been
approximated as (for β ≥ 0.4):
M (ω) =

Mmax
,
(1 − β) + (β/1 + β)[β(ωmax /ω) + (ω/ωmax )β ]
(6)

where Mmax is the peak maximum of the imaginary part of
the modulus and ωmax (= 1/τ) is the peak frequency of the
imaginary part of the modulus. We analyzed our experimental data using this modified KWW approach (Eq. (6)) and
although the model represents the usual features of M , the
fit is unsuccessful in the higher frequency region (indicated
by arrow mark in Fig. 4(b)). A representative of the fitting is
shown as a dashed line in Fig. 4(b). Corresponding β values
used in the fits are displayed in Table 2.
As an alternative approach, we used power-law expression suggested in the anomalous diffusion model (ADM),
discussed previously in this paper, to avoid the uncertainty of
fitting in M (ω) in the high frequency region. Both the real

(7)
(8)

The results are shown in Fig. 4(b) for KBP at selected temperatures. In this figure, we show both the fittings of models
ADM (solid line) as well as KWW (dashed line). It is clear
from Fig. 4(b) that the ADM model play an important role
at the high frequency region and therefore a fairly reasonable fit is possible in the high frequency wing of the M (ω).
The KWW fitting ωmax values and ADM fitting ωσ values
are almost equal and they are plotted in Fig. 3(b) as a function of temperature. In general, both the models KWW and
ADM, provide the same quantitative macroscopic information regarding the conductivity relaxation, i.e., steady state
ion transport processes at short length scales, rather than
details of structure.
3.3. ac conductivity scaling studies
It is a general practice to correlate the universal features
of the physically measurable properties of materials, as this
often facilitates the comparison of structurally diverse materials and, hence, the extrapolation of unknown quantities. For
instance, based on Arrhenius temperature dependence, it is
possible to scale the ac conductivity at different temperatures to a single curve by choosing an appropriate scaling
quantity [25,35–37]. Here, the scaling in ac conductivity for
NASICON-type glasses is studied by scaling both the ac
conductivity axis by σ dc , and the frequency axis by σ dc T at
different temperatures [36]. This so-called Summerfield scaling uses the directly measurable quantities σ dc and T as the
scaling parameters. Fig. 5 shows scaled conductivity spectra
for KBP glass. The scaled ac conductivity data are collapsed
into a single curve, similar to the features obtained for other
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glassy systems. This study further emphasizes the merit of our
systems and suggests that the conductivity relaxation mechanism is independent of temperature.

4. Conclusions
The new K3 M2 P3 O12 (M = B, Al, Bi) NASICON-type
materials were successfully vitrified and the glassy nature
is further characterized by XRD, DSC and FTIR techniques.
The electrical properties of the glasses were studied over wide
range of temperature and ac frequency. The anomalous diffusion model is used to study the power law dependence of
conductivity and permittivity and to evaluate various important parameters of NASICON-type glasses. In general, the
cross over lengths, ξ and activation energies show M site
cation size dependency in all systems under the present investigation. The electrical modulus spectra are analyzed by both
KWW and ADM models, enabling further discussion of the
model validity, particularly at the high frequency wing of the
modulus spectra. A scaling approach between the ac conductivity and the temperature further appreciates the merit
of our systems, and also shows generalized features of other
reported glasses.
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