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Abstract: Silver iodide (Ag]l) is a system prototype allowing the flow of ions through its structure
and has a phase transition at 420 K, characterized by an abrupt change in conductivity and a high
ionic conductivity. Introducing low concentrations of graphite (C) into the Agl structure produces
a new material with a mixed conductivity (ionic and electronic) which increases with increasing
temperature. The experimental results of the logarithm of the ionic conductivity as a function of the
inverse of temperature for the (Agl),—C(;_,) system for low carbon concentrations 0.97 < x < 0.99
were well fitted using a phenomenological model with a probability distribution for the charge
carriers based on the carrier density.
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1. Introduction

Superionic conductors allow the movement of ions through their structure, showing
unusually high ionic conductivity values (similar to liquid electrolytes). Silver iodide or
Agl, since its high conductivity was discovery in 1914 [1] has been extensively studied from
both experimentally [2-6] and theoretically [7-13] points of view. At atmospheric pressure,
Agl is polymorphic [14] with phases denoted by 7, 8, and «, accessible with increasing
temperature T. At room temperature, the ¢ phase [15] is thermodynamically meta-stable
with a zinc blende structure and the B phase [16] is stable with a wurtzite structure. At
T; = 420 K (transition temperature), Agl undergoes a first-order phase transition from
B — a [17]. The a phase [18] has a high ionic conductivity (o ~ 1 S/cm) [19] comparable to
that ionic conductors in the liquid phase [20].

The high ionic conductivity is electrical conductivity due to the disorder of silver ions
over 42 available and randomly distributed sites [21], so Agl has been proposed and used
as a solid-state electrolyte for sensors, electrochemical cells, batteries using a powdered
silver anode, chargeable cells [22,23]. Solid electrolytes offer the outstanding advantages
of miniaturization, high mechanical stability, chargeable durability, and high-temperature
performance [24].

Diffusion of charge carriers by jumps is the fundamental transport mechanism for
ionic conduction of these crystalline solids. This mechanism, by phenomenological models,
has been described [25-28].

Carbon is trimorphic compound [29], whose three forms are fullerenes, diamond, and
graphite. The fullerenes are structures with 60 carbon atoms organized into pentagons
and hexagons. Diamond is a three-dimensional crystalline structure of carbon atoms, and
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graphite is a crystalline form consisting of stacked layers of two-dimensional hexagonal
arrays of carbon atoms.

Graphite is the most abundant crystalline form of carbon, where the atoms are located
in planes. Each atom is bonded to three neighbors located at a distance of 1.415 A, forming
hexagons and the distance between planes is 3.348 A [30]. This structure makes it a good
thermal and electrical conductor within the horizontal planes due to the in-plane metallic
bonding, but a poor thermal and electrical conductor perpendicular to the planes due to
the weak van der Waals forces. The electrical conductivity allows graphite to be used as
electrical brushes and electrochemical electrodes perpendicular to the planes. As a result of
this anisotropy, the carbon panes can slide relative to each other quite easily.

It is observed that although the graphite and carbon phases do not react with each
other, some influence of the presence of graphite on the conductivity of Agl is evident.
Experimental evidence shows that by adding graphite to Agl, the conductivity behavior
ceases to be Arrhenius-type. We found at room temperature that the electrons in the
graphite bands interact electrostatically with mobile silver ions preventing their movement.
The system (Agl)x—C;_,) is not conductive at room temperature. With increasing tempera-
ture, the mobility of silver ions is higher, leading to an increase in conductivity due to the
thermal excitation of ions and electrons. At low graphite concentrations, conductivity is
dominated by Ag ion concentration. When the graphite concentration is significant, the
electrons dominate, so the model based on jump probability can not fit conductivity curves
as a temperature function. As temperature increases, the correlation between electrons and
ions decreases, allowing a significant amount of Ag ions to participate in the conduction
process. This work will not consider the study of the interaction between electrons and
silver ions as temperature increases.

This work aims to fit both the behavior and the abrupt jump in conductivity through a
phenomenological model based on charge carrier density with a probability distribution
for the carriers.

2. Results and Discussion

To fit the behavior, we assume the following interpretations for the variational param-
eters: 17 as the charge carrier concentration n, T will be the inverse of temperature and will
be called reduced temperature. The variable # plays the role of n in Equation (2), and the
mobility is assumed constant. The information over frequency aspects are included in A,
and the probability distribution is driven by p. Therefore, the physically acceptable roots
of Equation (7) will give the fitting curve for the conductivity behavior and its respective
abrupt change at transition temperature T;.

Figure 1 displays the inverse of temperature dependence dc conductivity of (Agl),—
C(i—y) as a function of carbon concentration x = 0.97 (»), 0.98 (), and 0.99 (m), in the
temperature range from 320 K to 440 K. The behavior for these concentrations is similar.
Increasing the carbon concentration increases the ionic conductivity and its abrupt change
at the transition temperature.
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Figure 1. The natural logarithm of dc conductivity of (Agl)»—C(; ) system as a function of reciprocal
temperature for x = 0.97 (»), 0.98 (e), and 0.99 (m). The dashed line is the best fitting to the abrupt
change natural in conductivity using Equation (4).

The dashed line indicates a good representative fit for the abrupt change in conductiv-
ity when considering the participation of all charge carriers or p = 1. The values used for
the fit parameters are: I' = 0.73, x = 1.25 and p = 1. The fit to the conductivity behavior as
a temperature function is far from the experimental data.

Figure 2 shows the behavior conductivity and its abrupt jump in conductivity using
Equation (7) and the probability distribution function (5). The fits are good because the
carriers follow a temperature-dependent probability distribution.
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Figure 2. The behavior of the natural logarithm of the conductivity as a function of the inverse of
temperature for (Agl)x—C(;_,) with x = 0.99 (W), x = 0.98 (e) and x = 0.97 (»). The solid lines are
the best-fit curves to the experimental data using Equation (7).

The slope of In(c) as a function of 1000/T is interpreted as the activation energy
Eact which is not constant with T. These energies for the different concentrations studied
are associated with transport processes and decrease as concentrations increase. This
analysis suggests that the Eact associated with charge transport in the (Agl),—C(;_,) system
are sensitive to carbon concentrations and temperature: it decrease with increasing both
concentration and temperature.

Figure 3 illustrates the reduced temperature dependence with probability. The behav-
ior is a decreasing exponential curve and was adjusted with the equation:

p(v) = aexp(~br), M
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wherea = 8.35y b = 0.94.

We can notice that as the temperature increases, most of the carriers are silver ions
that drive the phase transition. Near the transition temperature, the increase of the carriers
becomes greater until all the silver carriers pass into the highly conductive or superionic
phase.
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Figure 3. Probability as a function of reduced temperature of (Agl)x—C(;_,) system for a typical low
carbon concentrations (x = 0.02).

3. Materials and Methods

The (AgD)x—C(1_,) system is prepared from carbon graphite C (Sigma-Aldrich) rod
with a purity of 99.999%, CAS 7782-42-5 and Agl (Alfa Aesar) powders with a purity of
99.9%, CAS 7783-96-2. The range is 0.90 < x < 0.99, where x determines stoichiometry by
weight. In an agate mortar, for 15 min, the system was mixed, obtaining a homogeneous
mixture. Heat treated at 473 K for 10 hours. For electrical measurements, the system was
pressed into cylindrical-shaped pellets of 1-2 mm thickness and 5 mm diameter using 100
Kg/cm? pressure. Heat treatment was carried out up to 473 K to eliminate the y-Agl phase
and heated until 373 K to eliminate the possible water content since Agl is hygroscopic.
The sample in a dry atmosphere was maintained.

Electrical analysis of the samples was performed by complex impedance spectroscopy
using Wayne Kerr 6420 Precision Impedance Analyzer in the frequency range from 20 Hz
to 5 MHz and ranging in temperature between 303 K and 423 K. A voltage of 10 mV was
applied to the electrode||sample||electrode system using platinum electrodes.

3.1. Phenomenological model

Ionic conductivity can be broken down into three terms: a carrier charge, g;, concen-
tration (number of particles per unit volume), n;, and mobility (average velocity of a carrier
due to an applied electric field), u;, and expressed as:

N

o= )  qinil; (2)

I
—

No ionic conduction exists for a crystal without point defects (ideal crystal); therefore,
point defects (Schottky or Frenkel) are necessary for this conductivity. By increasing
temperature, the number of defects increased. Phenomenological models based on point
defects have been proposed to explain the behavior of conductivity, taking into account a
free energy density of the form [25]:

F(n:i) = E(n;) + 2kpT{n;In(n;) + (1 — ;) In(1 — ;) + 1.577;In(I') } 3)


https://doi.org/10.20944/preprints202210.0098.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 October 2022 doi:10.20944/preprints202210.0098.v1

50f7

where E(7;) is the defect-defect interaction energy, which is linearly dependent on the
concentration of the form E(#;) = 1;(U; — Upy;). The Frenkel-pair formation is in the Uj
term (energy to promote an ion to an interstitial site), the attractive interaction between
Frenkel pairs is in the Uj term, and fiws; < kpT. The dimensionless factor I' = w1 /w» is the
ratio of the interstitial phonon frequency w; to that of the lattice w; due to the Frenkel-pair
formation.

By minimizing Equation (3) and evaluated at #; = 7, we have:

1

= -
1+F3/2exp(§{ _27?}>

where the three adjustable parameters are T = Uy /kgT and x = Uy /U (x > 1). Systems
0.1Nal-0.9Agl [31] and (CsHSeO4)(1_ x)—(KHSeO4)x [32], with Equation (4), were adjusted
for their respective abrupt jumps in conductivity.

In order to explain both conductivity ¢(T) behavior and its abrupt jump (first-order
phase transition), we note that only some ionic carriers participate before the transition. This
phenomenology is described in [33,34]. Interpreting #; as charge carriers, the participation
of the carriers is described by the following probability distribution function:

P(n;) = pé(ni — 1) + (1 — p)o(n;) ©)

where p is the probability of defects that have been removed and (1 — p) the defects present.
Replacing 1 by pn, Equation (3) becomes:

4)

F(ni) = Uypn — Uy p*nf + 2kBT{pm In(p#;) + (1 —pn;)In(1— pri)+
3
Spuin(0)} ©

The transcendental equation of state becomes:

1

= .
)

where I, T, x and p are four fitting parameters. Equation (7) was used to fit the AgI-KI [34]
and (Agl)(;_,)—(AL,O3)x nanocomposite systems [35].

At the transition temperature T; (~ 1/7;) has two inflection points where its second
derivative with respect to # is zero at #1,%2 (11 # 12 are local minima) and has a local
maximum at 7 = 1/(2p). Evaluating the equation (6) one has:

I = exp(—ﬂ(ggl)> x>1 (8)

@)

The second derivative of Equation (6) evaluated at 7; give the following conditions:
x>1, I'<TI.<1, T >4y, O0<p<l1 9)

With the conditions (9), the present model fits the experimental data of the ionic
conductivity as a function of the temperature of the Agl,—C(;_,) system for low graphite
concentrations.

4. Conclusions

Using the conditions (9), the phenomenological model based on the free energy (6)
with the probability distribution (5), both the conductivity behavior, for T < T;, and its
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abrupt change in conductivity, at T = T}, predicted well the first-order phase transitions
for the Agl,—C(;_,) system with low graphite concentrations (x = 0.99,0.98 and 0.97).

The phenomenological model is based on the formation of a vacancy, Frenkel-pair
interaction, ratio of interstitial phonon frequency to the lattice frequency, and a probability
distribution for the charge carrier concentration. The mechanism used to explain the
dynamics of ionic conductivity is by hopping. This mechanism was applied with good
results for low graphite concentrations (0.97 < x < 0.99). For graphite concentrations
higher than 0.03, the mechanism does not work.

The behavior of the probability p as a function of reduced temperature T showed a
decreasing exponential behavior. This behavior is more pronounced in this studied system
than in the reported Agl and nanocomposite-based systems.

For future work, the range of concentrations studied 0.9 < x < 1 with their respective
fits for conductivity and specific heat as a function of temperature will be reported.
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