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ABSTRACT

Halide-containing silver phosphate glasses have been used as model systems for the study
of the ionic conductivity of oxide glasses for the past 50 years, mostly due to the massive
increase in conductivity observed as the halide concentration is increased, even if the molar
ratio of silver is kept constant. Furthermore there is still no consensus if the increased
conductivity is due to an enhancement of the number of effective charge carriers (glass as a
weak electrolyte) or a higher charge carrier mobility (glass as a strong electrolyte). In this work
we investigate the electrical properties of silver-halide-containing silver metaphosphate
glasses through Impedance Spectroscopy. We find the glasses to follow the “canonical
scaling”, which coupled with the diffusional nature of the conductivity allows us to show that
the number of effective charge carriers remains constant with increasing halide concentration,

and that the conductivity follows the same scaling as the ionic mobility.
[. INTRODUCTION

In the past decades, ion conducting amorphous materials have attracted a great deal of both
academic and industrial interest. Even to this day, however, there is no widely accepted model
of ion transport in disordered media, all the while the horizon of potential applications keeps

broadening™®. Since the first experimental reports on salt-doped metaphosphates from the



late 1970’s™®, this family of glasses has been under investigation; especially because
metaphosphates can be combined with high molar concentrations of halides, sulphides, and
sulphates while maintaining reasonable glass forming ability”31°-'6, and the addition of such
salts increases the measured ionic conductivity by several orders of magnitude. The prime
example of such behaviour is the silver metaphosphates doped with silver iodide, where the
addition of 50 mol% of Agl increases the conductivity at room temperature by 6 orders of
magnitude in comparison with the pure silver metaphosphate, with very little change in the
number density of silver atoms, and therefore, of charge carriers®'. Early studies'®?'
proposed that the observed increase in conductivity was due to the presence of a-Agl clusters
embedded between the phosphate chains, since crystalline silver iodide is itself a superionic
silver conductor; however recent structural (especially NMR) studies?*?> have shown that the
iodide ion is homogeneously distributed in the Ag* coordination spheres, leading to an
increased average separation between the phosphate chains but otherwise keeping the

phosphate short-range order intact?.

The direct-current conductivity of single, monovalent ion conducing materials in Q*.m™" can

be written, in its most basic form*?, as:

Ogc = n.e.u 1

where n is the number density of effective charge carriers given by n = y.n, with y being the
fraction of charge carriers that are mobile and n, is the total number density of ions, e is the
elementary charge and u is the charge carrier mobility. While this expression contains the key
factors describing the conductivity, it is challenging to decouple the compositional effects in
the mobility and charge carrier density so as to clarify which of the two dominates the material’s
properties?’=3°, Therefore one finds in the literature two different interpretations of the influence
of the salt doping in phosphate glasses®: the “weak-electrolyte” approach posits that the
enhancement in conductivity is due to an increase in the fraction of effective charge

carriers”11:17.1931-33 (for example, Rodrigues et al. report an increase of approximately 5 orders



of magnitude in y by adding Agl to AgPO; glasses'’) while the ionic mobility is practically
composition independent (Clement et al. report a value of 6 x 10* cm?.V-'.s" at room
temperature, independent of silver iodide content in Agl-AgPQOs; glasses®); alternatively,
according to the “strong-electrolyte” model, the augment in conductivity is rooted in increased

charge carrier mobility, since y~12335-38,

The Walden rule is an empirical relation proposed in the early 1900’s, stating that, for an ion-
conducting liquid, the product of the molar conductivity A = o-V,, (where 1}, is the molar

volume) and its viscosity 7 is constant®:

A -1 = constant 2

This relation is a natural consequence from the observation that in diluted electrolyte solutions
with weakly-interacting ions, the ionic mobility is controlled by ionic diffusion in the solvent.
Formulated alternatively, the diffusion coefficient related to the conductivity D, according to

the Nernst-Einstein relation is equal to the viscosity diffusion coefficient D, as given by the

Stokes-Einstein relation*0.

D _adc-k-T-HR 3
g y'n -e2
C
k-T
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where k is Boltzmann’s constant, T is the absolute temperature, Hy is the Haven Ratio*!4?, g

is a geometrical factor (equal to 67*°) and  is the ionic radius. So, if D, = D,,:
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from which we recover the original Walden rule (Equation 2) by substituting a,;. = A/V},.
Following Equation 6, the Walden plot (log(A) X logn~1) is proven helpful in assessing the
“ionicity” of ionic liquids. If a liquid can be treated as an ensemble of independent ions and
there are no ion-ion interactions, it should exhibit a slope of one. Deviations from this ideal
case enables the detection of different forms of ion-matrix interactions*®434% and can be
described by the so-called fractional Walden Rule A-n* = constant (with a < 1). Such
deviations can also be understood in terms of the “decoupling index” R = (z)/(t,), defined

as the ratio between the structural and conductivity relaxation times*647.

In analogy, the same reasoning can be applied to the case where the ionic conductivity is
instead controlled by the random hopping of charge carriers. In the case of Brownian motion,
the self-diffusion coefficient of an ion is given by the Einstein formula?’8,

2(¢ 7
p =D
g -t

where(x?(t*)) is the mean-squared displacement at a characteristic time-scale t* and g’ is a
geometrical constant (equal to 6 for an isotropic cubic lattice). For ion-conducting materials,
the diffusive motion between neighbouring equilibrium positions where ions become
“trapped™*'*° occurs in a time-scale t = 1/I" related to the onset of the dispersive regime of
conductivity®®-53, For such materials, the distance between trapping sites can be approximated

by the average distance between ions d%, so Equation 7 can be rewritten as:

d?-T 8
Di = 7
g
Therefore, if D, = D;:
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Similarly to Equation 6, Equation 10 describes a slope of unity in alog(oy. - T) X logI" graph,
which is indicative of materials whose conductivity is controlled by ionic hopping, and, in
parallel with the Walden rule for ionic liquids, also imply the material can be understood as a
random mixture of ions where the ion-ion correlations are negligible. This is equivalent to the
so-called “canonical scaling” when applied to the analysis of the frequency dependence of the
real part of the conductivity ¢'(f). This relation is expected to hold independently of
temperature if the matrix remains isostructural®. Another feature of Equations 6 and 10 is
that the constants C and C' (and, therefore, the intercepts in the log(A) xlogn™! and
log(oy.* T) X logI" graphs) are proportional to the number of effective charge carriers.
Consequently, an increase in the number of effective charge carriers should result in an
upward shift of the data along the log(A)- or the log(agy. - T)-axis (if Equation 6 or 10 are
graphed, respectively). Such effect has been reported, for example, for ionic liquids with

increasing pK,*, and for thioborate glasses with increasing alkali content®.

Based on this analysis, we investigate the electrical properties of silver halide — silver
metaphosphate glasses by impedance spectroscopy and attempt to elucidate if the measured
enhancement of the ionic conductivity is better explained by variations in either the number of

effective charge carriers or the ionic mobility.
II. MATERIALS AND METHODS

The samples were prepared following a two-step procedure. First, AgPO3 was synthesized by
mixing (NH4)2HPO4 and AgNOs (Sigma Aldrich, purity > 99%). The powder mixture was
homogenized in a mortar and melted in borosilicate (Pyrex®) crucibles at 770 K for 1h. Melt
droplets were splat-quenched between stainless steel plates and several disks with
approximately 1 mm thickness and 10 mm diameter were produced. The disks were

homogeneous, colorless and transparent, with no bubbles. The second step consisted of



mixing the previously-made AgPO3 in powder form with increasing molar fractions of a dopant
salt (AgCl, AgBr or Agl - Sigma Aldrich, purity > 99% - from 10 to 50 mol%) and re-melting the

batch as before, at 770 K for one hour in borosilicate crucibles.

For impedance spectroscopy, samples were prepared by sputtering thin gold electrodes on
both surfaces using a Quorum QR150R ES Sputter equipment. The electric impedance was
determined using a Solartron 1260 Impedance/Gain-Phase analyzer coupled with a Solartron
1296 Dielectric Interface system. Measurements were realized with a fixed voltage of 0.5 V
and frequencies ranging from 1 to 10° Hz. During each run the temperature was controlled
using a cryostat and a Novotherm furnace, with temperatures ranging from 170 to 410 K.
Sample properties were extracted by modelling the experimental setup with a single parallel
RC element representing the bulk glass as an ideal solid electrolyte®®% in series with a
constant-phase element (CPE) representing the gold electrodes®” (see Figure 1). The total
impedance of this circuit is given by®"%:

R—i-w-Rz-C_l_ 1 11
1+ (w-R-C)? Q- (i-w)*

Z(w)=Z"+i"Z"=Zpc+Zepg =

where i is the imaginary number, w = 2nf is the angular frequency, R and C are the
parameters of the RC element and Q and a the CPE parameters. From Equation 11, the

complex modulus and the dc conductivity can be evaluated:

M@ =M+i-M'=i-w-Cy-Z" 12

13
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where C, = €,.(A4/1) is the capacitance of the empty cell, ¢, is the vacuum permittivity, [ is the
sample thickness and A is the sample area. Following Equation 1, the temperature
dependence of the conductivity is given by the Arrhenius-scaling of both the number of

effective charge carriers'”*° and the ionic mobility®®:



E 14
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E, 15

F(T) = I}yexp(—ﬁ

where [ is the attempt frequency (in the order of the atomic vibration frequency of
approximately 1013 s™), R is the universal gas constant, E,, and E,,, are the activation energies

for charge carrier creation and mobility, respectively. Substituting Equations 14 and 15 in

Equation 10:
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[ll. RESULTS AND DISCUSSION

The impedance data measured for our samples is consistent with recently published
literature®3388° for example see Figure 2, for the Arrhenius graph of dc conductivity for the
xAgl-(100-x)AgPOs glasses, and, as expected there is a marked decrease in activation energy

with increasing iodide concentration.



For ion-conducting materials, the representation of experimental data by the complex
electrical modulus formalism allows for access to dynamics of the mobile ions*¢** from the
analysis of the imaginary modulus M" = Im(M*) as a function of frequency, and has the
advantage of being unaffected by electrode polarization®'%2. For the silver halide — silver
metaphosphate glasses the imaginary modulus as a function of frequency features a single,
somewhat asymmetric peak. Scaling M"" and the frequency by M,; ., and the peak frequency
fu collapses the data to a single “master” peak. The shape of this peak is nearly independent
of temperature for each glass composition (Figure 3 a)) and the addition of halide salts
progressively enhances the high-frequency tail, broadening the peak (Figure 3 b)). These
results suggest that our samples share a common transport mechanism®-%5 namely the
diffusive motion of silver ions. The peak broadening effect might reflect an increase in the
number density of mobile ions*$%¢. However, the analysis of the electric modulus can be
misleading, as the peak of the imaginary modulus could refer only to the dynamic response of

the already mobile ions'?°, instead of both the mobile and immobile ions.

The frequency of the imaginary modulus peak is used to scale the conductivity®’, but it is not
the only frequency parameter used for scaling, and their choice is somewhat arbitrary?°37:68,

Recently, Marple et al. have shown that the timescales of the dc to ac conductivity crossover

frequency f* (defined as the frequency that fulfils the relation o'(f*) = 2.0,4.)**% are
associated with the diffusive hops of the mobile species between adjacent trapping sites®?,
providing experimental evidence for the original concepts of Jonscher and Almond and
West5456:69-71 - Comparing the temperature dependence of f,,» and f* and their activation
energies with the activation energy of the conductivity in Figure 4, the activation energies of
the peak of the imaginary modulus and the dc conductivity are equivalent (in agreement with
previous reports on ionic conductors®%), while the activation energy of the crossover

frequency f* is generally lower.

Since f* is related to the ionic hopping frequency f; +°°-53°6.70 the Walden rule in Equation

10 is satisfied by I' = f. The Walden Plot in Figure 5 shows that for all samples studied the



slope of the graph is very close to unity, as one would expect if the compositional dependence
of the ionic conductivity was dominated by the ionic mobility. The relative clustering of the
data, spreading only over approximately one order of magnitude along the log(ay..T) axis,
indicates that the parameter ¢’ « y.d?.n./Hjy is not strongly dependent on temperature and
halide concentration, and therefore the number of effective charge carriers remains relatively
constant in this system (assuming the Haven ratio is weakly dependent on temperature and

composition®").

From Equation 20 and the activation energies of dc conductivity and hopping frequency, the
activation energy for charge carrier formation E,, /2 ' can be estimated (see the inset in Figure
6 a)), and consequently the charge carrier number density for each glass composition can be
calculated following Equation 14. Values of n ranging from 3.4 x 102° to 1.4 x 10?2 ions.cm
(indicating that 0.02 <y < 0.89) are in agreement with previous NMR and Impedance
Spectroscopy studies®*® and with the clustering of the data shown in Figure 5, meaning that
for this glass system a substantial fraction of the number of silver ions contributes actively to
the measured conductivity (Figure 6 a)). This is in contrast to the “weak electrolyte” approach,
where the conductivity should be governed by the increase in the fraction of mobile charge
carriers y'7. Another variable that affects the fraction of mobile ions is the timescale involved.
Following ergodicity arguments, as the timescale tends to infinity, all ions contribute to the
conductivity and the number density of mobile ions becomes equal to the total number density
of ions (and, consequently, y — 1). Thus, the characterization of y only makes sense when it

refers to a particular time-scale®, which is t; = 1/f in our analysis.

Substituting the values of the number density of mobile ions in Equation 1 allows for the
estimation of the ionic mobility (Figure 6 b)), and the range of values (from ~4 x 10713 m2.\v-
1.5 for AgPOs up to ~7 x 1072 m2.V-'.s™" for 50Agl - 50AgPO; at 298 K) are also in agreement
with NMR estimates®. The mobility seems to be strongly affected by the type of halide salt
incorporated in silver metaphosphate, with pag > pags- > Hagcl, decreasing with increasing

halide field strength.



V. CONCLUSION

Silver halide — silver metaphosphate glass samples were synthesized and characterized via
Impedance Spectroscopy. These glasses follow the so-called “canonical scaling”, and
therefore a graph of log(ay..T) X log fy shows a slope of unity, indicating that the conductivity
is dominated by ionic mobility. The clustering of the data points indicates that the number
density of effective charge carriers does not change substantially with increasing halide
concentration, which is in agreement with the activation energy analysis. Therefore the
enhancement in the ionic conductivity observed by the addition of halide salts can be attributed

to the increased mobility of the silver ions in the glassy matrix.
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Figure 1. Nyquist plot of the complex impedance measured for the 90AgPO3-10Agl sample
in different temperatures. The empty symbols show the experimental data and the continuous

lines represent the response of the equivalent circuit as shown in the inset.
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Figure 2. Arrhenius plot of the dc conductivity as a function of temperature for the xAgl-(100-
x)AgPO3 glass system, the dashed lines are linear fits of the data and the error bars are smaller

than the size of the data points.
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Figure 3. Scaled plots of the Imaginary modulus as a function of frequency. a) with increasing
temperature for 30AgCIl-70AgPO; glass; b) with increasing halide content for xAgBr-(100-

x)AgPOs glasses at 271 K.

0.8

0-7 | —+— -
-~
-~
-
> -
L 06 -7
. -
& -
] -~ -
=, 0.5 - = Pl
ED —e-—
g e
=) s all |
~ 04 - P
= %
‘;':g e 8
E 0.3 - 4+’ 950
< B . - Q
L Q
02+
0.1 T T T T
0.2 03 04 0.5 0.6 07

Activation Energy - o,. [eV]

0.8

«~ 0.7

= e =
- wn =

Activation Energy - /* [eV]

e
w

r 02

0.1

Figure 4. Activation energies of the imaginary modulus peak frequency f,, (filled symbols)

and the crossover frequency f* (empty symbols) compared to the activation energy of dc

conductivity a4.. The dashed line illustrates a 1:1 ratio.
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Figure 5. Walden Plot following Equation 10 for the measured samples. The dashed line is

the linear regression of the data, resulting in a slope of 1.08 + 0.02.
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Figure 6. a) Number density of effective charge carrier at 298 K as a function of composition,
and the inset shows the compositional dependence of the activation energy for charge carrier

creation; and, b) calculated ionic mobility at 298 K as a function of composition.



