Journal of Physical Sciences, Vol. 23, 2018, 155-164
I SSN: 2350-0352 (print), www.vidyasagar .ac.in/publication/jour nal
Published on 24 December 2018

Investigation of Structure and lon Dynamicsof a Lithium
lon Conducting Borophosphate Glass
Soumyajyoti Kabi

Department of Physics, Hijli College, Hijli Cooptive@ Society
Kharagpur-721306, India
E-mail: soumya.kabi@gmail.com

Received 16 October 2018; accepted 12 December 2018

ABSTRACT
Lithium ion conducting borophosphate glass has kmenhesized by melt quenching
technigue. The thermal and structural charactéoizsitof the glass have been performed.
The glass is structurally and thermally stable Wwhig suitable for its applicability as
glassy electrolyte for solid state batteries. Thtaitkd investigation of the ion transport
mechanism has been performed by employing condiyctpectroscopy measurements.
The conductivity of the glass is moderate in roemperature but can be increased up to
3x10° Q'cm™ at 413 K which predicts its application in high fesrature battery
application. The frequency and temperature depdéndenductivity data have been
analysed in the context of Jonscher model and rartzhorier model.
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1. Introduction

lon conducting solids like glasses, polymers a@yiph an important role in modern

technology. These materials are important to faleicsolid state batteries, fuel cells
supercapacitors and different types of sensors[@&1]. Investigation of ion transport

through such type materials is necessary for furtldwancement in this field. Materials

are divided into two categories namely crystallsgdids and amorphous solids on the
basis of atomic arrangement. For investigationedfteon conduction through the crystals
several well established theories like free electreory, band theory exit. Formulation
of these theories is quite simple as electrons mthveugh a matrix which can be

considered as three dimensional periodic arraysro€ores. However, if we consider the
motion of ions through a non-periodic matrix sushgéasses, then formulation of theory
becomes complicated. That is why no broadly acceptedel exists for ion conduction

in disordered materials [6,21].

Atoms in the glass forming materials such as,SI0s, B,Os, etc. are held
together by strong covalent bonds [8]. To prepare donducting glasses some alkali
oxides such as k0, typically known as modifier are incorporateditihe glass forming
matrix. The alkali oxide breaks the oxygen bondenected between the two Si or P
atoms in host glass matrix. As a result two Li @adi are connected with two oxygen
atoms with a negative charge. This bond is ioniedowhich is weaker than the covalent
bond. Thus, ions can easily dissociate with apfiioaof thermal energy. The non-
bridging oxygen atoms act as charge compensatiag sf the lithium ions. These ions
can “hop” from one of these sites to another if eagtectric field is applied. There are
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several ways to probe ion transport phenomenasiordiéred solids such as ac electrical
conductivity spectroscopy, spin lattice relaxatimeasurements, etc. [10]. The present
paper aims to investigate the lithium ion dynanfiios ac conductivity studies.

A model glass system has been synthesized for tindy sof lithium ion
conduction mechanism. This system is mixed formigrd kof glass consisting of
phosphate and borate species. There are someispeasons to select such type of glass
system. Recently, much attention is being focusedalid state lithium ion batteries [9,
13, 20, 22]. The term solid state is used in thesasdhat all components of this battery
should be in solid state to prevent leakage or sndidirst of the battery. The electrolyte
of this kind of batteries should be purely ion coactihg dielectric type of materials. That
is why, ion conducting polymers or glasses are uagdelectrolytes. Polymers are
promising electrolytes for battery, but there aiseme problems in using polymer type
of materials as its thermal stability is very pae to low glass transition temperature
although it provides high ionic conductivity in maemperature to facilitate the charge
transfer process [2, 17]. On the other hand, gk&sshighly stable material although its
ionic conductivity is very less in room temperat(t@, 18]. The glass system that has
been synthesized shows high thermal stability anderate ionic conductivity at room
temperature. The present paper is devoted regatti@gstructural information and
electrical properties of this glass.

2. Experimental section

The Glass sample of the composition 0.4610.05Zn0-0.20805;-0.30B0Os was
synthesized by melt quenching route. The chemisath as LICO;, ZnO, HBO; and
NH4H.PO, were used as raw materials. The precursors inoppgpte molar ratio were
mixed and ground in agate mortar with pestle. Tldure was calcined for 4 hours at
450°C in a muffle furnace. The mixture was melt at 1200The melt was equilibrated
for half an hour at the melting temperature. Finathe melt was rapidly quenched
between two aluminium plates held under atmosplamnitions. The x-ray diffraction
(XRD) pattern of the sample was measured in any)difiractometer (Rigaku miniflex
600) using Cu-k radiation (0.154 nm wavelength) at a scan rat€®.02 degree per
second. Density of the glass sample was measuiegl Aschimedes principle and using
acetone as immersion liquid. Differential scannicejorimetric measurements were
carried out with in a NETZSCH DSC 214 differensalnning calorimeter (DSC) under
nitrogen atmosphere. The FTIR spectrum of the samyds recorded by an FTIR
spectrometer (Shimadzu, IRAffinity 1S). To carryt @lectrical measurements a small
piece of glass was taken and silver paste wasdoatédoth sides to form a parallel plate
capacitor. The frequency dependent electrical cotidty measurements of the glass
were performed by using an LCR meter (model E4980Ahe frequency range 20 Hz to
2 MHz and in the temperature range 293 - 413 KoiK interval.

3. Results and discussions

Fig. 1 shows the x-ray diffraction spectrum of giass. The sample exhibits amorphous
hump which indicates the amorphous nature of thmepta No diffraction peaks are
observed which rules out the possibility of forroatiof crystallinity in the glass matrix
[4, 5]. The experimental curves for heat flow aeathcapacity obtained from differential
scanning calorimetry measurement is shown in Fifh® sample shows the baseline
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shift in both heat flow and heat capacity curve. Treug of the glass transitic
temperature (Jj is 405°C which was obtained from the baseline shift ofthiézw
curve.lt may be noted that discontinuity in thetreacity curve indicates that the gl
transition is a second order transition. Howeveris ia matter of debate tha is truly
second order or not [8The high value of the glass transition tempearindicates th
high thermal stability for the glass samg14].
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Figure 1. X-ray diffraction pattern of the glass sample.
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Figure2: Heat flow and heat capacity curve obtained from D&&suremer
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Figure 3: FTIR spectrum of the sample recorded at room teatpez

Fig. 3 shows the FTIR spectrum for the sample. @dwding vibration of F-O-P or P-O-
B appears close t457 cn'[16, 17]. The bending vibration of B-B-bridge and th
symmetric stretching of -O-P bridge appears in the same region (~60™) for this
sample. A strong band appears at 100™ which corresponds to B-stretching of B,
units [15, 16.Strong intensity of this band indicates the pneseof this unit in a larg
amount with respect to other units. It is worthymiention that the B, units results in
crosshinked network in the glass matrix throt P-OB bonds with bridging oxyge
species. As a result enhancement of structuraillisgdb observed in the glass mai [15,
16]. Presence of Bfunits also increases the ionic conducti [15, 1€]. A weak band
appears at 1184 ¢cmThis band correspds to the BO stretching of Bt units [3, 15,
16]. Presence of ndoridging oxygen in Bt units acts as a trap for the charge carr
Therefore, it reduces the mobility of the chargggrapping them. Bi; units also open
up the network like structure vich results in decrease of thermal stak [15, 16]. The
weak band corresponding to  units indicates that its presence is negligibleh
respect to other units.

Fig. 4 represents the real part of the conductigpectra of the sam; at
different tanperatures. Tt spectra resembles to those observed in case af iothor
electron conducting solids]. It has been observed that shape of the condiyctipectre
of ion or electron conducting disordered materis almost universal in nature 1]. It
can be noted from Fig. 4 that there is a levellifigof the conductivity spectra in tt
extreme low frequency region which arises from pinesence of silver electrode tl
blocks the mobile silver ions in the sample to flomthe external circuit |[1]. Therefore,
a pile up of mobile ions occurs in one side of ¢aeple electrode interface, wherea
the other side of the interface a depletion zorferimed that contains opposite chargs
the mobile ion. This phenomenon is commonly knownekectroe polarizatior effect
and this property is solely due to electrode sanmikrface and therefore in no way
reflects any property of the samplel]. It is observed that at low frequency region
after the polarizatiorpart the real part of the corctivity is almost independent
frequency and this part of conductivity corresporidsthe frequency independe
conductivity or dc conductivity. However, if we Iktinove further in frequency scale
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rapid increase of conductivity is observed after de conductivity part. This part of the
conductivity corresponds to the dispersive conditgtior ac conductivity.There is a
crossover frequency, at which the dispersion ircthrductivity starts.
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Figure 4. Frequency dependent conductivity spectra of thgptmat different
temperature. The solid lines are fit to the cuaesording to Eq. 1.
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Figure 5: Temperature dependence of the dc conductiwity &nd crossover frequency
(w¢) is shown for the sample.

Fig. 4 clearly shows that the crossover frequenutsstowards higher values with
increase of temperature. In several reports, itieas observed that in frequency window
below a few MHz and moderate temperature range hwticwell below to the glass
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transition temperature, Jonscher type of poweritaused to describe the real part of the
conductivity spectra [11]. The equation descriltimg power law is given below [1]
n

o'(w) = 0qc (1+(2) ) (1)
Here, o4 denotes the dc conductivityy. denotes the crossover frequency argenotes
the frequency exponent. The conductivity data ef shmple at different temperatures
were fitted to Eq. 1, excluding the polarizatiomtp@he parameters suchag, w., andn
were obtained at different temperatures for theptanThe resulting fit of the data is
described by the solid lines in Fig. 4.

The temperature dependence of the dc conductiwitl crossover frequency is
shown in Fig. 5. It is observed that the both patans are thermally activated in nature.
It may be noted that the activation energy corredpw to the dc conductivity and
crossover frequency is same and equal to 0.64 1}@4. It has been observed that the
value of the frequency exponentis 0.65 (+0.03). The value af does not vary
significantly with temperature. The room temperatoonductivity of the glass is 4x10
Q'em™ and it increases up to 3x3@*cm™ at 413 K. Thus, moderate conductivity has
been achieved. Such type of glassy electrolyte bmaysuitable in high temperature
battery application.

The Jonscher power law model is widely used modeliterature [6, 21].
However, this model is empirical in nature. Theseno sound theoretical basis of the
model. However, the random barrier model (RBM) syl by Dyre stands on
comprehensive explanation of ion conduction thg¢6ry’]. RBM considers that hopping
of the charge carriers is performed in a randonagying energy landscape inside the
glassy matrix. The charge carriers must have tacovee a critical percolation energy
barrier to perform long range motion. The timdaken by a charge carrier to overcome
the barrier may be expressed as

Te X eXp(Ec/kBT) (2)

HereE, denotes activation energy barrier. In this motel ¢haracteristic frequency that
indicates the onset of dispersive conductivity fritra dc conductivity can be expressed
as

we X 7,7t 3)

RBM model leads to analytical formulae for the céempconductivity function based on
two physical parameters: one is the dc condugtivif and the other is the characteristic
time .. Within this framework, the complex conductivityniction ¢ (w)) can be
expressed by
* lwTe

07(w) = g [ln (1+iwre)] )
The real part of the conductivity spectra have Witead with Eq. 4 after separating the
real part [19]. The fitted conductivity spectra afgown in Fig. 6. It is observed that
precise fit has been obtained. The values of thanpaters such ag. and z. were
estimated in the temperature range 293 K to 413hH€ temperature dependencesgf
and z. is shown in Fig. 7. It is observed that thg is thermally activated with an
activation energyH,) of 0.64 (+0.01) eV which is same as that obtaifrech Jonscher
model. The parametet is thermally activated with an activation eneigy(of 0.60
(x0.01) eV which is slightly less than that of dmductivity.
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Figure 6: Fitting of the frequency dependent conductivitgctpa at different
temperature according to RBM model given in Eq. 4.
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Figure 7: Temperature dependence of the dc conductivity &nd characteristic time
(ze) obtained from fitting of RBM model is shown fdret sample.
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Figure8: Scaling of conductivity spectra according to RBdimhalism is shown.

The conductivity spectra at different temperaturage been scaled according to
the RBM model [19]. It has been observed that thradactivity spectra superpose on a
master curve. The superposition of the spectra@tes that ion transport mechanism is
independent of the temperature. It may be notedstiygerposition has not been obtained
in the polarization region as RBM model is not @alor sample electrode interface
effect.

4. Conclusions

In conclusion, it may be inferred that the lithiimn conducting glassy material with high
thermal and structural stability has been syntleeki#igh conductivity can be achieved
at high temperatures. Such type of material camdsz as electrolytes of lithium ion
battery which can work at very high temperaturedition. The ion dynamics for this
glass has been investigated in details. Theoretizalels such as Jonscher and RBM
model have been used to explain ion transport nmsma The superposition of the
conductivity spectra in the context of RBM modefgests that the dynamics of the ion
does not depend on temperature.
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