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Abstract

The phenomenon of ionic transport in the case of two different mixed systems (CuI)(1�x)–(Ag2WO4)x(0.15pxp0.6) and

(CuI)(1�y)–(Ag2CrO4)y(0.15pyp0.5) has been investigated. Powder X-ray diffraction (XRD) analysis coupled with differential

scanning calorimetry (DSC), Fourier transform infrared (FT-IR), FT-Raman and electrical transport studies involving ionic

transport number and temperature-dependent electrical conductivity measurements have been carried out in order to identify the

various phases responsible for the conduction process. The occurrence of typical ionic conductivity values of 4.5� 10�3 Scm�1 for

the composition (CuI)0.45–(Ag2WO4)0.55 and 1.1� 10�4 Scm�1 in the case of (CuI)0.55–(Ag2CrO4)0.45 at room temperature has been

discussed in terms of the observed characteristics.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Fast ion conducting materials have attracted the
interest of many researchers in recent years because of
their potential application as electrolytes in solid-state
batteries, sensors, electrochemical displays and so on [1].
A number of such ion conducting systems have been
identified over the years and their electrical properties
investigated widely. More recently, development of a
new solid electrolyte system involving CuI and silver
oxyacid salt Ag2MoO4 was attempted by us through a
systematic study of ion transport, electrical and electro-
chemical properties [2,3]. It was demonstrated through
these studies that the effective electrical conduction in
several compositions of such systems may be correlated
to the constituent phases and their structural features as
well. Stimulated by this success, we have now extended
our investigation to two different pseudobinary mixed
systems namely, CuI–Ag2WO4 and CuI–Ag2CrO4
e front matter r 2004 Elsevier Inc. All rights reserved.
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through X-ray diffraction (XRD), differential scanning
calorimetry (DSC), Fourier transform infrared (FT-IR)
and electrical conductivity studies. The results thus
obtained have been discussed in the light of the
relationship between ionic conduction and phases
identified.
2. Experimental

Powder specimens of the solid systems (CuI)(1�x)–
(Ag2WO4)x(0.15pxp0.6) and (CuI)(1�y)–(Ag2CrO4)y
(0.15pyp0.5) were prepared from analar grade cuprous
iodide (CuI) and the respective silver oxyacid salt by
melt quenching method. Desired amounts of the starting
materials namely, CuI and Ag2WO4 in the case of
(CuI)(1�x)–(Ag2WO4)x, were annealed in Pyrex glass
tubes at 823K for 330min before being quenched in
liquid nitrogen. On the other hand, the specimens of
(CuI)(1�y)–(Ag2CrO4)y system were obtained by anneal-
ing cuprous iodide (CuI) and Ag2CrO4 together at 873K
in Pyrex glass tubes for 330min and quenching the same
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Fig. 1. Powder XRD patterns obtained for various compositions in
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into liquid nitrogen. Silver tungstate (Ag2WO4) and
Silver chromate (Ag2CrO4) used for the preparation
were initially precipitated from aqueous solutions of
AgNO3 and analar Na2WO4 or Na2CrO4 under safe-
light conditions.
The XRD patterns for each of the prepared samples

were obtained using a Siefert X-ray diffractometer with
CuKa1 radiation (l=1.541 Å). Differential scanning
calorimetric (DSC) experiments were carried out on a
Perkin Elmer Model DSC-7 calorimeter over the
temperature range 323–623K at a heating rate of 201/
min under nitrogen atmosphere. The FT-IR absorption
spectra in the 400–1000 cm�1 range were recorded for
the specimens on a Burger IFS66V FT-IR spectrometer,
by the KBr pellet method. FT-Raman spectrum for the
typical sample having x ¼ 0:45 in the (CuI)(1�y)–
(Ag2CrO4)y system, was obtained on a Burger IFS66V
FT-IR-Raman spectrometer with a 1064 nm excitation
of YAG laser at 200mW. The impedance measurements
were made on pellet samples of 8mm diameter
sandwiched between a pair of metallic silver disc
electrodes using a Hewlett Packard (model HP 4284A)
Precision LCR meter in the frequency range 20Hz–
1MHz from room temperature to 445K. For the
estimation of ionic transport number ti; open circuit
voltage (OCV) values of galvanic cells fabricated with
the configuration (�) Ag/Sample/I2 (+) were measured
and compared with the theoretical value of 687mV [4,5].
the (CuI)(1�x)–(Ag2WO4)x system: (a) x ¼ 0:15; (b) x ¼ 0:2; (c) x ¼

0:25; (d) x ¼ 0:3; (e) x ¼ 0:35; (f) x ¼ 0:4; (g) x ¼ 0:45 and (h) x ¼ 0:5:
3. Results and discussion

3.1. Phase identification

3.1.1. (CuI)(1�x)–(Ag2WO4)x System (0.15pxp0.6)

3.1.1.1. XRD and DSC data. The room temperature
XRD patterns obtained during the present investigation
for eight different compositions containing x ¼ 0:15;
0.2, 0.25, 0.3, 0.35, 0.4, 0.45 and 0.5 in the pseudobinary
mixed system (CuI)(1�x)–(Ag2WO4)x are shown in
Fig. 1. All the XRD patterns presented in Fig. 1 are
found to show well-defined diffraction lines correspond-
ing to various phases in the rapidly quenched
(CuI)(1�x)–(Ag2WO4)x mixture, whereas similar XRD
patterns obtained in the case of x ¼ 0:55 sample (not
shown) were rather broad and free from any strong and
definite diffraction lines thereby indicating its amor-
phous-like nature. The detection and identification of
reflection lines in the XRD patterns have been carried
out through the XRD analysis software XRDA aided by
JCPDS-International Center for Diffraction Data. On
the other hand, the XRD pattern obtained for x ¼ 0:6
appeared to contain only few feable peaks (not shown).
The analysis of individual XRD patterns representing

different compositions in Fig. 1, appears to indicate the
presence of a set of three prominent diffraction lines
(marked 1), which are consistent with the g-phase of CuI
[6], while being indexed as (111), (220) and (311) on the
basis of the face centered cubic unit cell of the space
group F �43m: These reflection lines with peak values at
2Y=24.7941, 40.9981 and 48.5161 in the XRD pattern
for the typical composition with x ¼ 0:15; have their
peak values shifted towards lower 2Y values in the case
of higher x value patterns. Subsequently, their peak
values of 2Y=23.7051, 39.1851 and 46.2321 for x ¼ 0:5
(marked !) are found to match those for g-AgI [7]. The
lattice parameter values of 6.222, 6.288, 6.355, 6.41,
6.393, 6.42, 6.442 and 6.496 Å estimated on the basis of
their X-ray line positions analyzed using the standard
software XRDA tend to suggest the formation of solid
solutions of the type AgaCu1�aI (0oao1) between ionic
salts such as AgI and CuI. Further, an interesting aspect
of these solid solutions is that they exist over an entire
concentration range [8,9] and their lattice parameters
vary according to Vegard’s law [10]. The fact that the
relationship between concentration and lattice para-
meter of AgaCu1�aI obeys Vegard’s law, give us the
liberty to derive the stoichiometry of any hypothetical
member of the (Ag,Cu)I family of solid solution directly
from their lattice parameter values as explained elabo-
rately in our previous paper [2]. Accordingly, the
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Fig. 2. DSC thermograms recorded for the samples in (CuI)(1�x)–

(Ag2WO4)x system: (a) x ¼ 0:15; (b) x ¼ 0:2; (c) x ¼ 0:25; (d) x ¼ 0:3;
(e) x ¼ 0:45; (f) x ¼ 0:5; (g) x ¼ 0:55 and (h) x ¼ 0:6:
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individual members of solid solutions in the case of x ¼

0:15; 0.2, 0.25, 0.3, 0.35, 0.4 and 0.45 are identified to be
Cu0.63Ag0.37I, Cu0.48Ag0.52I, Cu0.32Ag0.68I, Cu0.2Ag0.8I,
Cu0.24Ag0.76I, Cu0.17Ag0.83I and Cu0.12Ag0.88I, respec-
tively. In view of the fact that the present work concerns
with a qualitative analysis of various phases, the authors
did not contemplate chemical analysis of individual
compositions, though it would have provided more
information.
On the other hand, the set of diffraction lines (marked *),

noticed in all these patterns appear to indicate the
presence of CuWO4 (triclinic, space group P�1), in the
range 0.15pxp0.5 [11,12]. However, there are some
challenges involved in the identification of reflection
lines from other minor phases like CuO (marked+) and
Cu2WO4. The reflections from these minor phases may
be either weak or overlapping with reflections from the
CuWO4 phase. This concerns the reflection lines of
CuO, (111) and (�111) at 2Y=38.751 and 35. 561 as
they overlap with the (200) and (0�21) reflections of
CuWO4, respectively, in the XRD patterns of x ¼ 0:3;
0.35, 0.4, 0.45 and 0.5. Similarly, the (020) reflection
corresponding to CuWO4 seems to overlap with the
possible (2�21) reflection lines of Cu2WO4. However,
the absence of the next intense line corresponding to
(�102) and (300) in the X-ray patterns is indicative of
the fact that the reflection line at 2Y=30.8061 may not
be the one associated with Cu2WO4. Further a
particular line that appears at 2Y=38.21, in the case
of Figs. 1(e), (f) and (g), may be due to the presence of
metallic silver (marked n) in the case of samples having
x ¼ 0:35; 0.4 and 0.45.
One of the most interesting features of these XRD

results is the identification of solid solutions of the type
AgaCu1�aI, formed due to the solid-state reaction
occurring between the starting materials namely, CuI
and Ag2WO4 during the melting process. The structure
of this particular mixed system AgaCu1�aI has been
widely studied and it is known that AgaCu1�aI
(0.5pap1) undergoes a phase transition to a-form
(anions form a bcc structure) over the temperature range
420–550K [13], whereas AgaCu1�aI (0oao0.5) in the
temperature between 550 and 660K changes into
probable a-form (anions form fcc crystal structure)
[14]. On the other hand, the phase diagram of the
(Cu,Ag)I system was reported by Nolting [15]. However,
the other major phase in the chosen system namely
CuWO4 having triclinic structure space group P�1; is
not known to undergo any phase change at high
temperatures [16].
Fig. 2 depicts the DSC thermograms recorded for the

various compositions having x ¼ 0:15; 0.2, 0.25, 0.3,
0.45, 0.5, 0.55 and 0.6 in the mixed system
(CuI)(1�x)–(Ag2WO4)x. The endothermic peaks that
appear at 593, 560, 541, 470 and 459K in the case of
DSC plots for x=0.15, 0.2, 0.25, 0.3 and 0.45
compositions are found to agree with the g ! a phase
transition temperature of AgaCu1�aI solid solution
indicated by Nolting [15]. These thermal features appear
to indicate that the solid solutions in the composition
range x ¼ 0:1520:45 follow their compositions esti-
mated from XRD, while the appearance of an endo-
thermic peak at 421K in the case of the particular
sample having x ¼ 0:5; may be attributed to the g ! a
phase transition temperature of AgI [17]. Similarly, the
occurrence of an endothermic peak at 424K in the case
of x ¼ 0:6 compositions is an indication of the presence
of g-AgI as one of their constituent phases. On the other
hand, the endothermic peak that appears at 569K in the
case of x ¼ 0:55 composition is found to compare well
with the observed melting temperature of AgI–Ag2WO4

glasses [18–20]. It reveals the presence of Ag2WO4, that
could be treated as Ag2WO4 (excess) [2], once the limit
of the solid-state reaction between CuI and Ag2WO4 has
been achieved with x ¼ 0:45 composition.

3.1.1.2. FT-IR analysis. Fig. 3 depicts the FT-IR
spectra obtained for x ¼ 0:5; 0.55 and 0.6 compositions
in the (CuI)(1�x)–(Ag2WO4)x system though the ex-
pected bands for the solid solutions AgaCu1�aI fall in
the Far-IR region. It is interesting to note from Fig. 3
that the vibration bands observed at 895, 749, 613, 558
and 464 cm�1 in the case of x ¼ 0:5 agree well with that
of crystalline CuWO4 [21]. In fact, the presence of
CuWO4 in the sample having x ¼ 0:5 has already been
confirmed by the XRD studies as well. Similarly, in the
FT-IR spectra for x ¼ 0:55 and 0.6 compositions, those
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Fig. 3. FT-IR spectra observed for the specimens: (a) x ¼ 0:5; (b)
x ¼ 0:55 and (c) x ¼ 0:6 in the (CuI)(1�x)–(Ag2WO4)x system.

Fig. 4. Powder XRD patterns obtained for various compositions in

the (CuI)(1�y)–(Ag2CrO4)y system: (a) y ¼ 0:15; (b) y ¼ 0:2; (c) y ¼

0:25; (d) y ¼ 0:3; (e) y ¼ 0:33; (f) y ¼ 0:4; (g) y ¼ 0:45 and (h) y ¼ 0:5:
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bands observed at 902, 742 and 469 cm�1 may be
attributed to the CuWO4 phase [21], while the presence
of a new band at 827 cm�1 is comparable to the
vibration band at 830 cm�1 noticed in AgI–Ag2WO4

glasses [18]. Therefore, it is reasonable to assume that
both x ¼ 0:55 and 0.6 samples possess octahedral WO6

units of Ag2WO4 designated as Ag2WO4 (excess) as well.
Interestingly, the structure of CuWO4 as revealed by
XRD studies is considerably different from that of
Ag2WO4 (crystal) containing octahedral WO6 units
[22,23]. Since, the tungsten atom in CuWO4 is located
within a slightly distorted octahedron, it is considerably
displaced from the center [12]. Therefore, in the light of
these facts, it is reasonable to assume that the oxyanion
structure in these samples consists mostly of WO6 units.

3.1.2. (CuI)(1�y)–(Ag2CrO4)y system (0.15pyp0.5)

3.1.2.1. XRD and DSC results. Fig. 4 depicts the room
temperature powder XRD patterns obtained for eight
different samples in the mixed system (CuI)(1�y)–
(Ag2CrO4)y where y ¼ 0:15; 0.2, 0.25, 0.3, 0.33, 0.4,
0.45 and 0.5, respectively. In the XRD patterns
presented in Fig. 4, those lines indexed as (111), (220)
and (311), correspond to the reflections from AgaCu1�aI
(0oao1) solid solution (marked 1) or AgI (marked !),
identified on the basis of Zinc blende structures of g-CuI
and g-AgI; fcc unit cell with ‘a’ values 6.06 and 6.496 Å,
respectively. As in the case of (CuI)(1�x)–(Ag2WO4)x
system, the calculated lattice parameter values of 6.24,
6.32, 6.42 and 6.46 Å, reveal the individual solid
solutions in the rapidly quenched samples of y ¼ 0:15;
0.2, 0.25 and 0.3 compositions as Cu0.59Ag0.41I, Cu0.4
Ag0.6I, Cu0.17Ag0.83I, and Cu0.06Ag0.94I, respectively,
whereas the appearance of those peaks at 2Y=23.72,
39.12 and 46.231 in Figs. 2(d)–(g) indicates the presence
of g-AgI in y=0.33, 0.4, 0.45 and 0.5 compositions. The
presence of AgI in these compositions is indicative of the
fact that the solid-state reaction between CuI and
Ag2CrO4 has proceeded until the solid solution of the
type Cu1�aAgaI is complete, which is further confirmed
by the features of DSC plots shown in Fig. 5. The
occurrence of endothermic peaks ascribable to the g !
a phase transition of AgI at 420K in the DSC plots of
y ¼ 0:3320:5 compositions tends to notify the presence
of AgI, whereas the set of endothermic peaks that occur
at 579, 547, 458 and 426K in the case of y ¼ 0:15; 0.2,
0.25 and 0.3 compositions are comparable to the
transition temperatures of AgaCu1�aI solid solutions
present within these samples.
A careful analysis of the XRD patterns in Fig. 4 also

reveals the formation of various other phases apart from
AgaCu1�aI solid solution or AgI. The onset of forma-
tion can be witnessed from the observed lines corre-
sponding to CuCr2O4 (marked *) and new phase
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Fig. 5. DSC thermograms recorded for the samples in (CuI)(1�y)–

(Ag2CrO4)y system: (a) y ¼ 0:15; (b) y ¼ 0:2; (c) y ¼ 0:25; (d) y ¼ 0:3;
(e) y ¼ 0:33; (f) y ¼ 0:4; (g) y ¼ 0:45 and (h) y ¼ 0:5:

Fig. 6. FT-IR spectra observed for the specimens: (a) y ¼ 0:4; (b) y ¼

0:45 and (c) y ¼ 0:5 in the (CuI)(1�y)–(Ag2CrO4)y system.

S.A. Suthanthiraraj, Y.D. Premchand / Journal of Solid State Chemistry 177 (2004) 4126–41354130
(marked ?), in the XRD patterns of y ¼ 0:2520:5
composition range. Interestingly, peaks noticed at
2Y=32.831, 32.221, 37.241 and 39. 971, in the XRD
patterns for y ¼ 0:5 (marked +), composition is found
to match exactly with those peaks observed for an
intermediate compound AgI–2Ag2CrO4 and reported in
the phase diagram studies of AgI–Ag2CrO4 glasses [19].
In fact, the formation of AgI–Ag2CrO4 phase in the case
of y40:33 compositions is a reality as the amount of
Ag2CrO4 in excess of the limiting composition has led to
the presence of Ag2CrO4 (excess) in the reaction melt
once the solid-state reaction between CuI and Ag2CrO4

is over. Further evidence into this argument may be due
to the additional endothermic peaks observed in the
DSC plots of these compositions apart from those
corresponding to AgI. The endothermic peak at 479K
in the DSC plots for those samples having y ¼ 0:4 and
0.45 and that at 478K in the case of y ¼ 0:5 as shown in
Fig. 5 are similar to the endothermic peak observed in
the case of AgI–Ag2CrO4 glasses having higher con-
centration of AgI (67–100mol% AgI) which is at least
5–10K below 488K, the eutectic point observed in the
case of AgI–Ag2CrO4 glasses having 78mol% AgI [19].
The appearance of an additional endothermic peak at
569K apart from the set of endothermic peaks at 420
and 478K in the case of y ¼ 0:5 may be associated with
the melting of AgI–Ag2CrO4 phase in the mixture, as is
evident from the phase diagram for AgI–Ag2CrO4

glasses [19]. Therefore, the DSC results have indicated
the unambiguous presence of AgI–Ag2CrO4 (excess)
phase in the samples having y ¼ 0:4; 0.45 and 0.5 apart
from AgI, CuCr2O4 and other minor phases identified
by XRD results.
3.1.2.2. FT-IR and FT-Raman results. Fig. 6 displays
the FT-IR spectra obtained for those samples having
y ¼ 0:4; 0.45 and 0.5, in the mixed system
(CuI)(1�y)–(Ag2CrO4)y. The observed FT-IR spectra of
these samples show a strong absorption band at
879 cm�1 and a shoulder at about 851 cm�1, which
may be, respectively, assigned to the n3 and n1 modes of
vibration of tetrahedral CrO4

2� ions [21]. Hence, it is
apparent that CrO4

2� ions constitute the anionic species
in the range y ¼ 0:420:5: Furthermore, Fig. 7 presents
the FT-Raman spectrum obtained for the typical
composition y ¼ 0:45: The FT-Raman spectrum ob-
served in the range 100–1200 cm�1 has been resolved
into three Lorentzian peaks at 352, 465 and 815 cm�1,
respectively. The most intense peak, which appears at
about 815 cm�1, in the spectrum, may be compared with
the Raman peak observed at 811 cm�1 due to Cr (IV)–O
stretching, in the case of solid Ag2CrO4 [24] whereas,
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Fig. 7. FT-Raman spectra observed for the typical composition

(CuI)0.55–(Ag2CrO4)0.45 in the (CuI)(1�y)–(Ag2CrO4)y system.

Fig. 8. Complex impedance plots obtained for the typical composition

having x ¼ 0:2 in the system (CuI)(1�x)–(Ag2WO4)x at different

temperatures.

Fig. 9. Temperature dependence of conductivity for various samples in

the (CuI)(1�x)–(Ag2WO4)x (0.15pxp0.6) system.
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those Raman peaks at 352 and 465 cm�1 may be
assigned to the n2 and n4 modes of vibration in CrO4

2�

anions [25].

3.2. Electrical conductivity results

3.2.1. (CuI)(1�x)–(Ag2WO4)x system (0.15pxp0.6)

Fig. 8 depicts the complex impedance plots obtained
at different temperatures for x ¼ 0:2 composition in the
(CuI)(1�x)–(Ag2WO4)x system. It may be observed from
Fig. 8 that the impedance plot at room temperature
(293K) is a well-defined semicircle as the intersection of
low frequency end of the semicircle with the Z0-axis
pertaining to the bulk was used to determine the
effective electrical conductivity (s). On the other hand,
the high temperature impedance plots are found to
show the presence of a low frequency arc, which arises
due to the effect of electrode polarization and is
incomplete in the frequency range, studied. The value
of bulk conductivity at these temperatures was estimated
from the intersection point of the high frequency
semicircles on the real axis. It is also interesting to note
from these plots that the intersection point correspond-
ing to bulk impedance tends to shift towards lower and
lower Z0 values with increase in temperature indicating
that ion diffusion is thermally activated.
The effective electrical conductivity values for various

compositions in the (CuI)(1�x)–(Ag2WO4)x system are
shown in Fig. 9 as a function of reciprocal of absolute
temperature. A careful examination of Fig. 9 reveals
that among the set of log sT vs. 1000/T plots shown for
various compositions, those plots corresponding to the
compositions x ¼ 0:5 and 0.6 are found to indicate an
abnormal increase in conductivity at around 420K. This
behavior of conductivity with temperature corresponds
to the transition of silver iodide from b to a phase, as in
the case of AgI–Ag2WO4 [20]. However, the conductiv-
ity increase in these compositions appears to be more
gradual than an abrupt increase noticed in the case of
AgI–Ag2WO4 glasses, perhaps due to the presence of
CuWO4 and CuO in the reaction mixture. On the other
hand, the variation of log sT with 1000/T for all the
other compositions is found to be linear with a negative
slope, suggesting an Arrhenius type of behavior for
conductivity (s), over the temperature range 293–420K,
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except in the case of a typical composition with x ¼

0:55; where the electrical conductivity values are not
consistent beyond 350K. The apparent (effective)
activation energy values for the effective electric
conduction in the above compositions have been
evaluated from the slopes of the best-fit lines obtained
for their respective Arrhenius plots.
Table 1 presents the room temperature conductivity

(s293 K) values for various compositions in the
(CuI)(1�x)–(Ag2WO4)x system along with their activa-
tion energy values for effective conduction and the ionic
transport number data (ti) evaluated at 293K by EMF
technique. It is obvious from Table 1 that the best
conducting composition namely, (CuI)0.45–(Ag2
WO4)0.55, which contains an amorphous framework
exhibits an effective electrical conductivity value of
4.5� 10�3 Scm�1 at room temperature (293K), while
two other compositions x ¼ 0:5 and 0.6 are found to
possess effective electrical conductivity values of
1.3� 10�4 and 2.6� 10�4 Scm�1, respectively. The fact
that these compositions posses a large transport number
value of 0.99 at room temperature (293K) and effective
electrical conductivity values of the order of
10�4–10�3 Scm�1 appears to reveal the feasibility of
obtaining appreciably high silver ion conduction as in
the case of similar pseudobinary mixed system,
AgI–Ag2WO4 [18,20] which may be explained further
on the basis of the constituent phases in these samples.
Obviously, the observed conductivity data for x ¼ 0:55
is much larger than x ¼ 0:5 and 0.6 and comparable to
that of well-known silver ion conducting AgI–Ag2WO4

solid electrolyte system. During the present investiga-
tion, the occurrence of an electrical conductivity of the
order of 10�3 Scm�1 at room temperature for x ¼ 0:55
may be reasonably attributed to the presence of AgI
dispersed in an amorphous framework as revealed by
the XRD results. Furthermore, the abnormal variation
in conduction noticed in the remaining compositions
Table 1

Results of electrical transport studies for various compositions in the

mixed system (CuI)(1�x)–(Ag2WO4)x (0.15pxp0.6)

Composition x Room

temperature

conductivity

s293 K Scm�1

Activation

energy Ea (eV)

Ionic transport

number ti

0.15 2� 10�6 0.41 0.53

0.2 6.2� 10�6 0.41 0.74

0.25 4.3� 10�6 0.42 0.79

0.3 8.3� 10�6 0.42 0.85

0.35 4.1� 10�6 0.40 0.81

0.4 2.1� 10�6 0.39 0.84

0.45 6.9� 10�6 0.37 0.87

0.5 1.3� 10�4 0.36 0.99

0.55 4.5� 10�3 0.36 0.99

0.6 2.6� 10�4 0.39 0.99
may be correlated satisfactorily to the presence of
constituent phases such as CuWO4 and CuO but the
relative content of these phases has not been ascertained
quantitatively.
Copper (I) iodide is a solid electrolyte with Cu+ fast

ion conduction in the high temperature a and b phases,
where as the low temperature zinc blende type CuI is
found to exhibit ionic conductivity only of the order of
10�7 Scm�1 [26,27]. In the present study, CuI in the g
form has been allowed to react with Ag2WO4 having an
electrical conductivity in the order of 10�9 Scm�1 [20], at
high temperature and an attempt made to freeze their
reaction product by quenching them to liquid nitrogen
temperature. Based on the XRD and DSC studies these
phases are identified to be AgaCu1�aI solid solution,
CuWO4 and CuO in the case of samples having x ¼

0:15; 0.2, 0.25, 0.3, 0.35, 0.4 and 0.45, whereas AgI
happens to be the halide phase formed due to the solid-
state reaction between CuI and Ag2WO4 in the x ¼ 0:5
composition. As is well known, AgI has three different
modifications. Under ordinary temperature and pres-
sure, it crystallizes in Zinc blende type (g-AgI) and
wurzite type (b-AgI), and at 420K it transforms to the
high temperature phase (a-AgI), which has a bcc
structure [28]. a-AgI is a fast ionic conductor with silver
ions as the mobile species and its electrical conductivity
of 1� 101 Scm�1 at 423K, is 104 or 106 times larger than
that of g or b phase [29]. The activation energies of
conduction for g- and b-AgI at near room temperature
are about 0.31 and 0.41 eV, respectively [30]. On the
other hand, CuWO4, which is the other major phase in
the mixture, is a known electronic conductor with an
electrical conductivity of 9.26� 10�12 Scm�1 at 301K
[16].
Silver iodide is also known to form high conducting

solid electrolytes with many complex salt systems. The
silver iodide–oxyacid salt combinations, for example,
are mostly high conductive with considerably less
activation energy whereas their ionic transference
numbers are almost unity [31]. In particular, AgI–Ag2
WO4 glasses investigated by many researchers including
Ag6I4WO4 solid electrolyte synthesized by Takahashi
et al. [20] were found to have ambient temperature
electrical conductivities as large as 10�2 Scm�1 and very
low activation energies around 0.16 eV, at ambient
conditions. Similar highly conducting solid electrolytes
prepared by the authors within the pseudobinary system
of CuI–Ag2MoO4 by rapid quenching were found to
contain mixtures of AgI, Ag2MoO4 (excess) and
Cu2MoO4 phases and the role of these oxysalts in
conduction phenomenon has also been successfully
discussed in detail [3,4]. However, the preparatory
condition of the present (CuI)(1�x)–(Ag2WO4)x system
is such that the availability of oxygen for the oxidation
of copper cannot be ruled out. As a consequence,
Cu2WO4 would probably have transformed in the
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Fig. 10. Temperature dependence of conductivity for various samples

in the (CuI)(1�y)–(Ag2CrO4)y (0.15pyp0.5) system.

S.A. Suthanthiraraj, Y.D. Premchand / Journal of Solid State Chemistry 177 (2004) 4126–4135 4133
presence of air into CuWO4 and CuO [32], whereas, the
presence of AgI and Ag2WO4 phases within the solid
(CuI)0.45–(Ag2WO4)0.55 is already evident from the DSC
results. Further, the observed room temperature elec-
trical conductivity value of 4.5� 10�3 Scm�1 is found to
be at least three orders of magnitude higher than the
typical conductivity value 10�6 Scm�1 observed for g-
AgI and on a par that of AgI–Ag2WO4 glasses.
Therefore, it is reasonable to attribute the observed
effective electrical conductivity of the x ¼ 0:55 composi-
tion in the (CuI)(1�x)–(Ag2WO4)x system to the presence
of AgI dispersed in a an amorphous framework.
It is also worthwhile to mention that room tempera-

ture electrical conductivity values only of the order of
10�6 Scm�1, could be observed in the case of x ¼ 0:15;
0.2, 0.25, 0.3, 0.35, 0.4 and 0.45 compositions having
AgaCu1�aI solid solution as the constituent halide
phase. Studies on ion conducting AgaCu1�aI (0oao1)
solid solutions in g-phase carried out earlier in our
laboratory have suggested effective electrical conductiv-
ity values of the order of 10�6–10�5 Scm�1 for these
solid solutions and activation energies for ionic migra-
tion in 0.43–0.54 eV range [33]. These observations are
found to be in good agreement with the results of
temperature-dependent conductivity measurements
made by Brightwell et al. [34]. Further, those solid
solutions in the higher side of AgI were reported to
behave like pure silver ion conductors with unit
transport number by Schmidt and Bazan [35] whereas
their total electrical conductivity values were much
lower than AgI but higher than that for CuI. The
observed effective electrical conductivity values of those
samples in the x ¼ 0:1520:45 range are comparable to
the effective electrical conductivity values of AgaCu1�aI
solid solutions and their apparent (effective) activation
energy values of 0.41, 0.41, 0.42, 0.42, 0.40, 0.39, 0.37
indicate a similar conductivity process at low tempera-
tures. These transport features strongly suggest that
AgaCu1�aI solid solutions formed due to the solid-state
reaction between CuI and Ag2WO4, may have a major
role in the effective electric conduction of these
compositions in the mixed system.
Interestingly, during the measurement of ‘ti’ by the

EMF technique involving silver anode solid-state cells of
the type (�) Ag/Sample/I2 (+), it was reported that
Cu+ ions do not contribute any potential to the
measured EMF owing to their lower oxidation potential
as compared to that of Ag+ ions [36]. Hence, it is
reasonable to argue that the measured ti values would
not contain any contribution from Cu+ ions. Accord-
ingly, ti values of 0.53, 0.74, 0.79, 0.85, 0.81, 0.84 and
0.87 noticed in the case of x ¼ 0:15; 0.2, 0.25, 0.3, 0.35,
0.4 and 0.45 indicate that the remaining contribution to
the total conductivity may be due to other ionic species
namely, Cu+ ions and electronic conduction in view of
the fact that the above samples are identified to be a
mixture of AgaCu1�aI (0pap1) solid solution and
CuWO4 by the present XRD, DSC and FT-IR studies.

3.2.2. (CuI)(1�y)–(Ag2CrO4)y system (0.15pyp0.5)

Fig. 10 shows the plots of log sT obtained as a
function of (1000/T) for the eight typical compositions
in the (CuI)(1�y)–(Ag2CrO4)y(0.15pyp0.5) system over
the temperature range 295–445K. It is observed from
Fig. 10 that the conductivity plots representing y ¼ 0:3;
0.33, 0.4, 0.45 and 0.5 compositions show an abnormal
increase in conductivity above 420K. This sudden
change in the behavior of y ¼ 0:33; 0.4, 0.45 and 0.5
compositions may be compared to the typical endother-
mic transitions noticed at 421, 422, 421 and 421K
corresponding to the b-a phase transition temperature
of AgI noticed in the DSC thermograms. Similarly, the
observed increase in conductivity at around 425K in the
plot of log sT vs. 1000/T for the y ¼ 0:3 composition
agrees quite well with the phase transition witnessed in
the isothermal conductivity plots of Ag0.94Cu0.06I solid
solutions [33] and comparable to the endothermic peak
observed at 426K in the DSC curves. On the other
hand, the conductivity curves for those compositions in
the y ¼ 0:1520:3 range show no abrupt change phase
transition up to 445K. The observed straight-line
behavior of these plots of log sT vs. 1000/T is indicative
of the fact that such compositions exhibit Arrhenius-
type of conductivity variation.
The apparent (effective) activation energy values for

ionic migration calculated from these plots have been
listed in Table 2 along with the effective electrical
conductivity values at room temperature (s295 K) and
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Table 2

Results of electrical transport studies for various compositions in the

mixed system (CuI)(1�y)–(Ag2CrO4)y (0.15pyp0.5)

Composition y Room

temperature

conductivity

s293K Scm
�1

Activation

energy Ea (eV)

Ionic transport

number ti

0.15 3.7� 10�6 0.37 0.45

0.2 4.0� 10�6 0.35 0.81

0.25 5.4� 10�6 0.33 0.94

0.3 2.9� 10�5 0.33 0.97

0.33 3� 10�5 0.33 0.99

0.4 2.1� 10�6 0.32 0.99

0.45 1.1� 10�4 0.29 0.99

0.5 2.9� 10�5 0.4 0.99
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ionic transport number data (ti) evaluated by EMF
technique at 295K. It can be seen from Table 2 that
compositions of y ¼ 0:15; 0.2, 0.25 and 0.3 posses
effective electrical conductivity (s295) values quite
comparable with that of AgaCu1�aI solid solutions.
The transport number ‘ti’ values estimated by EMF
technique indicate that both Ag+ and Cu+ ions are
active and their activation energies calculated from the
log sT vs. 1000/T plots lie in the 0.37–0.33 eV region.
The XRD and DSC results have indicated these
compositions as a mixture of AgaCu1�aI solid solution
and other minor phases including CuCr2O4. Under
isolated conditions, the ambient temperature (electronic)
conductivity of spinel structured CuCr2O4 is practically
negligible when compared with the observed electrical
conductivity values of AgaCu1�aI solid solutions.
Accordingly, it is obvious that the AgaCu1�aI solid
solution has a major role in the effective electrical
conductivity of these specimens.
On the other hand, the XRD and DSC results have

revealed the formation of AgI due to solid state reaction
between CuI and Ag2CrO4 in the case of x ¼ 0:33; 0.4,
0.45 and 0.5 compositions, whereas the presence of
Ag2CrO4 (excess) is confirmed by the thermal analysis
and spectral studies. In view of these revelations, the
influence of AgI and Ag2CrO4 phases on the transport
properties of these compositions may be analyzed in
the light of the arguments dealing with (CuI)(1�x)–
(Ag2WO4)x system in the preceding section. These
compositions have an ambient temperature ionic trans-
port number ‘ti’ value of 0.99 and their activation energy
calculated from the Arrhenius relationship is found to
be the lowest for the highest conducting composition
y ¼ 0:45: In other words, an appreciably high electrical
conductivity of 1.1� 10�4 Scm�1 has been realized in the
case of the sample with y ¼ 0:45 that possesses the
lowest activation energy value of 0.29 eV. This effective
electrical conductivity value is at least two orders of
magnitude higher than that for g-AgI and may be
attributed to AgI and Ag2CrO4 (excess) phase, the
presence of which is evident from the results of the XRD
and DSC studies.
4. Conclusions

The present investigation on (CuI)(1�x)–(Ag2WO4)x
(0.15pxp0.6) and (CuI)(1�y)–(Ag2CrO4)y (0.15p
yp0.5) solid electrolyte systems has indicated their
multi-phase nature. The occurrence of the best ionic
conduction in the composition (CuI)0.45–(Ag2WO4)0.55
is due to the presence of AgI dispersed in an amorphous
framework. Similarly, the best conducting composition
in the latter system namely, (CuI)0.55–(Ag2CrO4)0.45 has
been attributed to the formation of AgI.
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