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Abstract

Ž . w Ž .Ž .xVarious compositions of silver-based quaternary superionic conducting SIC AgI–Ag O– SeO qP O SSP glasses were2 2 2 5
Ž .prepared by melt quenching technique. The X-ray diffraction XRD and conductivity studies were carried out to identify the amorphous

nature and to select high ionic conducting composition of the SSP system for the fabrication of batteries. Solid-state primary batteries
Ž . Ž . wwere fabricated using the 66.67%AgI–23.07%Ag O–10.26% 0.3SeO q0.7P O 66SSP37 glass with different cathode materials I:C,2 2 2 5

Ž . �Ž . 4 Ž . ŽIqC :SE and IqC qSE :TAAI, where I is Iodine, C is graphite, SE is solid electrolyte SSP glass and TAAI is tetraalkyl methyl
. x Ž .and butyl ammoniumiodide . The open circuit voltage OCV , polarization and discharge characteristics were measured to estimate the

lifetime of the batteries made up of SSP glass. q 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Ž .Batteries made up of solid electrolytes SEs can elimi-
nate the problems faced by the liquid electrolyte batteries
Ž .LEBs such as leakage due to corrosion, short shelf life,
limited temperature range of operation, less thermal stabil-
ity, less ruggedness, heavy weight, no possibility of minia-

w xturization, etc. 1,2 . The stability, ruggedness and minia-
Ž .turization of solid-state batteries SSBs opened the wide

range of applications, from low- to high-power devices,
like watches, calculators, cameras, toys, computers, mea-
suring meters, biomedical devices, space, defense, and

w xelectric vehicles, etc., 3–6 . Since the batteries made up of
SEs have wide range of applications, there have been
increasing interest in developing the new solid electrolyte
materials. Variety of lithium, silver, copper, proton, etc.,
based solid electrolyte materials were synthesized and it is
found that the silver based SEs show better stability and
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2310; E-mail: rambabu@grant.phys.subr.edu

w xtransport properties over the others 2,7–13 . We have
investigated the synthesis, nature and transport properties

Ž . Ž .of the AgI–Ag O– SeO qP O SSP system. Also, we2 2 2 5

have fabricated the set of solid state primary batteries
using the high ionic conducting SSP glass with different
cathode materials synthesized in this work and measured

Ž .their open circuit voltage OCV , polarization and dis-
charge characteristics.

2. Preparation

Ž . w ŽThe X%AgI– 1 y X % M% Ag O–F% 0.3SeO q2 2
.x Ž .0.7P O Xs20 to 80% in steps of 10 and MrFs2.252 5

Ž .system was prepared for various dopant salt AgI compo-
sitions by melt quenching technique. Analar grade chemi-
cals of AgI, Ag O, SeO and P O were weighed and2 2 2 5

mixed thoroughly, according to their molecular weight
percentages. The mixture was taken into a quartz crucible
and melted at 5008C for about 30 min. The bulk com-
pounds were obtained by quenching the molten liquid into
liquid nitrogen and they were made into fine powders
using mortar and pestle.
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3. Characterization

All the compositions of the SSP system were character-
ized by recording the X-ray diffractogram, for 2 values
from 10 to 708 at a rate of 28rmin, using the Rikagu make
minuflux X-ray diffractometer with CuKa monochromatic

˚radiation of wavelength ls1.5418 A. The absences of
the peaks in the observed diffractogram spectra confirm
the glassy nature and the existence of partial peaks in the
diffractogram spectra were attributed to the mixture of
polycrystalline and amorphous. The glass forming region

Ž .for various dopant salt AgI compositions of the SSP
system is shown in Fig. 1, and it confirms that the Xs20,

Ž .70 and 80% of dopant salt AgI compositions of the SSP
Ž .system are mixed in nature open circles and all other

Ž .compositions Xs30 to 66.66% are glassy in nature
Ž .solid circles .

4. Electrical conductivity

Ž .The electroderelectrolyte SSP glass relectrode type
pellets were made by applying an optimum pressure of
5000 kgrcm2. The electrode material is a mixture of 85%
silver metal powder and 15% SSP glass powder. The
electrical conductivity measurements were made on the
pellets at 1 kHz using two-probe a.c. conductivity bridge
Ž .Elico make, model CM82T . The conductivity measured

Ž . Ž .at room temperature 303 K for various dopant salt AgI
compositions of the SSP system is shown in Fig. 2. It is
found that the conductivity increases up to 66.67% of AgI
content in the SSP system and thereafter decreases, where,

Ž .the high content of AgI 70 and 80% in the SSP system is
Ž .a mixture Table 1 . Hence, the 66.67% of AgI in the SSP

Ž y2system is fixed as the highest conducting ss2.93=10
.Srcm composition.

5. Electronic conductivity

The electronic conductivity was measured for the high-
est conducting composition 66.67%AgI–23.07%Ag O–2

Ž .10.26% 0.3SeO q0.7P O of the SSP system using the2 2 5

Fig. 1. Glass-forming region for various compositions of dopant salt
Ž .AgI in SSP system. v represents glassy compounds and ` represents
mixture of glass and polycrystalline.

Fig. 2. Conductivity obtained at room temperature as a function of dopant
Ž .salt AgI in SSP system.

w xWagner’s d.c. polarization method 14 . The SSP glass was
Ž .sandwiched between the ion blocking electrode graphite

Ž .and non-ion blocking electrode silver and it was polar-
ized by applying the d.c. potential. Under this condition,
the ionic conduction was suppressed and the non-ionic

Ž .conduction current was measured as a function of applied
Ž .voltage shown in Fig. 3. The type of non-ionic current Ie

is due to electrons that exist in the SSP glass was obtained
Ž .from the shape of I vs. voltage graph Fig. 3 . Hence, the

following expression is used to obtain the electronic con-
w xductivity of the SSP system 14 .

I s RTArLF s 1yexp EFrkT� 4Ž . Ž .e e

where A is area of cross-section, L is thickness of the
sample, E is applied potential, R is gas constant, F is
faraday constant, T is absolute temperature and s ise

�electronic conductivity. The current, I vs. 1 y
Ž .4exp yEFrkT is plotted in Fig. 4 and the electronic

Ž .conductivity is obtained from the slope of the plot Fig. 4 ,
Ž y8 .which s s4.29=10 Srcm is less by six orders ofe

Žmagnitude, when compared to the total conductivity 2.93
y2 .=10 Srcm of the SSP glass. Hence, our SSP glass is

almost a pure ionic conductor and it can be used for any
electrochemical devices, especially solid-state batteries.

( )6. Solid-state batteries SSBs

The high ionic conducting 66.67%AgI–23.07%Ag O–2
Ž . Ž .10.26% 0.3SeO q0.7P O 66SSP37 glass was used as2 2 5

solid electrolyte and fabricated the following type of pri-
mary batteries with different cathode materials.anodersolid
electrolytercathode

AgqSE r SSP glass r IqC qSE qTAAI� 4Ž . Ž . Ž .
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Table 1
Ž . aCell parameters measured at room temperature 303 K for the batteries made up of SSP glass

Ž .P1sAgqSE 1:1 r66SSP37rI:Cs7:3.
Ž . Ž .P2sAgqSE 1:1 r66SSP37r IqC :SEs7:3.
Ž . Ž .P3sAgqSE 1:1 r66SSP37r IqCqSE : TMAIs9:1.
Ž . Ž .P4sAgqSE 1:1 r66SSP37r IqCqSE : TBAIs9:1.

w xSl. no. Cell type Open circuit for 0.4 V of its OCV Discharge capacity at Energy density
2Ž . Ž . Ž .voltage mV 100 mArcm mAh WhrkgŽ . Ž .Current drain mA Discharge time h

Ž .Eq. 1 P1 686 1.26 56 4.4 1.95
Ž .Eq. 2 P2 686 3.50 66 5.18 2.30
Ž .Eq. 3 P3 672 8.50 90 7.0 3.14
Ž .Eq. 4 P4 636 16.0 118 9.2 4.12

a Ž .66.67%SSP–23.07%Ag O–10.26% 0.3SeO q0.7P O .2 2 2 5

where Ag is silver powder, SE is solid electrolyte of SSP
glass, I is iodine, C is graphite and TAAI is tetra alkyl
Ž .methyl, and butyl ammoniumiodide.

( )6.1. Preparation of anodersolid electrolyte 66SSP37
pellet

The fine powders of SSP glass and analar grade silver
Ž .powder were mixed 1:1 by weight ratio to form the

anode material. The addition of SSP glass to the silver
w xpowder to improve the interfacial properties 15,16 . The

Ž .fine powders of SSP glass is used as solid electrolyte SE .
The anode mixture, as one layer, and SE, as another layer,
were pressed at an optimum pressure 5000 kgrcm2 to
form a single pellet.

6.2. Preparation of cathode pellet

�wŽ . x 4The IqC qSE qTAAI cathode materials were
prepared in different compositions, by varying the weights
ratio of iodide, graphite, SSP glass and TAAI, and pressed
at an optimum pressure of 2000 kgrcm2 to form pellets.
The graphite is used as a current collector and the SE and
TAAI are added to the cathode to improve the interfacial

w xproperties 15–19 .

6.3. Cell fabrication

The anodersolid electrolyte and cathode pellets were
sandwiched between graphite discs and the copper foils
used over the two graphite discs, as leads, to form a solid
state primary battery. The outer jacket of the battery
assembly was made up of two ebonite discs with nuts and
bolts. Immediately after the fabrication, the batteries were
sealed with epoxy resin to isolate from the atmosphere.
More details about the battery assembly were presented

w xelsewhere 20 . Different types of the solid-state primary
batteries were fabricated using the anoderSSP glass and
with different cathode materials. The fabricated solid-state
primary batteries are as follows:

AgqSE 1:1 r66SSP37rI:Cs7:3 P1 cell 1Ž . Ž . Ž .
AgqSE 1:1 r66SSP37r IqC :SEs7:3 P2 cellŽ . Ž . Ž .

2Ž .
AgqSE 1:1 r66SSP37r IqCqSE :TMAIŽ . Ž .

s9:1 P3 cell 3Ž . Ž .
AgqSE 1:1 r66SSP37r IqCqSE :TBAIŽ . Ž .

s9:1 P4 cell 4Ž . Ž .
From our earlier studies, the cathode compositions of

Ž .I:Cs7:3, IqC :SEs7:3 and the addition of 10% of

Fig. 3. I vs. V for the highest conducting composition of SSP system.
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Ž Ž .Fig. 4. I vs. 1yexp y EFrkT for the highest conducting composition
of SSP system.

Ž .tetraalkylammoniumiodide to the IqC :SEs7:3 are
w xfound to exhibit high efficiency 19,20 . Hence, the high-

efficiency cathode compositions were used to fabricate the
above mentioned P1 to P4 cells with SSP glass. Systemati-
cally, the OCV, polarization and discharge characteristic
measurements were made on the above mentioned cells to
estimate the performance of each battery.

( )6.4. Open circuit Õoltage OCV

The first parameter to be measured to test the fabricated
cell is its OCV. The cell voltage was measured under no
load condition, which is the OCV of the cell, for the
batteries made up of 66SSP37 glass with different cathode
materials. The OCV is found to decrease from 686 to 636
mV, respectively, for the various types of cells from P1 to
P4. The highest OCV of 686 mV is found for the P1 and
P2 type of cells, which is very close to the theoretical

Ž .OCV 687 mV of the silver based cells with iodine as
w xcathode 16 . The decrease in the OCV from P1 to P4 cells

is may be due to physical and chemical compatibility of
w xthe electrolyte and cathode materials 17–19 .

6.5. Polarization and discharge characteristics

Fig. 5 shows the voltage vs. current density curves
obtained from the polarization measurements for the P1 to
P4 cells. From the Fig. 5, the current drain is obtained for

Ž .the drop of 400 mV of its OCV 686 mV and it is found
to vary from 1.26 to 15.5 mA with the different cathode

Ž .compositions P1 to P4 . The polarization studies suggest
that these cells can be drawn at a current of 100 mArcm2.
Hence, discharge characteristics were made to P1 to P4
cells with a particular load of current density of 100
mArcm2. The measured discharge data plotted as voltage
vs. time are shown in Fig. 6 and it is found that the cell
made up of I:Cs7:3 cathode composition gives the dis-
charge capacity of 4.39 mAh. The addition of SSP glass to
the cathode materials improved the discharge capacity and
energy density. The improvement of battery parameters

Fig. 5. Polarization characteristics of batteries made up of 66SSP37 glass
Ž Ž . wŽwith different cathode P1s I:Cs7:3; P2s IqC :SEs7:3; P3s Iq

. 4 wŽ . 4C qSE :TMAIs9:1; P4s IqC qSE :TBAIs9:1.

with the addition of SSP glass to the I:C may be due to the
better interfacial properties at electrode and electrolyte

w xinterface 15,17 . The addition 10% of tetramethyl
Ž . Ž .butyl ammoniumiodide to the IqCqSE cathode re-
sults drop in open circuit voltage but the discharge time
increases. The reason for the drop in OCV is due to partial

w xtarnishing of molecular iodine with the electrolyte 9,12 .
The increase of the discharge time may be due to the
formation of high conducting product at the interface
w x9,12 . Hence, there is an improvement in discharge capac-
ity and energy density parameters compared to the P1 and
P2 cells. From Figs. 5 and 6, it is found that the addition of

wŽ . xTAAI to the cathode IqC :SE improves the discharge
capacity and energy density of P3 and P4 cells. The overall
improvement of polarisation and discharge characteristics
from P1 to P4 cells are attributed to better physical and
chemical compatibility of the electrode and electrolyte
materials, which improve the interfacial properties and

Ž .hence, small internal resistance IR drop even at higher
w xcurrent densities 17–20 .

Fig. 6. Discharge characteristics of batteries made up of 66SSP37 glass
Ž . wŽwith different cathode P1s I:Cs7:3; P2s IqC :SEs7:3; P3s Iq

. 4 wŽ . 4C qSE :TMAIs9:1; P4s IqC qSE :TBAIs9:1.
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7. Conclusions

Various compositions of the SSP glasses were prepared
and the glass forming region was established from the
X-ray diffraction spectra, where the 30 to 66.67% of AgI
compositions form glass and the other compositions of

ŽSSP system show the mixed nature polycrystalline and
.glass . From the electrical conductivity studies, the highest

Ž y 2 .conducting s s 2.93 = 10 Srcm composition
Ž .66.67%SSP–23.07%Ag O–10.26% 0.3SeO q0.7P O2 2 2 5

of SSP system is fixed It is found to be almost a pure
ionic, since the electronic conductivity of the SSP glass is
the order of 10y8 Srcm compared to the total conductivity
Ž y2 .10 Srcm . From the battery studies, the highest OCV
is obtained for the P1 and P2 cells, which is close to the
theoretically calculated OCV for the silver and iodide
electrode cells. From the polarisation and discharge charac-
teristics, it is found that the addition of solid electrolyte

Ž . Ž .and tetramethyl butyl ammonium iodide to the IqC
cathode improved the performance of the batteries made
up of the SSP glass. Hence, the present battery measure-
ments are helpful to choose proper cathode composition.
Also, from the observed battery parameters, it is found that
these batteries made up of 66SSP37 glass are suitable for
low electrical power device applications.
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