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Abstract Lithium ion transport has been studied in bis-
muth lithium phosphate glasses in the frequency range
20 Hz—1 MHz and in the temperature range 423-573 K
using impedance spectroscopy. The addition of Bi,Oj3 in
Li,O-P,05 glass is related to the modification of the glass
structure and facilitates the Li™ ions migration. The ac and
dc conductivities, activation energy of the dc conductivity
and relaxation frequency are extracted from the impedance
spectra. Conductivity of the present glass system is found
to be ionic in nature. The electrical response of the glasses
has been studied using both conductivity and electric
modulus formalisms. A single ‘master curve’ for normal-
ized plots of all the modulus isotherms observed for a given
composition indicates the temperature independence of the
dynamic processes for ions in these glasses. Nearly iden-
tical values of activation energy for dc conduction and for
conductivity relaxation time indicate that the ions over-
come same energy barrier while conducting and relaxing.

Introduction

Alkali phosphate glasses exhibit high ionic conductivity
and have been studied extensively because of ease of for-
mation, low melting point and strong glass-forming char-
acter [1]. Such glasses are potential candidates for energy
storage devices and solid state batteries [2—4]. Oxide
glasses containing Bi,O3 have also drawn much attention
due to their high nonlinear optical susceptibility [5, 6].
Bi,O3 cannot form glass by itself like other traditional
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glass formers; however, it can form glass in the presence of
conventional glass formers [7]. In such glasses, high
polarizing Bi(IIl) cation can reduce its coordination num-
ber from six to three and thus glass network may consist of
both [BiOg] highly distorted octahedral and [BiOz] pyra-
midal units [8, 9]. Due to its dual role, as modifier with
[BiOg] octahedral and as glass former with [BiO3] pyra-
midal units, bismuth ions may also influence the electrical
properties of oxide glasses. Phosphate glasses possess low
chemical durability, which can be increased by the addition
of Bi,Oj3 through the formation of P-O-Bi bond [10, 11].
The effect of Bi,O3 on different properties of phosphate
glasses has been investigated [12-16]. Shaim and Et-
Tabirou [17] have investigated physical properties and
electrical conductivity of sodium phosphate glasses con-
taining 0-25 mol.% of Bi,O3. The electrical conductivity
of glasses depends upon their composition and to a con-
siderable extent upon their structure and may be increased
either by dissolving halides or by other salts in the glass
structure [18, 19]. Further, when one network former pro-
gressively substitutes for another one, the conductivity of
such mixed-former glasses exhibits different behaviours
[19, 20]. The study of dielectric properties of glass mate-
rials helps in understanding their structure. Most of the
disordered materials show a dielectric relaxation that is not
described by an exponential (Debye-like) decay with a
characteristic single decay time. The relaxation time in
these materials follow a stretched exponential, the so-
called Kohlrausch—Williams—Watts (KWW) function
[21, 22]. The information of such stretched exponential
relaxations is used to characterize the dynamics of ionic
transport in ionically conducting disordered materials. In
addition, the intrinsic disordered environment of charge
carriers in glasses is believed to give rise to distinct
transport mechanisms such as the usually observed
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frequency dependent conductivity, o(w) [23]. The electri-
cal conductivity of disordered materials is caused by at
least two different contributions. First being thermal acti-
vation, in which the conductivity increases with tempera-
ture according to the Arrhenius law and second is by
structural change of glass with composition [24]. There-
fore, it is interesting to study the dynamic and relaxation
mechanisms of the mobile ions in disordered ion conduc-
tors by interpreting the frequency dependent features in
their dielectric response. In the present study, we have
chosen binary 40Li,O-60P,05 glass as the base material
and partially replaced P,Os by Bi,O3 to investigate the
influence of Bi,O3 on the dynamic and relaxation mecha-
nisms of lithium ions over a wide range of temperature and
frequency by employing impedance spectroscopy.

Experimental

Glasses having composition xBi,O5:(60 — x)P,0O5-40Li,0
(BP glasses), where x =0, 5, 10 and 15 mol.%, were
prepared using reagent grade chemicals Bi,O3, Li,CO5; and
(NH4),HPO,. Appropriate mixtures of these chemicals
were preheated in a crucible for 5 h at 300 °C to evaporate
ammonia and water. Then the mixture was melted in an
electrical muffle furnace at 1,100 °C for half an hour. The
melts were then quickly quenched in between stainless
steel plates. On quenching coin-shaped green-coloured
samples were obtained. The melting has been carried out at
higher temperature for ensuring the miscibility of the
chemicals for the formation of glass. The glass samples
were kept in desiccator to prevent possible attack by
moisture. Glass samples of thickness ~0.5-1.5 mm were
coated with silver paint on both sides and were annealed in
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a furnace for 2 h at 200 °C to remove the residual stresses
before conductivity measurements. The electrical conduc-
tivity measurements were carried out by using an induc-
tance analyzer (QuadTech 1910) from 20 Hz—1 MHz, with
an applied potential of 1 V in the temperature range 150-
300 °C (below glass transition temperature). The dc con-
ductivity was calculated from Nyquist plots, where com-
plex impedance data, Z (w) were plotted in the complex
plane (Z'(w) vs. Z''(w)) at different temperatures.

Results

The Nyquist plots (at different temperatures) of the BP2
(x = 5 mol.%) glass sample consist of one semicircle with
a characteristic spike (Fig. 1a) in low frequency region,
which is due to the blocking electrode capacitance as the
free mobile charges accumulate inside the sample surface
and the electrode when samples have huge amount of
mobile ions. All other glass samples also show similar
behaviour. The spectra can be interpreted by equivalent
electrical circuit with (inset in Fig. la) constant-phase
element (R—-CPE) of the sub circuit representing bulk
contribution with parameters Ry, and CPE,, while CPEg
represents blocking layer contribution. The necessity of
using CPEs, rather than ordinary capacitors, is the conse-
quence of the fact that the positions of the centres of the
experimental circles are below the real axis of Nyquist
plots [25, 26]. This suggests that the associated relaxation
of ions is non-Debye in nature. The experimental imped-
ance data were fitted to equivalent circuit with R and CPE,
in parallel. Values of equivalent circuit elements (R,>00°c
and CPE,) for all the glass samples are given in Table 1.
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Fig. 1 a Experimental Nyquist plots for BP2 glass sample at different temperatures. Inset: equivalent circuit for impedance analysis.

b Compositional dependence of normalized Nyquist plots at 200 °C
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Table 1 Equivalent circuit elements (R and C), activation energy for
dc conductivity (Eq.), activation energy for conductivity relaxation
time (E.), stretched exponential parameter (f5), concentration of Bi

ions and spacing between Bi ions (Rg;_p;) for the xBi,O5:(60 — x)
P,05-40Li,0 glasses

Sample code x (mol.%) R 2000c (MQ) CPE, (10719F) Eq. (eV) E. (eV) p Bi ions concentration Rgi_Bi (A)
(1022 ions cm73)

BP1 0.16 1.272 0.94 —0.90 0.84 0 0

BP2 5 0.039 1.296 0.79 -0.79 0.75 0.09 10.2

BP3 10 0.088 1.127 0.86 —0.80 0.79 0.21 7.81

BP4 15 0.082 1.291 0.76 —-0.79 0.77 0.36 6.53

The dc resistance of each sample was obtained from the
intersection of semicircle with the real axis at low fre-
quency. Normalized Nyquist plots at 200 °C for all the
glass samples are shown in Fig. 1b. This figure shows that
the impedance curves shift towards origin of Nyquist dia-
gram on addition of Bi,O; into the base glass. The dc
conductivity, 4. was calculated using the sample dimen-
sions, and its reciprocal temperature dependence is shown
in Fig. 2 for all the glass samples. o4, increases with
increase in temperature and with increase in Bi,O5 content.
Further, dc conductivity exhibits an Arrhenius-type tem-
perature dependence given by the relation:
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Fig. 2 Reciprocal temperature dependence of dc conductivity for all
the glass samples

O4c = 00 €Xp (—L]j;f) . (1)
The activation energy, Ey. was calculated from the least
square straight line fitting of plots shown in Fig. 2, and the
values for all the glass samples are given in Table 1. The ac
conductivity of all the glass samples has been calculated
from real and imaginary parts of the impedance data
measured at various temperatures. Figure 3 shows
frequency dependence of log a(w) for BP2 glass sample at
different temperatures, where a(w) is the total conductivity.
The ac conductivity can be well approximated as:
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Fig. 3 Frequency dependence of conductivity for BP2 glass sample
at different temperatures. Inset: the normalized conductivity iso-
therms for BP2 glass sample at the same temperatures as shown for
conductivity
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o(f) = 04 [1 + (}—1) } + Af. 2)

The first term (Jonscher term) in Eq. 2 results from the
relaxation of dissociating ions in the glass matrix. f;, is a
crossover frequency, which separates dc regime from the
dispersive conduction. The frequency independent g4
results from the diffusion of ions at low frequency and is
followed by a power law exponent ‘s’ and increases with
increase in frequency. The last term in Eq. 2 represents an
additional contribution to the conductivity due to processes
that are believed to be unrelated to the cation motion
[27, 28]. This contribution has been referred [29] to as the
“near constant loss” (NCL) as its nearly linear frequency
dependence implies a frequency independent dielectric loss.
Figure 3 shows that with increase in temperature, f;
increases. It is also possible to scale the frequency depen-
dent conductivity taken at different temperature into one
single master curve. As the shape of conductivity curves
does not depend on temperature, therefore, these curves can
be superimposed by using Sidebottom Scaling [30].

An alternative formalism that may be used for analyzing
the electrical response of glasses is the electrical modulus
model. The electric modulus is defined as:

M () = 1/¢" = M (0) + iM" (o) (3)

Figure 4 shows the frequency dependence of imaginary
part of electrical modulus (M”) for BP2 glass sample at
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Fig. 4 Frequency dependence of the imaginary part of electric
modulus (M") at different temperatures for BP2 glass sample
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different temperatures. The peak of these curves (M” ;.x)
shifts to higher frequency with increasing temperature. The
frequency region below M”,.,. determines the range in
which charge carriers are mobile on long distances and for
the frequency region beyond M” ., the carriers are spa-
tially confined to potential wells, being mobile on short
distances making only localized motion within the wells.
Figure 5 shows the conductivity and the normalized M"
spectra for BP1 and BP4 glasses at 210 °C. The low fre-
quency dispersion in conductivity is associated with elec-
trode polarization. From this figure, it can be seen that the
maxima of M” occur nearly in the middle of the conduc-
tivity crossover region [31]. Since &' ..(®) (&', is the high
frequency permittivity value obtained from frequency
dependence of ¢ curves) increases with increase in Bi ions
concentration, the M” peak shifts towards higher frequency
(Fig. 5). The characteristic frequency at which the maxi-
mum M” occurs is used to evaluate the relaxation time Ty~
using the relation Wy, = /vy = 64/(e0€’ o) [32]. Fig-
ure 6 shows the reciprocal temperature dependence of Ty~
and it satisfies the Arrhenius relation given by Ty = 19
exp (E./kT), where E. is the activation energy for the
conductivity relaxation time. Values of E, have been cal-
culated from the least square fitting of data in Fig. 6 and
are given in Table 1. Figure 7 shows the normalized plots
of modulus isotherms for BP2 glass sample, where the
frequency axis is scaled by peak frequency f,, M’ axis is
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Fig. 5 Frequency dependence of normalized M” and electrical
conductivity o(w) for BP1 and BP4 glass samples at 210 °C
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Fig. 6 Temperature dependence of the conductivity relaxation time
(tymr) for all the glass samples
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Fig. 7 Variations of M'/M’ , and M"IM" ., versus log (flf,,) for BP2
glass at different temperatures

scaled by M., and M" axis is scaled by M” ... A perfect
overlapping of all the curves on a single master curve for
all the temperatures can be observed.

Discussion

Nyquist plots (Fig. 1a) showing single semicircle indicate
the single transport mechanism in the present glasses.
Figure 1a, b show that the dc resistance decreases with
increase in temperature and with increase in mol.% of
Bi,0;. The centre of these semicircles is depressed below
the real axis suggesting that associated relaxation of ions is
non-Debye in nature [26].

DC conductivity is enhanced on addition of Bi,Oj in the
base glass (Fig. 2), which suggests that the glass structure is
modified. As bismuth ions are more polarizable than phos-
phorous ions, therefore their presence in ionic network act as
a polarizing unit facilitating the migration of Li* ions. It is
also assumed that the addition of Bi,O3 increases the inter-
stitial window without interrupting the P-O—P bonds present
in the glass matrix allowing the Li* ions to pass through. It
has also been reported that for low concentration of Bi,O3 in
phosphate glasses the BiOg units are present, which acts as
modifier and are ionic in nature [33, 34]. Hence contribution
to total conductivity is two fold ionic in nature.

In conductivity formalism, for ionically conducting
glasses, the real part of ac conductivity as a function of
frequency is well approximated by Eq. 2. It is evident from
Fig. 3 that the frequency dependence of conductivity in
studied frequency window shows two distinct regimes: (i)
the low frequency plateau corresponds to frequency inde-
pendent conductivity, g4., however, in this regime some
dispersion can be seen, which is associated with the elec-
trode polarization and (ii) high frequency dispersion regime.
The switch over from the frequency independent region to
frequency-dependent region is the signature of the onset of
conductivity relaxation, which shifts towards higher fre-
quency as the temperature increases. The dispersion
behaviour in conductivity is attributed to the microscopic
nature of inhomogeneities with the distribution of relaxation
processes through distribution of energy barriers in the glass.
The frequency independent conductivity may be attributed
to the long-range transport of mobile ions in response to the
electric field, where only successful diffusion contributes to
dc conductivity. After applying the scaling law [30] for BP2
glass sample, the ac conductivity spectra obtained at dif-
ferent temperatures, collapse into one super curve (inset of
Fig. 3), which suggests that the ionic conductivity mecha-
nism is temperature independent. However, at low temper-

atures, the scaling appears to be weak in high frequency
region. This observation shows the non-existence of the so-
called ‘super scaling’ behaviour. The non-existence of super
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scaling at low temperature is probably due to the NCL
process in this region. The NCL regime is characterized
by the almost linear frequency dependence of ac conduc-
tivity and weak temperature dependence. At a given tem-
perature, NCL is observed for frequencies w >t ! =

wo eXp (_Em/kT) . The crossover from NCL to ion hopping

(i.e. NCL ceases when the ion diffusion starts) can be
explained by above relation [35]. When the time scale for the
diffusion of ions by hopping becomes comparable to or
shorter than the time scale for the vibrational relaxation
associated with the NCL process, the NCL process can no
longer take place. Therefore, below the frequency or tem-
perature defined by above relation, vibrational relaxation
terminates and NCL ceases to exist and a well-defined
crossover to ion hopping ac conductivity occurs.

The relaxation dynamics of mobile ions in bismuth
lithium phosphate glasses has also been analyzed by electric
modulus formalism for better description of the dynamic
processes. The conductivity relaxation model, where a
dielectric modulus is defined by M (w) = 1/¢", can provide
information about the relaxation mechanism [32]. Accord-
ing to the previous discussion, two apparent relaxation
regions appeared, the low frequency region, being associ-
ated with the hopping conduction and higher region being
associated with the relaxation polarization process. When
the data are presented in electrical modulus representation,
the effect of electrode polarization can be avoided since the
electrical modulus peaks, M”, are shifted towards higher
frequency (Fig. 4). From the comparison between crossover
region of conductivity and maximum of M” in Fig. 5 for
BP1 and BP4 glasses, it can be seen that the position of
maximum of M” and the crossover point of conductivity is
shifted to higher frequencies. If the glass is viewed as a
composite made of microphases of different compositions
and different relaxation times than the electrical current
flows through the microheterogeneous structure made of
different microphases in series. The asymmetric M" origi-
nates from the nature of relaxation behaviour. This non-
Debye behaviour of the M” spectra can be related with the
distribution of relaxation times. A variety of empirical
functions, ¢(¢), have been used to describe the relaxation.
The most widely used function is the KWW function. The
relaxation of the quantity ¢(¢) is given by [21, 22]:

o) =exo|- ()] @

where f§ is called the stretching exponent and its value lies
between 0 and 1. When f§ = 1, the function represents
simple exponential decay (Debye relaxation). Full width at
half maximum values of M" spectra are inversely correlated
to the values of 5. The calculated values of f for all the
samples are temperature independent for a given
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composition and vary from 0.75 to 0.84 for different com-
positions (Table 1). The perfect overlapping of normalized
plots of modulus isotherms on a single master curve at
different temperatures indicates that the dynamical pro-
cesses are temperature independent (Fig. 7). This occur-
rence of a single master curve for all the isotherms also
supports the temperature independence of the stretching
exponential parameter f. Further, nearly close values of
activation energy for dc conduction (Eg4.) and conductivity
relaxation (E;) for each glass composition (Table 1) sug-
gests that the ions have to overcome the same barrier while
conducting and relaxing. ‘s’ and f often obey an empirical
relation, s + f = 1 and this relation is used in Ngai’s
coupling model [36, 37]. However, this relation does not
seem to be fit in the present study. There have been several
attempts to correlate f§ to conductivity parameters like Eg.
and inter-carrier—ion distance, R. In the present glasses, f3 is
found to decrease with increasing concentration of Bi,O3
except BP2 glass sample (Table 1). This is in consonance
with the coupling model, i.e. as the distance decreases,
inter-cationic interaction increases, which slows 7 and
decreases f. In the present glass system, the value of f8
decreases with the increase of Bi,O; content as the spacing
between Bi ions decreases (Table 1). This indicates that the
interaction between the mobile ions increases [38].

Conclusions

The electrical conductivity in present glasses increases
with increase in Bi,O3 content and is ionic in nature due to
the presence of Li* ions and BiOg octahedra in the glass
matrix. The occurrence of super curve of electrical con-
ductivity and master curve for electric modulus for a given
composition indicates the temperature independence of the
dynamic processes for ions in these glasses. The activation
energy for relaxation time E; and for dc conduction Ey4. are
found to be very close to each other, which indicates that
the dispersive conductivity o(w) originates from the
migration of ions with same barrier while conducting as
well as when relaxing. The non-exponential character of
relaxation processes increases with decrease in f.
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