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Abstract

Following recent finding it is shown that using conductivity and molar volume in binary potassium silicate glasses (considering the same batches)
there is a common cubic scaling relation between them due to increase in alkali content. Emphasis is placed on the application of Anderson—Stuart
model to describe the variation of activation enthalpy for conduction E, with potassium concentration. In this analysis were considered experimental
parameters, like shear modulus G and relative dielectric permittivity &, in wide composition range (between 1.7 and 40 K,O mol%). The effects
of G, ¢ and free volume are taken into account. The drastic drop in conductivity up to 17 orders of magnitude for so many ion-conducting binary
alkali silicate glasses is then mainly caused by the structure and the ion content. In particular, it is suggested that the glass network expansion,
which is related to the available free volume, is a parameter that could explain the increase in ionic conductivity for this binary system.
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1. Introduction

High room temperature ionic conductivity in solid materials
is technologically interesting for various solid-state elec-
trochemical devices, such as batteries, sensors and ‘smart
windows’. It is well known that the ionic conductivity increases
rapidly when a former glass network (for instance, SiO,) is mod-
ified by the addition of a metal alkali, such as K>O. Despite
considerable experimental and theoretical attempts, there is cur-
rently no consensus regarding the diffusion mechanism involved
[1], even in simple systems. Several models have been proposed,
and they range from thermodynamics models, with principles
based on liquid electrolytes such as the weak electrolyte [2], to
models based on solid-state concepts such as the jump diffu-
sion [3], the strong electrolyte [4] and the microscopic dynamic
structure [5].

Various models have been proposed for estimating the acti-
vation energy in alkali glasses. Particularly, a model suggested
by Anderson and Stuart (A-S) [4] is considered to be the most
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directly related to physically meaning parameters, such as ionic
radii, relative dielectric permittivity and the elastic modulus.
However, not many experimental data were available at the
time the A—S theory was formulated. Moreover, no analysis has
been performed for the potassium silicate system considering
so many experimental data [4], and up to now only Hakim and
Uhlmann [6] have proposed modifications on the A—S model,
simply considering binary alkali silicate glasses.

The present paper reports data on the ionic conductivities and
activation energies of glasses in the K, O-SiO; system, with the
purpose of correlating new proposals to activation enthalpy with
composition using experimental parameters data, such as shear
modulus G and relative dielectric permittivity ¢. Also, a ‘uni-
versal’ finding is pursuit-using logjo o versus Ea/kpT. Selected
experimental density data available were used to calculate the
free volume in an attempt to evaluate proposals concerning the
role of an open structure for ionic conductivity. We test a gen-
eral relation between the ionic conductivity enhancement and
the expansion of the network forming unities, which shows
that the alkali-induced volume expansion of the glass network
could partially explain ionic conductivity, and that is related
to the shear modulus. Dielectric permittivity is also taken into
account.
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Fig. 1. Arrhenius plots of ionic conductivities in 21 binary potassium silicate glasses [7-21]. The temperatures measured are, respectively, 20, 150, 300 and 400 °C.

2. Results and discussion

ITonic conductivity o in glass is a thermally activated process
of mobile ions that overcome a potential barrier E, according
to the following equation:

10g100 = 10g1000 — (logloe)EA/kBT (1)

where o is the pre-exponential factor. In the following sec-
tions it will be shown that oy does not depend on concentration
or ion species. Fig. 1 presents experimental data on ionic
conductivity of 21 binary potassium silicate glasses ranging
from 20 up to 400 °C that follows Eq. (1) [7-21]. As will be
detailed below, such equation should be more usefull when
one considers o =0(Ea, T), leading, in fact, to a more general
rule.

Many experimental works on conductivity in potassium sili-
cate glasses have been published over years, basically searching
for the highest conductivity values or presenting theories that

apply better in certain systems, as will be cited below. However,
in many works one could observe that parameters such as kind of
electrode and its influence, surface preparation and conditions,
heat treatments, phases involved, and others have been omitted.
For common glasses at room temperatures, the conductivities as
low as 10717 @~ ecm™!, approaching the limit of the available
measuring apparatus. At high alkali content, the samples are
hygroscopic, and special care on preparation procedures must
be exercised.

Differences observed in the activation enthalpies, shown in
Fig. 1 arelikely to be associated with differences in the chemistry
and/or structure of the glass samples. Fig. 2 confirms this fact
showing experimental density data (d) for the same batches pre-
sented in Fig. 1 [7-21]. An increase in d (or a decrease in Vy,)
with alkali content can be noticed. As the structure becomes
more compact with increasing alkali content, the conductivity
increases. A simple question arises: how do potassium ions move
in this system? Following are proposed explanations for this
question.
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Fig. 2. Densities measured at 20 °C of 21 binary potassium silicate glasses (the same glasses presented in Fig. 1 [7-21]).
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Also, differences in both melting and annealing procedures,
sample preparation techniques and water content could affect
the conduction results. In the K»O-SiO, composition system,
further differences could arise from the discussion on effects of
phase separation [22].

2.1. The Anderson—Stuart model

Despite differences in the activation energies observed by dif-
ferent investigators, a number of common trends can be seen in
these data. Perhaps most important is the decrease in activation
enthalpy with increasing the potassium concentration. It is inter-
esting, therefore, to evaluate whether or not such behaviour can
be predicted from a model proposed by Anderson and Stuart [4].
In this ‘classical’ model, the activation enthalpy for conductivity
may be divided in two parts: the electrostatic binding energy of
the original site, Ey, and the strain energy, E, required to move
anion from one site to another. E}, describes the coulombic forces
acting on the ion as it moves away from its charge-compensating
site, and E describes the mechanical forces acting on the ion as it
dilates sufficiently the structure to allow the ion to move between
sites. The basic idea is that an ion (in this case K*) makes a simple
jump from one site to another, and passes through a ‘doorway’
which opens as it passes through, where cations sites require only
the presence of non-bridging oxygens. The A—S model follows
Eq. (2):

Bzzoe?

2
A= et To) +4nGrp(rg — rp) 2)
where z and zp are the valences of the mobile ion and of the
fixed counterion—in this case potassium and oxygen, respec-
tively, 7k and ro the corresponding Pauling ionic radii for K*
and 02, e the electronic charge and rp is the effective radius
of the (unopened) doorway.

The parameters of interest in the A—S model are the elastic
modulus (G), the “‘Madelung’ constant (), which depends on
how far apart the ions are and a covalency parameter (y), which
indicates the degree of charge neutralization between the ion and
its nearest neighbours. In their original paper [4], Anderson and
Stuart assumed that this covalency parameter could be taken
equal to a typical value of the relative dielectric permittivity
(¢). Martin and Angell [23] have provided a visualization of the
energetics of the conduction process in an ionic conducting glass
based on the A—S model. McElfresh and Howitt [24] suggested
a modification on the Eg term, where they included the jumping
distance X as a more appropriated parameter (Eq. (3)).

Bzzoe?

= 4 4nGA(rk — rp)? 3
A= et To) (re —rp) (3)

Two considerations are proposed here: (a) one is related
with the shear modulus G. Besides scattering, available G data
increase slightly with increasing K»O mol% concentration, as
shown in Fig. 3; (b) following A-S theory, we considered the
experimental relative dielectric permittivity € [4]. We also con-
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Fig. 3. Measured shear modulus (G, in GPa) of K;O-SiO, system [25-29].
Data from Bokin and Galakhov, Shelby and Day, and Takahashi and Osaka
were considered in the A-S model, but not Gamberg et al.’s and Zdaniewski and
Rindone’s data.

sider B as in the Anderson and Stuart model [4]:

_a—rK
B = - 4)

where rx is the value given in A, also with a and b, that will be
defined below.

Two hypotheses were taken into account in this work: (i) rp
fitting all data, as suggested by the A-S theory; (ii) A fitting
all data, following McElfresh and Howitt’s suggestion [24], Eq.
(3). In this case rp was considered as a fitting parameter, just for
comparison.

From Fig. 3, the shear modulus G from Bokin and Galakhov,
Takahashi and Osaka, and Shelby and Day [25,26,28] showed a
decrease with increasing potassium content. Data from Gamberg
et al. [27] also demonstrated a decrease with increasing K,O
content, but they measured G at 3 kbar pressure. Zdaniewski
and Rindone [29] measured G under H,O atmosphere. So, these
last two data sets were not considered. In this work we followed
a linear fit (Eq. (5)):

G =Gy — En (5)
dn

where Go=(25.4140.77) GPa, n the K,O mol% composition
and dG/dn =(0.298 £ 0.037) GPa mol% 1, with correlation fac-
tor R? =0.95. It is recognized that this assumption of a similitude
of form may provide an inadequate description of the change in
G with alkali concentration; therefore it seems to provide only
an approximation.

In Fig. 4, the relative dielectric permittivity ¢ from many
authors [30-33] showed a small and monotonic increase with
increasing potassium content, according to Eq. (6):

de
&£=¢g9+ —n, (6)
dn
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Fig. 4. Experimental relative dielectric permittivity values (¢) of K,O-SiO,
system [30-33]. Only data from Isard [32] were discarded from analysis.

where R2=0.90, £,=3.59+0.60 and de/dn=(0.154+
0.030) mol%~!, just considering Amrhein, Appen and Bresker
and Charles’ data. Only data from Isard [32] was discarded
from analysis.

The variation of activation enthalpy for conduction Ep with
K50 mol% content over 21 glasses is shown in Fig. 5, and these
data correspond to the same experimental data in Figs. 1 and 2.

A carefull analysis was carried out to find some possible dis-
crepancies on the scattering. For example, phase separation has
also been shown to play a major role in controlling the con-
ductivity properties of glasses. In many cases the morphology
of the glass is far more important than the bulk composition
in determining this property [33]. Ionic diffusion involves mass
transport over extended distances, and is particularly sensitive
to changes in morphology. It follows that both bulk composi-
tion and thermal history play important roles in controlling the
properties of phase-separated glasses. The existence of phase
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separation in potassium silicate glasses was discussed as long
ago as 1965 by Charles [33], but little attention has been paid
to this problem since that time. Unfortunately, the potassium
silicate system showed some slight experimental evidence of
structural segregation [33,34]. According to theoretical work
[22] the immiscibility range of potassium silicate glasses is esti-
mated to be between near pure silica and 15 K> O mol% addition.

At high alkali content, the samples are hygroscopic, and spe-
cial precautions in the preparation and measuring procedures
must be taken to ensure the absence of surface or bulk proton
conduction (from water content). These processes would lead to
higher o conductivities, and consequently to lower E4 activation
enthalpies. No water content effect on conduction in potassium
silicate glass has been performed from all authors cited, but
in the NayO-3Si0; system Takata et al. [35] observed that the
conductivity—water content relation is similar to that observed
in the “mixed-alkali” effect, and suggested a similar interaction
between Na* and water (H* or H;0%).

Besides some scattering, effects of glass composition on Ep
could be parametrized by the A—S theory. This model could even
be applied in alkali silicate glasses to predict, for example, the
dependence of E4 with K>O content considering non-separated
glassy samples. Fig. 5 presents data that support the discussion
above.

With regard to the fitting procedure, in the first case radii
values were fixed as in the A—S model for the potassium sil-
icate system (rx = 1.33 A and ro=1.4 A, full line). The fitting
parameter was the doorway radius, that resulted in rp =0.92 A.
The second assumption was a high ‘doorway’ radius value giv-
ing rp =0.93 A and a jumping distance » = 1.7 A, and both were
used as fitting parameters. Shear modulus G and the relative
dielectric permittivity ¢ were used on both assumptions for all
data (Figs. 3 and 4). The 8 parameter used resulted in 0.23 con-
sidering assumptions i and ii (a=2.05; b=3.20) respectively.
Just for comparison, the B value for the potassium silicate sys-
tem was also 0.33, and it is possible to presume that the values
presented are consistent.
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Fig. 5. Non-linear adjustment (full line) on activation enthalpies in 21 K,O-SiO; glasses [7-21] considering assumption ii. E, is the binding energy (dashed line),

and Ej the strain energy (dotted line) terms.



312 M.L.F. Nascimento, S. Watanabe / Materials Chemistry and Physics 105 (2007) 308-314

The adjustment for activation enthalpy Ea in Fig. 5 was per-
formed using a Levenberg—Marquardt non-linear fitting. It is
surprising that a simple theory could adjust a lot of data from
several authors with different glass preparation processes in a
wide composition range. With respect to the model, the analy-
sis using shear modulus G showed more influence on the A-S
theory than using experimental relative dielectric permittivity &,
considering hypothesis ii.

In summary, results in Fig. 5 showed that Ej is higher than Ey,
considering the Anderson—Stuart [4] hypothesis (i). The McEI-
fresh and Howitt [24] hypothesis (ii) presented similar results
(i.e., Ep + Ey). It is interesting to note that the E}, dependence
on the K»>O content is related to the relative dieletric permittiv-
ity ¢, which increases with the potassium content. The major
difference between hypotheses (i) and (ii) is firstly related to
the experimental shear modulus G. Thus, the doorway radius
rp and the jump distance A must have only strong influence on
glass systems that present major influence on E.

2.2. The ‘universal’ conductivity and the free volume

Extensive studies have recently been made for obtaining a
‘universal’ equation (or “master curve”) from the glass struc-
ture standpoint. For example, Nascimento et al. [36] presented
23 and 30 binary rubidium and cesium silicate glasses, respec-
tively, that follows a ‘universal’ conductivity rule. Swenson
and Borjesson [37] proposed a common cubic scaling relation
between o and the expansion volumes of the networking form-
ing units in salt-doped and -undoped glasses. This fact suggested
that the glass network expansion, which is related to the avail-
able free volume, is a key parameter determining the increase of
the high ionic conductivity in some types of fast ion-conducting
glasses.

According to Adams and Swenson [38], the ion conduction
should be determined by the ionic motion within an infinite path-
way cluster. For various silver ion-conducting glasses [39,40],

it was found that the cubic root of the volume fraction F of infi-
nite pathways for a fixed valence mismatch threshold is closely
related to both the absolute conductivity and the activation
enthalpy of the conduction process:

log,00T ~ V/F = log,go4 — (log pe)Ea/kp T @)

where o) is the pre-exponential factor (in KQ'em™!). The
cubic root of F may be thought of as proportional to the mean
free path length of the mobile ion [41].

Nascimento and Watanabe [42-46] have recently verified
this ‘universal’ finding in binary silicate, borate and germanate
glasses, considering both Egs. (1) and (7). This paper aimed to
present new results considering just potassium silicate glasses.
From these studies, the influence of alkali content and temper-
ature was minor on the pre-exponential terms, considering both
expressions logip o and logig oT.

Fig. 6 shows modified Arrhenius plots of o for the 21 potas-
sium silicate glasses (from x=1.7 to 40 mol%, as indicated),
ranging from 1.5 x 1073 to 1.2 x 10720 Q= cm™! between 20
and 400 °C. The range of activation enthalpy Ea lies between
0.52 and 1.07eV in all glasses studied, as indicated in Fig. 5.
These data were compared with the ‘universal’ equation for
00=50 Q! cm~!inEq. (1). Following previous work by Nasci-
mento et al., this “universal” equation appears in Fig. 6 as a
dashed line, and the dotted lines are the higher and lower limits
within one magnitude order. Only glasses with few K,O mol%
does not obey the ‘universal’ finding, as Angel et al.’s data.

The replacement of a mobile ion with one of another type
affects the ionic conductivity in various ways, such as causing
modifications in the glass structure. But considering so many
different binary potassium silicate glasses, as in Fig. 6, it is
remarkable how strong is the correlation between o with Ea
and 7.

The fact is that o lies on a single ‘universal’ curve in var-
ious potassium silicate glasses, whose conductivities differ by
more than 17 orders of magnitude and within scatters of just one
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Fig. 6. Modified Arrhenius plots of ionic conductivities in 21 binary potassium silicate glasses. All data correspond to that presented in Figs. 1 and 5. The dashed
line is the ‘universal curve’, Eq. (1), with 69 =50 ! cm™!, and the dotted lines correspond to one order of magnitude higher or lower than Eq. (1).
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Fig. 7. Measured ionic conductivity o at 20 °C vs. the cubic root of expansion
of glass network F estimated from density measurements at same temperature.

order of magnitude in 90% of the glass systems considered. It is
also important to notice the wide composition range involved.
Therefore, if one measures o at a fixed temperature, it is possi-
ble to estimate Ex from Eq. (1) considering oo=50 Q' cm™!,
and obtain a rough sketch of o at different temperatures. This
means that, if E4 is obtained by some experimental or theoretical
technique, the ionic conductivity can be readily calculated.

Another “universal” curve, following Eq. (7) and consider-
ing some binary silicate, borate and germanate glasses, resulted
in the same ‘universal’ behaviour [42—46], as cited above. The
pre-exponential value was o, = 50, 000 K Q~'cem™!. The con-
clusions for this case also follow the above described considering
Eq. (1). The most important fact is that in Fig. 6 data for glasses
of different compositions are unified by the single ‘universal’
Eq. (1). The fact that o lies on this single ‘universal’ curve for
many ion-conducting glasses means that o is mainly governed
by En.
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Therefore, Fig. 6 shows a ‘universal curve’ plotting con-
ductivities and activation enthalpies. In order to investigate the
possibility of another general relation between ionic conduc-
tivity and the volume occupied by the network skeleton, the
authors have calculated the expansion (Vg — Vin)/Viy of the net-
work, where Vi, and V;; are the volumes of the network forming
unities (SiO7) occupy in the doped (K>O-Si0;) glasses, respec-
tively. As shown in Fig. 2, the dopant KO added increases the
experimental density before occupied by SiO,, where density
of pure silica was assumed as 2.2064 gcm ™. It is important to
note that conductivity and density (or molar volume) data were
considered from the same batches in Figs. 1 and 2, respectively.

The glass systems in Fig. 7 cover a wide composition range,
between 1.7 and 40 mol%. A striking common relation between
the conductivity at 20°C and the cubic root of free volume
F=(Vg — Vin)/Vn calculated from density of the same batches
and at same temperature is evident; i.e., for a given expan-
sion all the different systems respond with the same increase
of o, regardless of chemical (such as relative water content)
or microstructural details (such as phase separation). This is a
rather rough approximation: the increase in molar volume of
K5O unities is the main factor involved in the increasing in con-
ductivity and also in the free volume. Thus, the free volume
defined here is a macroscopic quantity. The necessary condi-
tion for ion transport may rather be the presence of microscopic
pathways available for potassium ions. A given material may be
called ‘conductive’ if it is equipped with ample ionic pathways,
irrespective of the amount of the free volume.

Note that the data in Fig. 7 represent conductivity values that
vary by 13 orders of magnitude. The relation found is approxi-
mately linear, what could mean in a first approximation that the
conductivity (or o7) is less dependent on the number of mobile
ions than the on free volume itself.

The common behaviour of the conductivity increase with
expansion of the network structure observed for the various
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Fig. 8. Correlation between the experimental activation enthalpy for ionic conductivity Ea and the volume fraction F estimated from density measurements considering

a fixed temperature of 20 °C.
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binary potassium glasses suggests that the excess volume intro-
duced by the dopant is a key parameter that determines the
conductivity properties, as expressed by Eq. (7). Thus, at first
sight it appears that the details of the microscopic structure have
direct impact on the ionic conductivity in this system. How-
ever, it should be noted that the microscopic interactions (mainly
mechanical and dielectrical, as predicted by Anderson—Stuart
theory) lead to variations of the degree of expansion. For this
reason, in order to explain the conducting properties and the
increase the ionic conductivity with alkali content we focused
on the A-S theory.

It is interesting to note that the increase in ionic conductivity
is almost entirely due to the fact that the activation enthalpy
E required for a cation jump decreases, as presented in Fig. 5.
Thus, the pre-exponential term in the Arrhenius law in Eq. (1),
00, is largely unaffected by alkali addition, as showed in Fig. 6.

The present finding of the common scaling between the con-
ductivity enhancement and the expansion suggests that it is the
expansion of the glass skeleton and therefore the strain energy
part E influence on the conduction properties in this system, as
presented in Fig. 6.

Fig. 8 shows that an increase in volume fraction reduces the
activation enthalpy for an ionic jump, which demonstrates that
Ea/kpT varies linearly with the cube root of the volume frac-
tion F. Thus, this approach emphasizes the importance of “free
volume” to the ion mobility.

3. Conclusions

The Anderson—Stuart model (A-S) has been used for a
potassium—silica glass system to describe the variation of the
activation enthalpy against composition in a wide composition
range (from 0.1 up to 45 KO mol%), with reasonable results.
Theoretical activation enthalpy Ea of potassium silicate glasses
seems to vary smoothly with composition. For the first time
the considerations on experimental shear modulus G and rela-
tive dielectric permittivity ¢ with potassium composition fit well
experimental available data. Shear stress has given more influ-
ence on fitting than relative dielectric permittivity. Considering
the A-S theory, potassium silicate conducting glasses fall into
an identifiable pattern where conductivity is related to chemi-
cal composition. A ‘universal’ finding is obtained using logio o
versus Ea/kgT in this binary silicate system. As a consequence,
the pre-exponential factor of the conductivity o is composi-
tion independent. Another same and simple relation between
the increase in ionic conductivity and the expansion of the glass
network skeleton is revealed for very different binary potas-
sium silicate glasses. The results show that an open structure
with excess free volume, in addition to the alkali content, plays
a significant role in promoting ionic conductivity. One should
point that that the true free volume (from theory) is limited in all
glasses, irrespective of the network modifier or dopant concen-
tration. Therefore, the approach considered here was to relate
ionic conductivity with the “expansion of the glass network” (or
the “free volume”) originated from the conduction pathways.
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