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Abstract

The origin and nature of correlation between silver ionic conduction and composition of various phases present in the case of the
mixed system Cul-Ag>,MoQ, were probed in terms of possible solid-state reactions. Detailed X-ray diffraction (XRD), differential
scanning calorimetry, Fourier transform infrared, electrical transport studies involving ionic transport number data and electrical
conductivity measurement were carried out in order to identify the reaction products. The feasible reaction products identified were
found to determine the exact composition resulting from the completion of each solid-state reaction and hence the behavior of

effective electric conduction.
© 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

Studies pertaining to the development of fast ion
conducting solids have been carried out extensively,
because of their potential application as solid electro-
lytes in high energy density batteries [1]. In recent years,
our research group has developed a new class of solid
electrolytes exhibiting appreciably high silver ion con-
ductivity values in several mixed systems involving Cul
and silver oxyacid salts through a systematic study of
their electrical and electrochemical properties [2—6].
However, a careful evaluation of the application
prospects of such solid electrolyte systems appears to
emphasize the need for a better understanding of the
origin and nature of effective electric conduction. In
fact, this may be achieved only through the knowledge
of composition and relevant properties of the reaction
products formed as a result of probable solid-state
reactions occurring between Cul and the corresponding
silver oxyacid salt. Accordingly, the present study
involves a systematic evaluation of effective electric
conduction in the mixed system (1—x)-Cul-x-
Ago,Mo0Oy,, where 0.15<x<0.6 through the solid-state
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reaction route and an unambiguous interpretation
relating the observed silver ionic conduction to the
composition of the constituent mixtures.

2. Experimental

Commercially available analar grade cuprous iodide
(Cul) and freshly prepared silver molybdate (Ag,MoQy,)
were used as starting materials. Silver molybdate was
initially precipitated from an aqueous solution of
AgNO3 and Na,MoO, under safelight conditions. The
fresh precipitate was filtered and dried at 373K in a
vacuum oven. Various samples of the mixed system
(1-x)-Cul-x-Ag,M00,4, where x=0.15, 0.2, 0.25,
0.3,0.33, 0.35, 0.4, 0.45, 0.5, 0.55 and 0.6, respectively,
were then synthesized by standard melt quenching
method. Appropriate amounts of Cul and Ag,MoOy,
were mixed, grounded together, sealed in Pyrex tubes
under vacuum and annealed at 773 K for 30 min before
being quenched in liquid nitrogen. Solid samples thus
obtained were designated as Series I (representing those
compositions having x = 0.15, 0.2, 0.25, 0.3 and 0.33)
and Series II (corresponding to those samples with x =
0.35, 0.4, 0.45, 0.5, 0.55 and 0.6), respectively, and used
for further studies.
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The crystalline nature of these samples and their
identity were examined by powder X-ray diffraction
(XRD) analysis. The room temperature XRD patterns
were obtained using a Siefert X-ray diffractometer with
CuKal radiation (4 = 1.541A). Differential scanning
calorimetric (DSC) experiments were carried out on all
the samples using a Perkin-Elmer Model DSC-7
calorimeter over the temperature range 323-773K at a
heating rate of 20°C/min under nitrogen atmosphere.
Fourier transform infrared (FT-IR) absorption spectra
in the 400-1200 cm ™' range were recorded for the above
specimens on a Burger IFS66 V FT-IR spectrometer.

Electrical conductivity (o) measurements were carried
out by the complex impedance method on pellet samples
of 8 mm diameter sandwiched between a pair of silver
electrodes using a Hewlett-Packard (model HP 4284A)
Precision LCR meter in the frequency range 20-1 MHz
and over the temperature range 297-447 K. The com-
plex impedance analysis was employed for the extraction
of bulk resistance values and separation of electrode and
grain-boundary components from the experimental data
as outlined below:

As superionic conductors or solid electrolytes are
mostly studied in the form of polycrystalline specimens,
grain-boundary impedances are known to influence the
evaluation of their bulk conductivity values. Accord-
ingly, the analysis of bulk properties and separation of
grain-boundary as well as electrode—electrolyte inter-
facial effects are not simple and the selection of
appropriate equivalent circuit is also difficult due to
inhomogenities within the bulk sample, which make the
observed bulk impedance frequency dependant [7,8].
For the sake of clarity, a schematic representation of a
polycrystalline superionic solid sandwiched between two
non-blocking (i.e., reversible) electrodes together with
the relevant equivalent circuit and impedance plot is
shown in Fig. 1.

According to Macdonald [9] such a complex impe-
dance 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
the electrolytic resistance, Rp) shunted by the geometric
capacitance ‘Cy’ (capacitative coupling between the
electrodes), whereas the arc of intermediate frequencies
shows the effect of the geometric capacity C, and the
impedance double-layer capacitance ‘Cy’ associated
with the charge transfer (charging and discharging at
the electrode/electrolyte interface) processes. On the
other hand, the low-frequency arc is generally inclined at
an angle of ~45° to the real axis and is specifically
attributed to Zg4, the impedance due to the diffusion
process arising from the presence of concentration
gradient within the specimen. In the case of practical
systems, all these three arcs may not be present or only a
part of the arc could be identified. Usually, the behavior
of the bulk sample and that of the interfacial impedance

Solid ionic conductor

Reversible electrodes

—1L
"
Cg
— :. F— Cg: Geometric capacity
Cal | CdI: Double layer capacitance
— i Rc: Constriction resistance
‘—W—-—R T Ry: Bulk resistance
R, ' b ! Z4 : Impedance due to diffusion
I
|
]
|
]
-z «—Bulk———Interface—*
!
]
1
| 3
Rp Ry+Re

Fig. 1. Schematic representation of a solid ionic conductor held
between two reversible electrodes shown with its impedance plot and
an equivalent circuit.

are quite different from each other. However, in most of
the systems, there is a distinct minimum in Z” between
the two regions as shown in Fig. 1 and the value of Z’ at
this minimum of Z” is the best estimate for the overall
bulk resistance (including the constriction resistance, R,
between the grains). Extrapolation of the impedance
to the higher frequencies in the interface dispersion
region or to the lower frequencies in the bulk dispersion
region is also known to provide another way of
determination of the bulk resistance from the complex
impedance plot [10-12].

During the present investigation, the frequency
response of a variety of compositions of the chosen
system was measured in terms of the real (Z') and
imaginary (Z") parts of the 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 (Rp) of the
sample. The electrical conductivity (o) of the sample was
estimated using the relationship

o =1/ARy, (1)

where 7 is the thickness of the specimen and A4 is the area
of cross-section. Furthermore, a combined analysis of
the modulus and impedance spectra over the frequency
range of measurement was also carried out for the
identification and separation of electrode/electrolyte
interfacial effects from the bulk electrical conductivity
results.
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The EMF method was employed for the estimation of
ionic transport number ¢ of the specimens [13].
Accordingly, the open-circuit voltage (OCV) values
of galvanic cells fabricated with the configuration (—)
Ag/Sample/I, (+) were compared with the theoretical
value of 687mV for the evaluation of ¢ values [14].

3. Results and discussion
3.1. XRD and DSC data

The room temperature powder XRD patterns ob-
tained for five different samples in Series I of the mixed
system (1—x)-Cul-x-Ag,MoQ,, where x =0.15, 0.2,
0.25, 0.3 and 0.33, respectively, are shown in Fig. 2. It is
interesting to note from Fig. 2(a) that three prominent
diffraction peaks, which appear at 20=24.8°, 41.1° and
48.6°, respectively, in the case of the typical composition
with x = 0.15 tend to shift gradually towards lower 20
values as the content of Ag,MoQy is increased from
x =0.15 to 0.3. Furthermore, these XRD peaks are
found to be consistent with those of y-Cul while being
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Fig. 2. Powder X-ray diffraction patterns for samples in Series I of the
mixed system (1—x)-Cul-x-Ag,MoOy: (a) x =0.15; (b) x=10.2; (¢)
x=0.25; (d) x =0.3 and (e) x = 0.33.

indexed as reflections corresponding to [111], [220] and
[311], respectively, on the basis of the face-centered
cubic unit cell of the space group F43m. The fact that
the set of three XRD peaks observed in the case of the
composition having x = 0.33 are comparable to that of
y-Agl suggest the feasibility of formation of y-Agl as
one of the constituents of this particular composition. It
is therefore apparent that continuous solid solutions of
the type Cu;_,Ag,l between ionic salts such as Cul and
Agl may be formed in the specimens of Series I as the
value of x is increased from x = 0.15 to 0.33. In the case
of Cu;_,Ag,l solid solutions the lattice parameter was
reported to obey the so-called Vegard’s law [15]. This
means that the composition dependence of the positions
of the diffraction lines (i.e., d-spacings) of Cu;_,Ag,l
solid solutions is generally linear, where ‘@’ refers to the
atomic fraction of silver content within the specimen.
Fig. 3 represents the variation of the lattice parameter
[1] of the typical solid solution Cu;_,Ag,l as a function
of composition estimated in accordance with Vegard’s
law by considering the lattice parameters of the terminal
phases namely Cul and Agl as well [16]. It is obvious
from Fig. 3 that the lattice parameter varies linearly with
the silver content. From the present XRD results
obtained for the chosen compositions of Series I namely
those having x =0.15, 0.2, 0.25, 0.3 and 0.33 the
estimated values of their respective lattice parameters
on the basis of the face-centered cubic unit cell are 6.2,
6.28, 6.4, 6.44 and 6.5 A. Fig. 3 appears to suggest that
the most probable stoichiometry of Cu;_,Ag,I solid
solutions present in five different compositions with
x =0.15, 0.2, 0.25, 0.3 and 0.33 may be expressed as
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Fig. 3. Vegard’s law behavior of the lattice parameter of Cu;_,Ag,l
solid solution (0<a<1).
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Fig. 4. DSC thermograms for samples in Series I of the mixed system
(1—x) - Cul-x-Ag,Mo0Oy4: (a) x =0.15; (b) x=0.2; (c) x=0.25; (d)
x=0.3and (¢) x =0.33.

Cuo.68Ag0.321, CugsAgosl, CugasAgorsl, Cug14AL0.s6l,
and Agl, respectively.

Fig. 4 depicts the DSC thermograms recorded for the
five different samples in Series I of the mixed system
(1—x) - Cul-x - AgoMo00O,, where x = 0.15, 0.20, 0.25,
0.30 and 0.33, respectively. It is clear from Fig. 4 that
endothermic peaks are observed at 638, 646, 698, 693
and 423K, respectively, in the above compositions. In
view of the fact Cul undergoes a phase transition from
its y-phase into the f-phase at 642K, the endothermic
peaks noticed at 638 and 646K in the case of
compositions having x = 0.15 and 0.2 may be attributed
to the y—f§ phase transition temperature of the Cul-Agl
solid solutions present within these specimens [17]. On
the other hand, the appearance of an endothermic peak
at 423K in the case of the particular sample having
x = 0.33 may be attributed to the f—o phase transition
temperature of Agl. Therefore, the formation of solid
solutions of the type Cu;_,Ag,l and assignment of their
stoichiometry on the basis of the observed XRD results
are found to be in good agreement with the present DSC
data as well.

Fig. 5 indicates the room temperature powder XRD
patterns observed for six different samples in Series I of
the mixed system (1—x)- Cul-x-Ag,Mo00O, having x =
0.35, 0.4, 0.45, 0.5, 0.55 and 0.6, respectively. A careful
examination of Fig. 5 suggests that the number of XRD
peaks increases as the value of x is increased from
0.35 to 0.6 and that the set of three prominent peaks
(marked °) corresponding to the respective reflection
lines of [111], [220] and [311] planes may be attributed to
the presence of y-Agl in all the specimens. Furthermore,
in the case of Figs. 5(b)—(f) it is seen that a typical peak
(marked *) due to the presence of metallic silver also
appears. All the remaining XRD peaks noticed in Fig. 5
(marked !) may be ascribed to the formation of a new
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Fig. 5. Powder X-ray diffraction patterns for samples in Series II of
the mixed system (1—x)- Cul-x-Ag,Mo0y,: (a) x = 0.35; (b) x = 0.4;
(¢) x =0.45; (d) x=0.5; (¢) x =0.55 and (f) x =0.6.
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Fig. 6. DSC thermograms for samples in Series II of the mixed system
(1—x) - Cul-x- Ag:MoOy: (a) x =0.35; (b) x =0.4; (c) x =0.45; (d)
x =0.5; (¢) x =0.55 and (f) x = 0.6.

crystalline phase along with y-Agl and metallic silver.
Fig. 6 shows the DSC thermograms recorded for the six
different specimens of Series II of the mixed system
having x = 0.35, 0.4, 0.45, 0.5, 0.55 and 0.6, respectively.
It may be noticed from Fig. 6 that endothermic peaks
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appear at 423, 423, 421 and 420 K in the case of samples
having x =0.35, 0.4, 0.45 and 0.5, respectively, the
values of which are comparable to the f—a phase
transition temperature of 420 K reported for pure Agl.
The non-appearance of an endothermic peak around
420K in the case of DSC trace for x = 0.6 may be
attributed to the lower content of Agl in this particular
specimen as compared to the remaining compositions of
Series II considered during the present investigation.

3.2. FT-IR data

Fig. 7 shows the FT-IR spectra observed for five
different compositions in Series I of the mixed system
(1—x) - Cul-x - AgorMo00O4 where x = 0.15, 0.2, 0.25, 0.3
and 0.33, respectively, at room temperature. In Fig. 7,
the strong absorption bands observed at around
835cm ' and the shoulder at 914 cm ™' may be assigned,
respectively, to the v3 and v; modes of vibrations of the
tetrahedral MoO3~ ions [18]. On the other hand, the
presence of two weak bands at around 628 and 468 cm ™!
may be ascribed to the Mo—O—-Mo bridging arising as a
result of the condensation of MoOj3 ™ ions. It is therefore
clear from the FT-IR analysis of Series I that tetrahedral
MoO3; ions are present in these specimens. Fig. 8
depicts the FT-IR spectra obtained in the case of six
different samples in Series II of the mixed system
(1—x) - Cul-x - AgoMo0O,4 having x = 0.35, 0.4, 0.45, 0.5,
0.55 and 0.6, respectively. On the other hand, Table 1
indicates the positions of the absorption bands observed
in these specimens along with their assignments in terms
of the various molecular species present. A careful
analysis of Fig. 8 in conjugation with Table 1 appears to
suggest that in the case of a particular specimen having
x = 0.35, the absorption band observed at 421cm™'
may be ascribed to the tetrahedral MoOj3 ™~ ions whereas
all the remaining bands appearing at 447, 800, 815,917
and 949cm ™' may be attributed to the formation of
Mo,02~ ions as in the case of crystalline Na,Mo,0,
[19,20].

It is also obvious from Table 1 that in the case of a
sample having x = 0.4, all the absorption bands at 447,
776, 815, 916 and 947cm™' may be assigned to the
presence of Mo0,O3~ species. However, the absorption
bands at 421 and 423cm ™' in the case of x = 0.45 and
0.5, respectively, suggests the presence of tetrahedral
MoOj3 ™ ions whereas those bands appearing at 449, 780,
819, 917 and 947 cm ™! as well as those observed at 797,
821, 862, 880 and 948cm ™' may be attributed to the
formation of Mo,O2  ions in the above compositions
[20]. It is interesting to note from Table 1 that
tetrahedral MoO3~ ions are present as predominant
molecular species in the typical samples with x = 0.55
and 0.6 in view of the fact that the set of absorption
bands appearing at 415, 841, 924 and 966cm ™' in the
former and those appearing at 420 and 836cm ™' in the
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Fig. 7. FT-IR spectra observed for samples in Series I of the mixed
system (1—x)-Cul-x-Ag,MoOy: (a) x =0.15; (b) x=0.2; (¢c) x=
0.25; (d) x =0.3 and (e) x = 0.33.

latter may be assigned to the MoOjz  ions [19]. In the
case of x=0.55, the remaining absorption band
observed at 880cm ™! tends to suggest the presence of
Mo,03 " ions in the sample. The present FT-IR results
have thus established the fact that in the case of Series 11
samples Mo,O3~ ions are formed as predominant
molecular species in the case of samples with x = 0.35,
0.4, 0.45 and 0.5, whereas tetrahedral monomeric
MoOj3 ions constitute the molybdenum-based anionic
environment in Ag,MoO, rich specimen having x =
0.55 and 0.6, respectively.
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Fig. 8. FT-IR spectra observed for samples in Series II of the mixed
system (1—x)-Cul-x-Ag;MoOy4: (a) x =0.35; (b) x=104; (¢c) x=
0.45; (d) x =0.5; () x =0.55 and (f) x = 0.6.

3.3. Solid-state reactions

3.3.1. Series I samples

The present XRD, DSC and FT-IR results have
indicated the formation of solid solutions of the type
Cu;_,Ag,l (0<a<1) as well as another phase consisting
of MoO3™ ions as the anionic species in all the rapidly
quenched specimens of Series I of the mixed system
(1—x) - Cul-x - AgoMo0QOy,, where x = 0.15, 0.2, 0.25, 0.3
and 0.33. In other words, such phases may be obtained
as a result of solid-state reactions occurring between the
starting materials namely Cul and Ag,MoQO, within the

Table 1
FT-IR absorption bands observed for various compositions in Series 11
of the mixed system (1—x) - Cul-x- Ag;M00O, and their assignments

Composition Observed absorption band (cm™") Assignment
0.35 421 MoO3~
447 Mo,03~
800 Mo,03~
815 Mo,03~
917 Mo,03~
949 Mo,03~
0.4 447 Mo,0?
776 Mo,03~
815 Mo,03~
916 Mo,03~
947 Mo,03~
0.45 421 MoO3~
449 Mo,02~
780 Mo,03~
819 Mo,03~
917 Mo,03~
947 Mo,03~
0.5 423 MoO3~
797 Mo,03~
821 Mo,03~
862 Mo,02~
880 Mo,03~
948 Mo,03~
0.55 415 MoO3~
841 MoO3~
880 Mo,03~
815 Mo,03~
924 MoO3~
966 MoO3~
0.6 420 MoO3~
836 MoO3~

melt. Usually, in the case of a reaction between two solid
substances A’X’ and A”X", if A’ and A” ions are more
mobile, there would be a distribution of A" and 4" ions
across the boundary of both these phases. As a
consequence, A” ions may diffuse into the lattice of
A'X' resulting in the formation of the solid solution
(4’, A”)X' until the dissolution of A’ is complete. Such
type of reaction was grouped under Class C in Jost’s
classification of solid-state reactions [21]. In analogy
with these reactions, the most probable solid-state
reactions between Cul and Ag,Mo0O4 may be described
in the following manner:
(a) x =0.15 (Cul/Ag,Mo00O4 molar ratio 17:3):

17Cul 4+ 3Ag,M004 — 17Cuq65-5A8) 35451 + 3Cu,MoOy,

(2)
where 0<<0<0.01.
(b) x = 0.2 (Cul/Ag,M00,4 molar ratio 4:1):
4Cul + Ag,M004—4CujsAg, sI + CuMoOy. (3)
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(c) x =0.25 (Cul/AgMo00O,4 molar ratio 3:1):
3Cul + AgZMOO4 - 3Cu0,25+1Ag0_7541 + Cu2M004, (4)

where 0<7<0.01.
(d) x = 0.3 (Cul/Ag,Mo00O,4 molar ratio 7:3):

7Cul + 3Ag2MOO4 — 7Cu0.14+(pAg0'867(pI 4+ 3Cuy;MoOy,

(5
where 0< ¢ <0.01.
(e) x =0.33 (Cul/Ag;Mo00O,4 molar ratio 2:1):
2Cul + Ag,Mo0O4—2Agl + Cu;MoOy. (6)

Egs. (2)-(6) have been proposed on the basis of the
reaction products identified from the present XRD and
DSC results in the light of FT-IR data. It is also
worthwhile to mention that three parameters 0,7 and ¢
have been incorporated in Egs. (2)—(5), respectively, in
order to account for the stoichiometry of these solid-
state reactions. The fact that the various solid solutions
of the type Cu;_,Ag,J shown in Egs. (2)—(6) are in
excellent agreement with those identified form of present
XRD results involving lattice parameter of such phases
appears to substantiate the proposed solid-state reaction
mechanism. Furthermore, the formation of Agl as a
reaction product in the case of sample with x = 0.33 is
also evident from the present XRD and DSC results.
Interestingly, the appearance of the anionic species
involving MoOj3~ ions identified from the present
FI-IR spectral analysis may conveniently be considered
as belonging to the additional reaction product
namely Cu,MoQy, in all the samples of Series 1. In the
light of these facts, it is reasonable to argue that the
proposed solid-state reactions in the case of different
compositions of Series 1 of the chosen system are
logical too.

3.3.2. Series II samples

From Section 3.3.1 it is evident that when the value of
x 1s increased from 0.15 to 0.33, the solid solution
Cu;_,Ag,l becomes Agl as confirmed by the XRD and
DSC results. Since Series II includes those samples
having x =0.35, 0.4, 0.45, 0.5, 0.55 and 0.6, it is
reasonable to presume that any further addition of
AgrMo0Qy in excess of stoichiometric composition (with
a Cul/Ag,Mo00, molar ratio 2:1) in the molten mixture
containing Cul and Ag,MoO,; would result in the
incorporation of Ag,MoO, (excess) as another reaction
product in addition to Agl and Cu, MoO,. In other
words, in the case of compositions having x>0.33, the
formation of Agl and Cu, MoQOy as probable reaction
products may be associated with an additional product
namely AgroMoQO, (excess) as well. In this perspective,
the set of equations representing the most probable
solid-state reaction between Cul and Ag,MoOQOy in the
case of various compositions of Series II may be given as

follows:
(f) x =0.35 (Cul/Ag,Mo00,4 molar ratio 13:7):

26Cul + 14Ag,Mo0Oy4
—26Agl + 13Cu;MoOy4 4+ AgyMoOy (excess).  (7)

(g) x =0.40 (Cul/Ag;M004 molar ratio 3:2):
6Cul + 4Ag,MoO,
—6Agl + 3Cu;Mo0O4 + Ag,MoOy (excess). (8)
(h) x = 0.45 (Cul/Ag;Mo00O,4 molar ratio 11:9):
22Cul + 18Ag,Mo00y4
—22Agl + 11CusMoOy4 + 7Ag,Mo0Oy (excess).  (9)
(1) x = 0.5 (Cul/Ag;M00, molar ratio 1:1):
2Cul + 2Ag,Mo00O4
—2Agl + Cu;MoO;, + Ag,MoOy (excess). (10)
(G) x = 0.55 (Cul/AgzMo00O,4 molar ratio 9:11):
18Cul + 22Ag,Mo00Oy4
— 18Agl + 9Cu;MoO4 + 13Ag,MoOy (excess). (11)
(k) x = 0.6 (Cul/AgzM00, molar ratio 2:3):
2Cul 4+ 3Ag,Mo0Oy4
—2Agl + CusMoOy + 2Ag,M0oOy4 (excess). (12)

Eqgs. (7)-(12) are found to be in good agreement with
the present XRD, DSC and FT-IR results in view of the
fact the presence of Agl in all the six different
compositions in Series Il of the mixed system
(1-—x)-Cul-x-Ag;M00, has already been detected
during the XRD analysis. The present DSC analysis
has also reconfirmed the presence of Agl in most of
these samples. However, it is apparent that the present
XRD results have indicated the presence of certain other
additional phases. A precise identification of each of
these new phases could not be carried out from the
XRD data owing to the weak and diffused nature of
the observed XRD patterns. Interestingly, one of the
significant results of the present investigation has been
the identification of suitable solid-state reaction between
Cul and AgoMoO, as a function of composition and
possible mechanisms. In this regard, further studies
concerning the transport features of the wvarious
compositions would throw more light as discussed in
the forthcoming section.

3.4. Electrical conductivity results

Fig. 9 depicts the complex impedance plots obtained
for the typical composition corresponding to x = 0.2 in
the system (1—x)-Cul-x-Ag,Mo0, at four different
temperatures namely 297, 315, 330 and 345K, respec-
tively. It is obvious from Fig. 9 that the diameter of the
semicircle decreases as the temperature is raised from
297 to 345K. This means that the point of intersection
of the impedance plot on the real axis (i.e., Z'-axis),
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Fig. 9. Complex impedance plots obtained for the typical composition

having x =0.2 in the system (1—x)-Cul-x-Ag,MoO, at different
temperatures: 7 = 297K (@); 315K (¢); 330K (A) and 345K (O).

which denotes the bulk resistance R, of the sample
decreases at elevated temperature. In other words, the
observed electrical conductivity (o) would tend to
increase with increasing temperature as in the case of
ionic solids. Similar patterns have been observed in the
case of all the remaining compositions too. It is
worthwhile to mention that the values of electrical
conductivity measured at room temperature (297 K) and
represented as gy97 g for the various compositions of the
mixed system (1—x)-Cul-x-Ag,MoO, for x =0.15,
0.2, 0.25, 0.3,0.33, 0.35, 0.4, 0.45, 0.5, 0.55 and 0.6 are
55%x1077,2x107% 45x107°% 7.6 x 107°, 1.2 x 107,
13x107°, 1.7x107% 2.1 x 107>, 1.2x 1074, 1.5x 10~
and 3.2 x 10~*Scem ™!, respectively. This implies that the
best conducting compositions may be considered as the
specimen having x = 0.55 in Series II of the chosen
system. It is well known that pure y-Cul exhibits a room
temperature conductivity of the order of 107’Scm ™',
whereas y-Agl possesses an electrical conductivity of
107°Scem™" at ambient temperatures [22,23]. Accord-
ingly, the gradual increase in the observed room
temperature  conductivity from  5.5x 1077  to
12x10°Sem™' when x is increased from 0.15 to
0.33 may be attributed to the formation of Cu;_,Ag,l
type solid solutions as possible constituents of these
compositions. These results are found to be in good
agreement with those obtained during the present XRD
and DSC studies. Similarly, in the case of various
compositions of Series II, the observed room tempera-
ture electrical conductivity values lie in the range of
107°-10"*Scm ™", These values may be attributed to the
presence of Agl formed due to the solid-state reaction

and AgoMoOy (excess) in these specimens as revealed by
Egs. (7)—(12). The occurrence of appreciably high
electrical conductivity values of 1.5x 107>Scm™' in
the case of x = 0.55 may be explained on the basis of the
temperature-dependant electrical conductivity and ionic
transport number data presented in the following

section.

3.4.1. Temperature-dependant conductivity and transport
number data

Fig. 10 shows the plots of logeT versus 1000/7T
obtained for the five different compositions in Series I of
the mixed system (1—x)-Cul-x-Ag,MoQO, containing
x =0.15,0.2,0.25, 0.3 and 0.33 in the temperature range
297-447 K. On the other hand, Fig. 11 depicts the plots
of logoT versus 1000/T observed for the various
compositions having x = 0.35, 0.4, 0.45, 0.5, 0.55 and
0.6 in Series II over the above temperature range. It is
seen from Fig. 10 that among the various compositions
in Series I, the particular sample having x = 0.33 shows
a second-order phase transition at around 420 K, while
all those samples are found to obey the Arrhenius
behavior over the above temperature range of investiga-
tion. The fact that most of the specimens of Series II of
the mixed system (1—x)-Cul-x-Ag,Mo0O, show a
second-order phase transition at around 420K is also
evident from Fig. 11, apart from their Arrhenius
behavior with temperature. The set of activation
energies (E,) estimated from the relationship

o = (60/ T)exp(—Eu/kT) (13)

(where k denotes the Boltzman constant, 7' the absolute
temperature and o, the ‘pre-exponential factor’) are

2
=
o -
~~
X L
T
£t
n
~ -
'—
b -2
o
e r v
-3+
—4}
-5 1 1 1 1 1 ] 1
20 25 3.0 3.5 4.0

1000 / T(K™

Fig. 10. Plots of log ¢ T versus 1000/ T for samples in Series I: x = 0.15
(@), x=02(0); x=025(®), x=03(O)and x = 0.33 (V).
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Fig. 11. Plots of logaT versus 1000/7 for samples in Series II: x =
0.35(@); x=04(A); x=045(x); x=0.5(®); x=0.55(+) and
x=0.6 (O).

presented in Table 2 together with the corresponding
composition and room temperature transport number
(#)) data obtained during the present investigation. It is
clear from Table 2 that the activation energies lie in the
region 0.29-0.49¢V. The observed ionic transport
number values in the case of Series I vary from 0.47-
0.98 when x is increased from 0.15 to 0.33 where as in
the case of Series II, the value of ‘4’ is almost constant,
i.e., 0.97-0.98 at ambient temperature.

The appearance of the second-order transition at
around 420K in the plot of logoT versus 1000/7 in
Fig. 10 is comparable to the f—o phase transition
temperature of Agl observed at 423K in the DSC
thermograms for the particular composition corre-
sponding to x = 0.33 in Series I of the mixed system
under investigation. In other words, the observed
electrical conductivity of 1.2x 107°Sem ™' in the case
of x=0.33 and the corresponding ionic transport
number of 0.98 appear to reveal the feasibility of
obtaining silver ionic conduction in the sample as in the
case of pure Agl [23]. However, the relatively lower
values of 0.47, 0.84, 0.94 and 0.94 noticed in the case of
x =0.15, 0.2, 0.25 and 0.3 may be attributed to the
mixed ionic/electronic transport within such composi-
tion. Furthermore, the ionic transport number is found
to increase from a relatively low value of 0.47 to as high
as 0.98, whereas the corresponding activation energy for
effective electrical transport is found to decrease from
0.49 to 0.29eV when x is increased from 0.15 to 0.33.
These features appear to suggest that the resultant solid

Table 2

The values activation energies for effective electrical conduction and
associated ionic transport number data for various compositions in the
mixed system (1—x) - Cul—x-Ag,Mo0, (0.15 <x<0.6)

Composition, X' Activation Tonic transport
energy, E, (eV) number, £
0.15 0.49 0.47
0.2 0.42 0.84
0.25 0.38 0.94
0.3 0.35 0.94
0.33 0.29 0.98
0.35 0.3 0.97
0.4 0.32 0.97
0.45 0.42 0.97
0.5 043 0.98
0.55 0.36 0.98
0.6 0.41 0.98

solution Cu;_,Ag,l (0<a<1) formed due to the solid-
state reaction between Cul and AgoMoQOy, as outlined by
Eqgs. (2)—(6) may be the probable source of mobile ion in
Series I of the mixed system. This argument is further
supported by the fact that the typical Cu;_,Ag,I solid
solution having 47 mol% of Agl was reported to behave
as a pure silver ionic conductor [24,25].

On the other hand, in the case of Series II, it is
interesting to note from Fig. 11 that the appearances of
the second-order phase transition temperatures at
around 420K in different samples having x = 0.35,
0.4, 0.45, 0.5 and 0.55 may be compared to the typical
endothermic transitions observed at 423, 423, 421, 420
and 420K in the corresponding DSC thermograms as
described earlier. It is therefore clear that all the peaks
may be due to the presence of Agl as one of the reaction
products in these compositions in accordance with the
proposed solid-state reactions (Eqgs. (7)—(12)). It is clear
from Table 2 that all the six different compositions of
Series II are ionic in nature, exhibiting ionic transport
number values of 0.97-0.98 at ambient temperature. The
fact that the observed electrical conductivity values are
the order of 107°~10>Scm ™' in the case of specimens
of Series II shows that Agl may be responsible for these
values. It is already obvious from Eqgs. (7)—(12) that Agl
is present in all these samples, thus indicating the
feasibility of silver ionic conduction in such composi-
tions. A comparison of the room temperature electrical
conductivity value of 1.5x107*Sem™' observed for
the best conducting specimen having x = 0.55 with
the corresponding value of 1.2 x 10>Scm ™! found for
the composition with x = 0.33 tend to suggest that the
higher conductivity of the former may be associated
with the presence of Ag,MoQOy (excess) thus providing a
more disordered structure as compared to the latter,
in accordance with the XRD results as well as

Egs. (6)~(11).
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Fig. 12. Normalized impedance spectra obtained for the sample
having x = 0.55 at different temperatures: 7 = 297K (O); 330K
(A): 380K (A) and 425K (@).

In the case of various specimens in Series II of the
present mixed system, it is seen that the observed ionic
transport number values lie in the region 0.97-0.98.
This means that the remaining 2-3% of contribution to
the total conductivity may be electronic in nature. The
origin of electronic conductivity in these samples may be
visualized in terms of the presence of metallic silver in
these cases. The formation of traces of metallic silver has
already been identified in the various specimens of Series
II. However, the deviation of the observed ¢; values from
unity in the case of samples having x = 0.15, 0.2, 0.25
and 0.3 may be attributed to the mixed conduction
involving electronic and/or Cu ™ ionic contribution.

3.4.2. Impedance and modulus spectra

It is obvious from the preceding section that the best
conducting composition of the mixed system
(1—x) - Cul-x- AgoMo0O,, namely 0.45Cul-0.55Ag,.
MoO, would exhibit an electrical conductivity of
1.5%x107*Scem ™! at 297 K. In order to understand the
conductivity behavior as a function of frequency and to
identify and separate the various electrode and grain-
boundary effects from the observed features of the bulk
specimen corresponding to the above composition,
temperature-dependant complex impedance and spectra
have been drawn. Fig. 12 shows the normalized im-
pedance spectra (Z”/Z . versus log w) obtained for the
sample having x = 0.55 at four different temperatures,
viz., 297, 330, 380 and 425 K, respectively. On the other
hand, Fig. 13 shows the normalized modulus spectra

1.2

max
™»

0.6+

Mll/M"

0.4 s

0.2+ 8

0.0 T

loge

Fig. 13. Normalized modulus spectra obtained for the sample having
x = 0.55 at different temperatures: 7 = 297K (O); 330K (A): 380K
(¢) and 425K (@).

(M" /Ml versus log ) obtained for the above sample
at 297, 330, 380 and 425K, respectively. In Fig. 12, the
observed shift in the high-frequency peak corresponding
to the bulk property of the sample towards higher
frequencies with increase in temperature suggests that
the bulk relaxation is a function of temperature and
would occur at higher frequencies at elevated tempera-
tures. From Fig. 13 it is seen that the modulus curves
observed at different temperatures are super impossible
and that the bulk property alone is noticed in the high-
frequency region. The observed broad nature of the
modulus spectrum may be considered as due to the
summation of different peaks separated from each other
by at least an order of magnitude on the frequency scale.
As a result, the peaks in the impedance and modulus
spectra would occur at different frequencies, the
impedance spectrum being narrower than the corre-
sponding modulus spectrum. It is also worthwhile to
mention that the long tail seen at lower frequencies in
the modulus spectra may be attributed to the larger
capacitance associated with the electrodes [26]. The non-
perturbed shape of the modulus spectra at different
temperatures clearly signifies the temperature indepen-
dence of the distribution of relaxation times (DRT), in
view of the multi-phase heterogeneous nature of the
present system Cul-Ag>,Mo00Q,. The physical significance
of the temperature independent DRT is that the
distribution of conductivities in the specimen due to
the various layers within the solid is temperature
independent [27].
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Fig. 14. Relative strengths of Agl (P') and Ag;MoQ, (P") as a function of composition (x): P’ (@) and P” (A).

3.4.3. Possible role of oxysalts in the effective electric
conduction of the mixed system

In the case of Agl-Ag oxysalt systems, the composi-
tion dependence of room temperature electrical con-
ductivity was reported to be linear with respect to the
total mole fraction of Agl present [28,29]. As the above
approach considered only those Ag” ions originating
from the dissociation of Agl as the mobile charge
carriers, the relative strength of Agl in the mixture of
Agl-Cu,Mo004-Ag,Mo00, (excess) may be defined as

P Agl
~ Agl + Ag,MoOy (excess)

(14)

and treated as a composition variable in the case of
Series II. As a consequence, the presence of Cu,MoOQOy,
and Ag,MoO, (excess) would be expected to have
insignificant influence on the migration pathways of
Ag” ions in this system. However, the large deviation in
the value of observed conductivity for the composition
with x = 0.55 from that of the remaining compositions
tends to suggest that the oxyanion framework may also
play a significant role in the effective electric conduction
phenomena. Under normal conditions, it may be
suggested that the presence of Cu,MoO,4 would suppress
the effect of Ag,MoO, (excess). Accordingly, in the
typical sample having x = 0.5, where the concentration
of both these oxysalts are equal the resulting effect
would be that of Agl only. However, the observed
conductivity of 1.2 x 107*Scm™'which is higher than
that of y-Agl may be attributed to the combined effects
of Cu,Mo00O,4 and Ag,MoQOy (excess) within the mixture.
Predictably, the formation of possible equilibrium
phases at a particular temperature may be controlled
by the concentration of two types of oxyanion salts

present, viz., Cu,MoO, and Ag,MoO, (excess) and
hence the relative strength of Ag,MoOQO, (excess) may be
expressed as
, Ag,MoOy (excess)
CuyMoOy, + Ag,MoOy (excess)’

(15)

Fig. 14 depicts the plots of P’ and P” as a function of
Ag>yMo0Q, content (x) within the different specimens of
the mixed system (1—x)-Cul-x- AgoMoQ,. It is inter-
esting to note from Fig. 14 that these two plots cross at
the typical value corresponding to x=0.55, which is
found to be the best conducting composition of the
present system. It is therefore, apparent from the above
discussion that the oxyanion salts such as Cu,Mo0O,4 and
Ag-MoO, (excess) may also influence of the system as is
evident on the basis of the most probable solid-state
reactions involved.

4. Conclusion

The present XRD, DSC and FT-IR results obtained
for the mixed system (1—x)-Cul-x-Ag,MoO, have
revealed the formation of solid solutions of the type
Cu;_,Ag.] (0<a<1) and Cu,MoOQOy, as probable reac-
tion products during melting where x = 0.15, 0.2, 0.25,
0.3 and 0.33, respectively, whereas solid phases includ-
ing Agl, Cu,MoO,4 and Ag,MoO, appear to constitute
those compositions involving x = 0.33, 0.35, 0.4, 0.45,
0.5, 0.55 and 0.6. Further investigations concerning
complex impedance analysis and ionic transport mea-
surements have suggested that the best conducting
composition having x = 0.55 would exhibit an electrical
conductivity of 1.5x 107>Scm ™" at 297K due to silver
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ionic transport. A series of solid-state reactions pro-
posed for all the various compositions of the chosen
system appear to substantiate the observed features.
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