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Abstract The present work deals with the composite
system (Cul),—(Ag,O-TeO,)go_r, Where x =30, 35, 40,
45, 50, 55, 60, 65, 70 and 75 mol%, respectively,
synthesized by a solid-state reaction route. Powder
specimens were analysed using differential scanning
calorimetry, X-ray diffraction and Fourier transform
infrared techniques. These studies have revealed the
formation of Cu;TeOgs, Agl and/or other phases. The
ambient temperature electrical conductivities obtained
for the samples using a complex impedance method
were found to lie in the range 10°-10* Sem™', with
low activation energies, thus indicating their superionic
nature. The typical composition 35Cul-32.5Ag,O—
32.5TeO, was identified as the best conducting one,
having an electrical conductivity of 6x10* Scm ™' at
296 K and an activation energy of 0.23 eV. Ion trans-
port number measurements carried out using Wagner’s
polarization technique as well as by an electromotive
force method suggested that silver ions were responsi-
ble for the observed transport features of the composite
system.

Keywords Differential scanning calorimetry - X-ray
diffraction - Fourier transform infrared technique -
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Introduction

The most significant development witnessed over the
last few decades has been the spread of electrochemical
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concepts into very different areas of research and
development. On the basis of research by many
electrochemists, physicists and materials researchers
solid-state ionics involving superionic conductors is
now used in a wide range of applications, such as
solid-state batteries, fuel cells, gas sensors, pacemakers,
electrochemical display devices, etc. [1, 2, 3, 4].
Superionic conductors or solid electrolytes are usually
characterized by their appreciably high ionic conduc-
tivity and negligible electronic conductivity values [5].
Among the various superionic conductors investigated
to date, silver-based materials are found to exhibit high
ionic conductivities at room temperature. As a result of
a higher degree of covalency leading to fewer sur-
rounding anions and large polarizability, Ag" ions
tend to possess interesting superionic properties. The
presence of large and highly polarizable I ions in the
form of the dopant salt in a superionic system appears
to widen the diffusion pathway of the mobile ions,
namely Ag" ions. A large number of binary, pseudo-
binary and ternary mixed systems were reported to
exhibit silver ion transport at ambient conditions [6].
Earlier, Minami [7] introduced Agl as a dopant salt
into several oxysalt matrices, such as Ag,O-MoOs;,
Ag,0-CrO; and Ag,O-P,Os and observed high
ionic conductivities at room temperature. Similarly,
Rossignol et al. [8] also employed Agl as the dopant in
the case of a Ag,O-TeO, matrix and reported silver
ion transport. In our laboratory, many silver ion
conducting superionic materials were already devel-
oped by the combination of Cul with silver oxysalts
such as Ag,O-PbO, [9], Ag,0O-V,05 [10], AgoMo0O,
[11], Ag,CrOy4 [12] and Ag4P,0O5 [13]. More recently,
several mixed systems, like Cu;, ,Ag I-Ag,O-B,O3 [14]
Cu,_Ag,J-Ag,0-Mo0O; [15] and Cu,_AgJ-Ag,0O-
SeO, [16] have also been examined during the course
of our investigations concerning silver ion transport.
Essentially, the present work involves detailed struc-
tural, thermal and electrical transport studies on the
mixed system Cul-Ag,O-TeO,, in which Cul is
employed as the dopant salt.



Experimental
Sample preparation

Analar grade chemicals of Cul, Ag,O and TeO, were used as raw
materials for the preparation of various compositions of the new
ternary system Cul-Ag,O-TeO,. Stoichiometric compositions of
(Cul),—(Agy0-TeOy)100_x, Where x=30, 35, 40, 45, 50, 55, 60, 65,
70 and 75 mol%, were prepared by annealing appropriate amounts
of the starting materials in ceramic boats in air at 773 K for 5 h and
rapidly quenching the molten mixture in liquid nitrogen. Interest-
ingly, the product was found to be grey, which may be attributed to
the presence of aggregates of metallic silver within the specimen.
The most probable reason for the formation of silver may be vi-
sualized in terms of the decomposition of Ag,O at atmospheric
conditions at 423 K. In other words, when Cul, Ag,O and TeO,
were annealed at 773 K in air in ceramic boats, a small fraction of
Ag" ions released from Ag,O could probably be reduced to me-
tallic silver owing to the partial covalency of the bonding within the
crystal structure of Ag,O. Thus, the formation of elemental silver in
traces during the process of preparation of the various samples was
not avoidable.

Differential scanning calorimetry

The thermal events were recorded in the temperature range 343—
573 K using a PerkinElmer model DSC7 differential scanning
calorimeter at a heating rate of 20°min~' with platinum as the

reference material and aluminium sample containers.

Powder X-ray diffraction

X-ray diffraction (XRD) measurements were carried out on pow-
dered samples at room temperature using a Philips X’ Pert-MPD
X-ray generator unit with Cu Ko radiation (1.5406 A) at various
glancing angles (20) between 80° and 20°.

Fourier transform infrared analysis

Fourier transform infrared (FTIR) spectra were recorded for the
various samples of the system in the wave number region 400—
1500 cm™' by the KBr pellet method at room temperature, using a
PerkinElmer Paragon 500 model spectrometer.

Complex impedance analysis

The solid samples were ground and pressed together with silver
electrodes on both sides under a pelletizing pressure of 5 toncm > to
make circular pellets of 8-mm diameter. The electrodes were made
up of metallic silver powder and sample mixed in the weight ratio
2:1. The complex impedance measurements were carried out in air
using a Hewlett-Packard model HP4284A precision LCR meter in
the frequency range 20 Hz—1 MHz and over the temperature range
296-403 K. The values of the bulk resistance, Ry, obtained from
the complex impedance plots were used to calculate the electrical
conductivity. g, of the various compositions of the Cul-Ag,O—
TeO, system as outlined in the following.

Since superionic conductors or solid electrolytes are mostly
studied in the form of polycrystalline samples, grain-boundary
impedances would influence the evaluation of their bulk conduc-
tivity values. In this context, complex plane diagrams may be em-
ployed for the extraction of bulk conductivity values and
separation of electrode and grain-boundary components from the
experimental data. However, in the case of practical solid electro-
lyte systems, the analysis of bulk properties and the separation of
grain-boundary as well as electrode—electrolyte interfacial effects
are not simple and the selection of an appropriate equivalent circuit
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is also difficult owing to inhomogenities in the bulk, which make
the observed bulk impedance frequency-dependent [17, 18].

A schematic representation of a polycrystalline superionic solid
sandwiched between two nonblocking (i.e., reversible) electrodes
together with the relevant equivalent circuit and impedance plot are
shown in Fig. 1. According to Macdonald [19], such a complex
impedance plot drawn over a range of frequencies would consist of
three arcs, including a high-frequency one which is associated with
the bulk conductivity (due to electrolytic resistance, Ry) shunted by
the geometric capacitance, Cg, (capacitative coupling between the
electrodes), while the arc of intermediate frequencies shows the
influence of the geometric capacity and the impedance of double
layer capacitance, Cq;, associated with the charge-transfer (charg-
ing and discharging at the electrode/electrolyte interface) processes.
On the other hand, the low-frequency arc is usually inclined at an
angle of about 45° to the real axis and it is specifically attributed to
Z4, the impedance due to the diffusion process arising from the
presence of a concentration gradient within the electrolyte. In the
case of real solid electrolytes, all these three arcs may not be present
or only a part of the arc could be identified. Generally, the beha-
viour of the bulk electrolyte and that of the interfacial impedance
are quite different from each other. However, in most of the sys-
tems, there is a distinct minimum in Z” between the two regions as
indicated in Fig. 1 and the value of Z” at this minimum of Z” is the
best estimate for the overall bulk resistance (including the con-
striction resistance, R., between the grains). Extrapolation of the
impedance to higher frequencies in the interface dispersion region
or to lower frequencies in the bulk dispersion region is also known
to provide another way of determination of the bulk resistance
from the complex plane impedance plots [20, 21, 22].

During the present investigation, the frequency response of a
variety of compositions of the Cul-Ag,O-TeO, system was mea-
sured in terms of the real (Z’) and imaginary (Z”) parts of the
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Fig. 1 Schematic diagram of a superionic solid sandwiched
between a pair of nonblocking electrodes along with the corre-
sponding equivalent circuit and impedance plot
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complex impedance, Z*, at different temperatures. The point of
intersection of the impedance plots on the real axis in the high-
frequency region was taken as the bulk resistance of the sample.

Ton transport number measurements
Wagner’s polarization method

The ion transport number measurements were carried out on all the
samples using Wagner’s polarization method [23, 24]. For this
purpose, a cylindrical pellet of the sample was sandwiched between
an ion-blocking electrode (graphite) and a nonblocking electrode
(silver). This pellet was placed between two silver plates and
a constant direct current potential of 0.5 V was applied across
the sample, keeping the silver electrode at the negative potential.
The variation of the current in the circuit was noted as a function of
time for about 7 h till the current became constant, indicating the
fully depleted condition of the blocking electrode. This constant
current would correspond to the electronic current. The average ion
transport number, %,,, of the sample was determined by using the
relation

iinn :1i0n/117 (1)

where [, is the current due to the mobile ions and I, is the total
current due to all the mobile species,

i.e.,ly = fion + Lo n, @

where 1.}, is the current due to electrons and holes.

Silver ion transport number measurements

The electromotive force (EMF) method was employed for the es-
timation of the ion transport number in these new materials. A
galvanic cell was fabricated with a configuration

(—)Ag + sample/sample/L(+),

where a powder mixture of metallic silver powder and the sample in
the weight ratio 2:1 were used as anode. The cell components were
cascaded and pressed together at a pelletizing pressure of 5 toncm >
to fabricate the galvanic cell. The values of the open circuit voltage
of the cells were measured and compared with the thermodynamic
value of 687 mV at room temperature reported for the typical
solid-state electrochemical cell (—)Ag/Agl/I,(+) having the fol-
lowing overall cell reaction:

2Ag + 1, — 2Agl (3)

As this cell reaction may also be involved in the cells considered
during the present investigation, it is quite relevant to use the same
thermodynamic value of 687 mV for the present case as well [25].
The silver ion transport number which indicated the extent of silver
ion contribution to the total electrical conductivity was determined
for the various compositions in the Cul-Ag,O-TeO, ternary sys-
tem.

Results and discussion
Differential scanning calorimetricanalysis

The differential scanning calorimetry results obtained
for ten compositions of the mixed system (Cul)—
(Agr0-TeO5)100_, Where x=30, 35, 40, 45, 50, 55, 60,
65, 70 and 75 mol%, are shown in Table 1. Endothermic
peaks were observed at 423, 424, 423, 423, 423, 423, 423,
424, 422 and 423 K, respectively. These transition tem-

Table 1 Differential scanning calorimetry (DSC) results obtained
for the mixed system (Cul),—~(Ag,O-TeO;)p0_, Where 30 < x < 75

Composition Cul-Ag,0-TeO, (mol%) DSC endothermic

peak (K)
30:35:35 423
35:32.5:32.5 424
40:30:30 423
45:27.5:27.5 423
50:25:25 423
55:22.5:22.5 423
60:20:20 423
65:17.5:17.5 424
70:15:15 422
75:12.5:12.5 423

peratures at which the endothermic peaks occur for the
synthesized samples are comparable to the characteristic
p—o phase-transition temperature of pure Agl which is
about 420 K. Therefore, this study has clearly indicated
the formation of Agl in all the synthesized samples.

XRD analysis

The powder XRD patterns obtained at room tempera-
ture for ten different compositions of the ternary system
(Cul),—(Agr0-TeO3) 00, Where x=30, 35, 40, 45, 50,
55, 60, 65, 70 and 75 mol%, respectively, are shown in
Fig. 2. The appearance of XRD peaks at around 20 =23,
32.5, 38,42, 44,47, 49, 54, 56, 58, 60, 62, 63, 65, 66, 68, 71
and 74° in all the patterns tends to show the presence of
Cu;3TeOg in these samples. Since more intense peaks
corresponding to Cu;TeOq are also observed in all the
compositions, Cus;TeOg may be considered as the major
content in these samples. The XRD peaks observed at
around 20 =24, 39 and 46° and at around 35.5 and 38.7°
indicate the formation of Agl and CuO, respectively, in
all these samples. Furthermore, the XRD peaks occur-
ring around 20 =26 and 30° tend to reveal the presence of
Te,Os in the case of compositions corresponding to
x=30, 45, 50, 55 and 65 mol%, while those appearing at
38° in the case of x=30 and 35 mol% suggest the pres-
ence of Ag in these samples. The presence of metallic
silver may be attributed to the most probable decom-
position of Ag,O during the annealing of the starting
materials as described earlier. The formation of Cu;TeOgq
and CuO may be explained as follows.

In the molten mixture containing Cul, Ag,O and
TeO,, Cu™ ion is a highly reducing species which may be
oxidized to Cu®" ion, thus forming CuO:

16Cul + 8Ag,0 + 40, — 16CuO + 16Agl 4)

Simultaneously, the Te*" ion in TeO, may be oxi-
dized to Te’ " in order to form Te,Os, whereas some of
the Te’" ions in Te,Os may be further oxidized to Te®"
ions, thus forming an intermediate product, TeOs, in
accordance with the following reactions:

8TeO, + 20, — 4Te,0s, (5)
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Fig. 2 X-ray diffraction pat-
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2Te;, 05 + O; — 4TeOs5. (6)

Both these intermediate products, namely TeO;
and CuO, may combine to form the final reaction prod-
uct, i.e., Cu3TeOg4 complex, according to the solid-state
reaction

12Cu0O + 4TeO; — 4Cu3TeOg. (7)

Therefore, the most probable solid-state reaction
during the melting process performed in air may be
expressed as follows:

8TeO, + 16Cul 4+ 8Ag,0 + 70,

— 4Cu3TeOg + 2TerOs + 16Agl 4 4CuO. (8)

From the XRD results it has also been realized that
the synthesized samples are multiphase in nature with
Cu;TeOg and Agl and/or other phases as their possible
constituents. It is evident from the previous discussion
that the XRD results are in good agreement with the
proposed reaction mechanism involving Cul, Ag,O and
TeO, as starting materials.

FTIR analysis

The FTIR spectral patterns obtained for five typical
compositions of the ternary system (Cul),—(Ag,O—
TeOs)100-r, Where x=30, 45, 55, 65 and 75 mol%,
respectively, are shown in Fig. 3. This figure clearly
indicates the occurrence of absorption bands around
700 and 640 cm ! in all the samples. These absorption
bands may be attributed to the v; and v; vibrational
modes of TeOg groups [26]. Further, the absorption
bands observed around 500 and 410 cm ™' tend to re-
veal the presence of CuO groups [27]. These results are
found to be consistent with the XRD results discussed
earlier.

Electrical conductivity data

Typical complex impedance plots obtained for the
composition 35Cul-32.5Ag,0-32.5TeO, at four differ-
ent temperatures, namely 296, 308, 321 and 336 K, are
shown in Fig. 4. These plots are found to exhibit a
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Fig. 3 Fourier transform IR
spectra for the system (Cul),—
(AgzofTeOQ)l()Q,X, where
x=130, 45, 55, 65 and 75 mol%,
respectively
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portion of a semicircle whose intersection on the real
axis corresponds to the bulk resistance at the appropri-
ate temperature. These bulk resistance values are found
to decrease as the temperature increases, thus revealing
the ionic nature of these samples. Moreover, from the
values of the bulk resistance evaluated from the im-
pedance plots, electrical conductivity, o, values were
estimated using the general relationship

o =t/(ARy), 9)

where ¢ denotes the thickness of the sample pellet and A4
its area of cross-section.

The variation of logot is shown in Fig. 5 as a func-
tion of the reciprocal of absolute temperature for the
various compositions in the mixed system (Cul).—
(Agr0-TeOy) 199 »» Where x =30, 35, 40, 45, 50, 55, 60,
65, 70 and 75 mol%, respectively, in the temperature
range 296-403 K. From Fig. 5 it is evident that in the
temperature range of investigation, all the compositions
obey the Arrhenius relationship

1000

400 1500 1000 400

<«——Wavenumber (cm™)

o1 = ogexp(—Ea/kT), (10)

where o is the preexponential factor, E, the activation
energy for the conduction process and k the Boltz-
mann constant. Usually, the activation energy for the
conduction phenomenon represents the minimum en-
ergy required by the conducting species, namely ions,
for migrating from one lattice site to another within
the solid. The values of the activation energy were
also evaluated from the slopes of these plots drawn by
the least-squares method and were found to be less
than 0.48 eV. This feature tends to indicate the su-
perionic nature of the samples prepared. The room
temperature electrical conductivity, g,9¢k, and the
activation energy data obtained for the various
compositions of the present system are displayed in
Table 2.

From Table 2 it is clear that the composition having
the highest electrical conductivity of 6x10* Sem™ at
296 K has been identified as 35Cul-32.5Ag,0-32.5Te0,
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in the case of the Cul-Ag,0-TeO, composite system in
the solid state, thus indicating its superionic nature in
ambient conditions.
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Table 2 Room temperature electrical conductivity and activation
energy data obtained for the mixed system (Cul),—~(Ag,O—
TeO5)100_x, Where 30 < x <75

Composition Room temperature Activation
Cul-Ag,0-TeO, (mol%) electrical conductivity, energy (eV)
(Sem ™)

30:35:35 5.8x107° 0.29
35:32.5:32.5 6x107* 0.23
40:30:30 2x107° 0.3

45:27.5:27.5 1.8x107* 0.23
50:25:25 1.4x107* 0.48
55:22.5:22.5 6.1x107° 0.32
60:20:20 6.7x107° 0.34
65:17.5:17.5 1.4x107 0.33
70:15:15 7x107° 0.31
75:12.5:12.5 2.2x10°° 0.3

Table 3 Observed ion transport number data for the ternary sys-
tem (Cul),—~(Ag,O-TeO3)99_, Where 30 < x < 75

Composition Ion transport number Silver ion transport
Cul-Ag,0-TeO, (Wagner’s method) number (electromotive
(mol%) force method)
30:35:35 0.97 0.96

35:32.5:32.5 0.99 0.98

40:30:30 0.96 0.97

45:27.5:27.5 0.97 0.98

50:25:25 0.97 0.97

55:22.5:22.5 0.97 0.97

60:20:20 0.96 0.98

65:17.5:17.5 0.95 0.96

70:15:15 0.97 0.96

75:12.5:12.5 0.96 0.95

Ion transport number data

The values of the ion transport number, #,,, evaluated
by Wagner’s direct current polarization method as well
as the silver ion transport number, ng+, data obtained
by the EMF method for the various compositions in the
system are given in Table 3. From Table 3 it is obvious
that the %,, values evaluated by Wagner’s method are
0.95 or greater for all ten different compositions of the
present Cul-Ag,O-TeO, system. This reveals that the
mobile species in this system are ionic in nature and that
the electronic contribution to the total electrical con-
ductivity would be negligible as compared to the ionic
conductivity of these new compositions.

Furthermore, from Table 3 it is also evident that the
tro+ values obtained by the EMF method are 0.95 or
greater for all the samples of the present system. These
features clearly show that the major contribution to the
electrical conductivity in the present system may be due
to silver ions only.

Conclusions

The present study pertaining to the thermal, structural
and electrical characterizations of the mixed system
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Cul-Ag,0-TeO, has indicated the formation of silver
ion conducting solid electrolytic phases and certain
other stable materials containing silver metal as an im-
purity which may be suitable for widespread applica-
tions.
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