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Ion conducting glasses for solid state electrochemical applications
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Oxide glasses have attracted scientists and engineers due to their potential applications in electrochemical devices. Attention
is focused on various preparative factors (such as quenching rate, salt dissolution, mixed alkali. mixed former. and composite
etc.) influencing the glass forming region, glass transition temperature, microstrueture and in turn. the conductivity. Various
theoretical models are touched upon to discuss the conductivity behaviour. The incorporation of transition metal ion into (on
conducting glassy structure induces electronic conduction giving rise 1o a mixed conduction. Mixed conduction allows the
insertion of outside atoms in vitreous structure leading to a novel use as cathodes for rechargeable batteries and electrochromic

display devices.

1 Introduction

Glassy and polymer electrolytes form a group of
extremely disordered type of materials which call for a
new area of research in solid state ionics. A glass is
essentially a super cooled liquid. Thermodynamically it
undergoes a glass transition in which configurational
motions of certain types of ions are locked. But it does
not undergo the liquid-solid first order freezing transi-
tion which produces crystals. These materials appear
microscopically solid, because their viscosity is very
high, a few orders of magnitude higher than those of
ordinary liquids.

A large number of glasses which exhibit good ionic
conductivity have been studied. and some progress has
been made also towards the understanding of the trans-
port mechanism in them. The widely known glass form-
ers are the tri-, tetra- and penta-valent elements (M.0,
MO: and M;Os ) where M-O bonds are covalent to the
extent of creating simple local structures (units), but
ionic enough to allow deformation of bond angles and
consequently destruction to long-range order, The B
Si0;, P:Os etc. are a typical glass-formers while V,0s,
Bi,0: and ete. are conditional glass-former.

1.1 Merits of glassy electrolytes/electrode

Itis a well established fact that glassy electrolytes and
electrode materials are more attractive compared to their
crystalline counterparts in electrochemical devices ap-
plications due to following merits:

I Ease of preparation and cheaper

2 The influence of grain-boundaries is nil
3 High conductivity and Isotropic properties

4 It can be formed in thin film configuration
It can be shaped in any desired form and
6  Wide range of control on properties with the
changing chemical compositions.
The glasses are classified depending on the ions
taking part in conduction and chemical composition as
shown in following flow- chart (Fig. ).
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Fig | — Classification of glassy solid electrolytes

Especially. lithium and sodium ion conductors are of
considerable importance because of their potential ap-
plications in high energy density power sources. How-
ever, silver 1on conducting glasses are more interesting
from academic and other electrochemical device appli-
cations point of view, For device. material either acts as
electrolyte or electrode. The former application requires
a solid with high ionic conductivity and latter demands
mixed (ionic + electronic) one respectively,

1.2 Applications of glassy electrolytes and electrodes
Glassy materials have been used in range of devices
(Table 1) depending on the type/nature of conductivity:



SINGH: ION CONDUCTING GLASSES 267

1.3 Requisite features for device applications

A detailed literature survey suggests that apart from
nature of conductivity, the materials should posses some
important features so as to meet stringent requirements
of commercial devices (Table 2).

2 Jonic Conductors

The chief quest before the materials scientists and
engineers is the optimisation of conductivity parameters
(magnitude and activation enthalpy). Especially, our
attention is focused on various preparative factors (such
as quenching rate, salt dissolution, mixed alkali, mixed
former and composite etc.) influencing the glass form-
ing region, glass transition temperature, microstructure
and in turn, the conductivity with a special reference to
borate based glasses. Various theoretical models are
touched upon to understand conductivity behaviour.

Criteria for high ionic conductivity — Reviewing the
characteristics of superionic conductors within the
framework of their structural aspects the following fac-
tors have been found to be important criteria for high
ionic conductivity of solid electrolytes:

1 Small ionic radius and charge of mobile specie

2 High ionic polarisability of constituent ions

3 Weak binding energy between the mobile and the
antagonist ions

4 Low co-ordination of mobile ions

2.1 Optimisation of host system

The variation of ¢ with modifier Li,O content de-
picted in Fig. 2 reveals maximum conductivity in
42.5L1;0: 57.5B,0; composition. In 1966, Otto has also
reported a maximum conductivity in same composition,
but without any explanation'. The maximum in ¢ can be
understood in the light of structural modification.

The borate based glasses are comprised of network
former B,Os in which covalent bonds ensure rigidity of
the macro-molecular structure and network modifiers
(Li20, Na,0, K,0, Ag,0O, CaO, BaO etc.) introduce
ienic bonds giving rise to ionic conductivity. All the
oxygen atoms remain covalently bonded to the cations
of the forming oxide in elementary groups (BOs tetra-
hedra and BO; triangles). The macromolecules are thus
formed by assembly of three units in which at least one
of the ionic bonds is generally assumed to be randomly
distributed over macro-molecular chains. Concurrently,
three absorption regions 1200-1450 cm™ (B-O stretch-
ingof BO; units), 850-1200 cm™ (B-O stretching of BO4
units) and around 700 cm™ (bending of B-O-B linkage
in borate network) are observed in IR spectra (Fig. 4).

Table 1 — Applications of glass conductors
Electrolyte Electrode
(ionic) (mixed)
Batteries Secondary batteries

Sensors (potentiometric) Electrochromic display

Super capacitors Sensors

Optical wave guide

Table 2 — Requisite features of materials

Property Electrolyte Electrode
Conduction Highly ionic  Mixed
Enthalpy Low Low
Transport no ti~landte~0ti~te
Mechanical compatibility with Electrode Electrolyte
Chemically & thermally < Stable —»

Compatible with < Reaction product —

Decomposition potential High
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Fig. 2 — Variation of log o with Li2O content

As seen, with increase in Li,O content the intensity of
band appearing at 1415cm™ decreases gradually,
whereas, the band at 1045 cm™ increases. This indicates
that the network of BO; formed by planer BO;s triangles
gets modified into BOg tetrahedral units by Li,O addi-
tion. The conversion of BO; to BOs units continues up
to 42.5 mole % of Li,O addition. Beyond this concen-
tration, the increase in intensity of band around 1415 and
1226 cm™ indicates rise of BOs units. This is in agree-
ment with the NMR findings of Bray et aF. Thus,
maximum conductivity for 42.5 Li,O content in B,Os is
due to optimum number of BO4 group providing facile
conducting paths’.
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Iig. 3 — B20s network before and after LipO addition

2.2 Rapid quenching

It was suggested that high Li" conductivity could be
achieved in borate glasses if more than 40.mol % lithium
could be incorporated in it without devitrification. As a
general rule (weak electrolyte theory), the conductivity
of oxide glasses increases with increasing amount of
network modifier". With due consideration to this fac-
tor, glasses with higher lithium concentration are syn-
thesised by adopting various quenching techniques. The
results are summarized in Table 3.

As seen the glasses with higher Li™ content can be
prepared by increasing the quenching rate, and predicted
o also enhances. It is worth to note here that in spite of
partial crystallisation maximum conductivity has been
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Fig. 6 — Variation of conductivity with Yp at 100°C

achieved for 70L1,0:30B,03; An enhancement in con-
ductivity with increased partial crystallisation is the
manifestation of dispersion of crystalline fine particles

in the glassy matrix. Details are as follows:
During the partial crystallisation the crystalline par-

ticles grow in very small size i.e., of sub-micron (due to
constraints). Such fine particles are dispersed uniformly
throughout the glass matrix forming heterogeneous
composite systems. The pseudo chemical reaction at
glass-crystal interface gives rise to highly disordered
high conducting space charge layer’”. With increase in
Li,O content the number of isolated crystalline fine
particles also increases providing interconnection of
space charge layers forming ion percolating paths
throughout the sample, thereby an enhancement in con-

ductivity'’.

Table 3 — Effect of quenching on glass formation and o

Q tech » Al-mould Twin roller Cu-drum

Q rate —» 10 K/S 10* K/S 10" K/S
Comp Phase/c x 10~ Phase/c x 10~ Phase/c x 107
Li20:B203 (S.cm) (S.cm) (S.cm)

40:60 Amor/1.55 Amor/0.13 Amor/1.25
50:50 Cryst/1.64 Cryst/0.92 v Amor/l1.2
60:40 Cryst/5.83 Cryst/3.28 Amor/14.3
70:30 Cryst/6.54 Cryst/7.34 Amor/39 4

Q tech —» Quenching technique, Q rate - Quenching rate
Amorphous — Cryst — Crystalline

2.3 Mixed alkali effect

Earlier NMR investigations revealed structural modi-
fications depending on the types of second alkali oxide
modifier''. Contrary to an improvement in the conduc-
tivity a decrease in it is observed'*'*. Fig. 5 illustrates a
typical conductivity behaviour. The mixed alkali effect
was initially explained by cluster by-pass model sug-
gested by Ingram'*. However, in recent past, this effect
has been very well tackled using dynamic structure
model".

Dynamic structure model — The basic assumption of
this model is the existence of a site memory effect,
whereby, host cation A" (it could be Li, Na or K) leaves
an imprint on its immediate environment. The imprint
persists even after the A" moved on. Another A", seeing
this empty A’, can hop into it quite easily. However, if
the A" tries to jump into an empty site C’, created by
other alkaliion C* (mixed alkali) it encounters mismatch
energy which is required to change the local structure 1o
make C' site more like A’ site. The hopping rate of A"
to site C' is smaller than tosite A’ and vice-versa, leading
to a net decrease in conductivity.

2.4 Mixed former

Extensively explored way of controlling the proper-
ties of glassy electrolytes consists in modifying its net-
work by mixing two glass formers. Several authors have
obtained technologically interesting products through
competitive network formation. The existence of two
maxima (one being more prominent than the other) in
conductivity isotherm has been observed in Li", Na" and
Ag’ conducting boro-phosphate'®"’, boro-tellurate'® and
Phospho- molybdate'”?° systems. The conductivity be-
haviour is exemplified in Fig. 5. The mixed former
systems have been considered to be mixture of two
binary limiting compositions with complete solubility
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in each other. Within the framework of weak electrolyte
theory®', two maxima in activity of modifier (corre-
sponding each end composition structure) in entire sys-
tem have been predicted i.e., rearrangement of one
structure takes place after maximum conductivity giving
composition.

Addition of second glass former (B) incorporates new
structural units which not only opens the structure of
host glass (A) but also creates favourable cationic sites.
Thus, the maximum in o with minimum E, (activation
enthalpy) is understood to be due to the increase in
effective mobile charge carrier and modified glass struc-
ture resulting from the substitution of second glass for-
mer. From the point of view of optimising composition
and interest to study the competitive role of the second
modifier (B) in network formation , a number of samples
would be required to prepare by varying modifier (M)
fraction » for different former ratio y with respect to host
(A).

n=[A+B]/[M] and y = [A]/[ A+B]

Far to be concluded, research on such systems cur-
rently embraces different topics e.g., the role of some
oxysalts which may act as formers and modifiers™ or
p0§§ihilit)f to develop multi-phase composite materi-

als™.

Table 4 — Conductivity date of salts doped glassy systems

System (mol %) Parameter o (S.cm) o
(eV)
L1X in LB-glass pol"  at393°C
40120 0.60B205 (host) 019% 107 0.860
34120 0:51B201.1SLiF 081 120x 107 0697
32130 0:48B203:20LiC) 298 192x107  0.59
32120 0:48B2013.20LiBr 424 377107 059
Li2SO4 (LS) in LB-glass Te(°C)  a1200°C
42 5L20:57.5B203: O(LS) 453 421107 0750
42.5L.20:42.5B2053. 15(LS) 3196 2.66x 107 0360
301.20:35B203: 35(LS) - 214% 107 0.640
42 5120:54 SB203: 3(AgS) 390 2.11%1070 -
L2504 (LS) in LBP-glass at 200°C
30120 35B303: 35P20s (host) 292% 107 0.740
30117 5B:17 5P-35(LS) - 165107 0.610
Aglin Ag' - glasses at 200°C
n =066, v=066(host) 232 14x107 0.458
992 (60A 26.4P 13.6M)-0.6Agl 113 12107 0.298
n=lLy=05 281 67x107" 0437
(50A:25P:25Mo)-0,6Agl 17 28x107 0227

Table 5 — Transport numbers of mixed cenductors

Systems n I te ti e

RT (300°C)
Li20:B201:V20s5 . . E——
60 36 4 0.66 09828 00172 09952 0.0048
50 45 5 100 09827 0.0173 09907 0.0093
45 495 55 1.22 09827  0.0173 09907 00093
425 S1.75 575 135 09976 0.0024 0.9999 0.0001
30 63 7 233 07358 02462 0.6045 (.3955
20 72 8 4.00 0.5441 04559 04884 05116
Li120:B203:Bi20s
45 20 35 (.8879 0.1121 08972 01028
45 15 40 0.8527 0.1473 08406 0.1594
45 10 45 0.8371 0.1629 0.8871 0.1129

2.5 Salt dissolution

Other way of increasing mobile cation concentration
to enhance conductivity, is dissolution of appropriate
salts in optimised host system without devitrification
Incorporation of halides has been extensively investi-
gated in lithium™** and silver™®”” conducting glasses.
Later, a systematic study on the role of Li-SO; substitu-
tion in lithium borate glasses has been carried out™,

Since spectroscopic® and neutron diffraction studies
have shown no structural modification due to salt addi-
tion, dissolution of salt only occurs by dipole-dipole
interaction. Dissolution of Agl in phosphate glass shown
schematically is represented by reaction :

.

Ag Ag‘
O=P-0 0-P=0+Agl 520=P-0 |
Ag‘ Ag‘

On the other hand, Sulphate addition not only creates
defects but also modifies the macro-molecular chain as
shown below:

0 0 il 0

:n _0-B-B +LiSO;—> BO-B-0-0-5-

0 \0 (@] ; 0

Roth the reactions imply increase in defect concen-
tration which contribute to o. Table 4 display a few
important systems investigated at our laboratory, From
the results following are concluded: (1) polarisability of
salts improves the o of LB system and (ii) reduces T,
with salt addition.

3 Mixed Conductors
Electronically conducting glasses have been studied
for more than 25 years and used for different applica-
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tions. Especially oxide glasses containing transition
metal oxide ions were reported to have a conductivity
similar to semiconductors. When alkali cations have
been either chemically or electrochemically introduced,
a mixed conductivity (ionic and electronic) appeared
and given a new dimension to electrode materials useful
for secondary batteries and electrochromic display de-
vices. The contribution of electronic component (o) te
the total conductivity (o= 0. + 0;) is obtained, following
the procedure described earlier’’, and is presented in
Table 5. The electronic transport No. () is seen to
increase with transition metal content.

Conduction mechanism — During synthesis, in order
to maintain constancy in chemical and electrical poten-
tials, the oxidation state of the transition metal ion
changes. e.g., in V,0Os based glasses, vanadium cations
have two valence states, V'* and V*°, and concentrations
depends on temperature, oxygen partial pressure and
activity of O as per following equilibrium reaction.

V' 40,2V + 1410y

The relative concentration remains constant even after
rapid solidification. The electronic conductivity appears
from the inter-valence transfer of electron from V** to
V5" . This conductivity mechanism has been proposed
by Austin and Mott>! and is known as polaron hopping
mechanism. Polaronic electronic conductivity indicates
acceptor and donor levels. When an electron is trapped
at the acceptor level, network-electron electrostatic
force of attraction appears resulting in a local deforma-
tion can be considered as pseudo particles, with a large
effective mass and is called polaron.
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