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Abstract. AC conductivity results are obtained by incorpo-
rating various guest iso-valent and alio-valent cations within
the solid solubility limit with different ionic radii in both
the structural modifications ofAg2SO4. The solid solubili-
ty limits up tox ≤ 3 mole% for monovalent,x ≤ 5.27 mole%
for divalent andx ≤ 3.63 mole% for trivalent cation doped
Ag2SO4 are set with XRD, SEM, IR and DSC techniques.
A predominant dependence of conductivity on the ionic size
of iso- and alio-valent cations is observed. In particular, the
conductivity enhances in bothα andβ phases, despite hav-
ing a lower ionic-size dopant cation (relative to that ofAg+)
in the transition element cation dopedAg2SO4. Ca2+, Ba2+,
Y3+ andDy3+ doped samples show depature from the regular
behaviour in theβ-phase. The conductivity behaviour is dis-
cussed considering ionic size, valence and electronic structure
of the guest cations.

PACS: 66.30; 61.7; 82.45

Amongst all sulphate-based solid electrolytes, silver sulphate,
a non-alkali metal sulphate, is an exception which shows
high cationic conductivity in spite of the bigger size of
Ag+ (1.26Å). It undergoes a phase transition from the high-
temperature highly conducting hexagonalα-phase to the low-
temperature moderately conducting orthorhombicβ-phase at
416◦C. It attracted scant attention till its potential applica-
tion in SOx galvanic sensors was proved [1]. Recently, ever
since the concept of using a metal/metal sulphate reference
electrode in solid electrochemical gas sensors evolved, it has
attracted a great deal of attention. It exhibits many advan-
tages over other sulphate-based solid electrolytes in engineer-
ing SO2 gas sensors like: (i) coexistence ofAg−O−S phase
in Ag/Ag2SO4; (ii) equilibration of antagonistSO2−

4 (solid)
with SO2/SO3 (gas); (iii) invariance of high ionic conductiv-
ity over theSOx environment, etc. [2–4].

In contrast to earlier reports [5], our preliminary investiga-
tions reveal that in addition to valence, the ionic size and elec-
tronic structure of doped cations do play an important role in
ion transport through the solid in low-temperature phases of
sulphates [6–9]. The present work attempts a systematic and

in-depth study on the influence of lattice distortion and role
of electronic structure caused by iso-valent and alio-valent
(d-block, s-block and rare-earth cations) onAg+ mobility in
hexagonalα- and orthorhombicβ-Ag2SO4 to understand the
fundamental conduction mechanism and simultaneously to
obtain an apt silver sulphate based material forSO2 gas sen-
sor.

1 Experimental

The initial ingredients Ag2SO4, Me2SO4, MSO4 and
M′

2(SO4)3 (where Me = Li , Na, K, Rb, Cs; M = Co, Ni,
Mn, Mg, Cu, Ca, Ba, Zn, Pb, Sr, and M′ = La, Y, Dy,
Sm, Gd) with assay more than99.99% were procured from
Aldrich Chemicals (USA). These pre-dried initial ingredients
with mole fractions (100−x)Ag2SO4:(x)Me2SO4 (where
x = 0–7),(100−x)Ag2SO4:(x)MSO4 and(100−x)Ag2SO4:
(x)M′

2(SO4)3 (where x = 0–10) were mixed in an agate
mortar under acetone for2 h. The compositions were filled
in translucent quartz ampules (to avoid photo decomposi-
tion of Ag2SO4) and were heated in an electric furnace to
a temperature20◦C above the melting-point. Later, the melt
was allowed to crystallize by cooling at a cooling rate of
1.5 ◦C min−1. The ingots obtained by breaking the ampules
were pulverized to get a fine powder. The prepared sam-
ples were characterized by X-ray powder diffraction (XRD)
(Philips PW 1700 diffractometer attached with PW 1710 con-
trolling unit) using CuKα radiation. The solid–solid phase
transition temperature and the heat of transition were stud-
ied by differential scanning calorimetry (DSC) using Mettler
TA 4000, DSC 25 at a heating rate of10◦C min−1. The mi-
crostructures were examined with the help of scanning elec-
tron microscope (SEM) (Cambridge 250 Mark-III stereoscan
electron microscope). Using infrared (IR) spectroscopy, the
stack plots of the samples were recorded in several spectral
regions of interest using a Perkin-Elmer 983 IR spectrometer.

For electrical characterization, the specimens were ob-
tained in the form of circular discs of9 mm diameter and
2 mm thickness by pressing the powder with the help of
a Specac (UK) stainless steel die-punch and hydraulic press.



206

The pellets so obtained were sintered at500◦C for 24 h. Prior
to spring loading of the pellets between silver electrodes,
a good ohmic contact was ensured by using a quality silver
paint on both opposite parallel surfaces of the pellet, followed
by baking at200◦C for 2 h. Preceding the impedance meas-
urement, the spring-loaded sample was heated to510◦C for
an hour to homogenize the charge carriers in the sample and
simultaneously to remove the moisture content therein. Later,
the temperature of the furnace was reduced in step of20◦C
at a cooling rate of2 ◦C min−1. At the end of each cycle the
sample was allowed to attain thermal equilibrium for a dwell
time of 30 minutes using a Eurotherm 810 PID temperature
controller. At the end of each dwell time, the real and imag-
inary parts of the impedance were measured as parametric
functions of frequency in the range5 Hz–13 MHz and tem-
peratures from 510 to100◦C during the cooling cycle using
an HP 4192A IF impedance analyser. The entire measure-
ment system was properly shielded to avoid external electri-
cal pickups. The reproducibility of the impedance data was
confirmed by repeating the measurement on freshly prepared
samples. The ionic transference number of the specimens was
measured by Wagner’s dc polarization method using a Keith-
ley SMU 236 with cell configuration:

Ag/Electrolyte/Pt

2 Results and discussion

Structural characterization forms the very basis for under-
standing the structure correlated conduction mechanism.

Me = Li Me = Na Me= Rb Me= Cs JCPDS
d(Å) I/I0 d(Å) I/I0 d(Å) I/I0 d(Å) I/I0 d(Å) I/I0 [hkl] Phase

4.694 7 4.702 8 4.698 7 – – 4.699 10 [111] β-Ag2SO4
3.987 20 3.985 11 3.995 20 – – 3.994 25 [220]β-Ag2SO4
3.171 59 3.171 29 3.178 68 3.177 59 3.177 70 [040]β-Ag2SO4
2.871 100 2.873 100 2.875 100 2.878 100 2.873 100 [311]β-Ag2SO4
2.642 48 2.648 31 2.646 54 2.647 55 2.644 90 [022]β-Ag2SO4
2.415 23 2.418 12 2.421 24 2.425 32 2.421 30 [311]β-Ag2SO4
1.926 17 1.923 18 1.927 26 – – 1.926 30 [351]β-Ag2SO4
1.708 14 1.713 8 1.711 19 – – 1.712 17 [062] β-Ag2SO4

Table 1. A comparison of the experimen-
tal d and I/I0 values with JCPDS data for
(97)Ag2SO4 : (3)Me2SO4

Table 2. A comparison of the experimentald and I/I0 values with JCPDS data for(94.73)Ag2SO4 : (5.27)MSO4, and(96.37)Ag2SO4 : (3.63)(M′
2SO4)3

M = Co M = Cu M = Mn M = Ni M = Mg M = Sr M= Ba M′ = La JCPDS
d(Å) I/I0 d(Å) I/I0 d(Å) I/I0 d(Å) I/I0 d(Å) I/I0 d(Å) I/I0 d(Å) I/I0 d(Å) I/I0 d(Å) I/I0 [hkl] Phase

4.704 8 4.706 10 4.722 9 – – 4.697 10 4.709 6 4.711 9 4.718 0 4.699 10 [111]β-Ag2SO4
3.997 15 3.997 20 4.013 21 4.016 24 3.998 16 4.001 14 4.018 23 4.006 10 3.994 25 [220]β-Ag2SO4
3.175 56 3.177 48 3.184 75 3.179 77 3.175 62 3.179 41 3.179 50 3.184 46 3177 70 [040]β-Ag2SO4
2.879 100 2.877 100 2.881 100 2.895 100 2.875 100 2.878 100 2.879 100 2.875 100 2.873 100 [311]β-Ag2SO4
2.647 40 2.645 37 2.653 64 2.641 19 2.648 45 2.647 40 2.652 43 2.659 20 2.644 90 [022]β-Ag2SO4
2.533 12 2.535 6 2.538 18 2.542 26 2.530 15 2.533 5 2.535 16 – – 2.53 17 [400]β-Ag2SO4
2.424 20 2.423 15 2.431 18 2.43 29 2.421 15 2.422 14 2.428 20 2.425 18 2.421 20 [331]β-Ag2SO4
1.926 19 1.927 18 1.928 24 – – 1.927 22 1.926 16 1.929 21 1.925 14 1.926 30 [351]β-Ag2SO4
1.915 8 1.915 11 1.917 10 1.918 22 – – – – – – – – 1.915 12 [511] β-Ag2SO4
1.712 12 1.713 11 1.714 16 1.719 18 1.713 11 1.714 8 – – – – 1.712 17 [062]β-Ag2SO4
1.672 12 1.672 8 1.676 17 – – 1.675 10 – – – – – – 1.673 12 [313]β-Ag2SO4
1.567 9 1.568 9 – – – – 1.566 9 – – – – – – 1.567 13 [333] β-Ag2SO4
1.546 7 1.546 8 1.546 9 1.549 9 1.544 7 1.547 7 1.549 10 – – 1.546 8 [371]β-Ag2SO4

β-Ag2SO4 → JCPDS file No. 27-1403 Orthorombicβ-Ag2SO4

2.1 X-ray powder diffraction

A comparison of experimental,d, and relative intensity val-
ues, I/I0, with those of JCPDS data is given in Tables 1, 2. It
is clearly evident that in the case of3 mole% Me2SO4 added
to Ag2SO4 thed values in XRD patterns are slightly deviat-
ed from the JCPDS data ofβ-Ag2SO4 (Table 1). This small
deviation in experimentald(Å) values can be attributed to
the partial replacement ofAg+ by wrong-sizeMe+. Further,
no decomposition appears from the XRD data. The absence
of any line corresponding to eitherMe2SO4, AgMeSO4 or
any other intermediate phase for3 mole% Me2SO4 added to
Ag2SO4 indicates solid solubility (SS). The appearance of
few meagre lines corresponding toMe2SO4 in the case of
(95)Ag2SO4:(5) Me2SO4 added toAg2SO4 indicates the ad-
vent of precipitation following itsin situdispersion in the host
Ag2SO4(SS). A closer look at Table 1 reveals that, in general,
there is a slight shift (negative) ind(Å) values for the systems
where the dopant ion size is smaller than that ofAg+, such as
Li+ andNa+, whereas the shift is positive ind(Å) values for
dopants with relatively bigger-size cations, such asK+, Rb+
andCs+. Using a similar procedure, the solid solubility lim-
its for MSO4 andM′

2(SO4)3 dopedAg2SO4 are found to be
x ≤ 52.7 andx ≤ 3.63, respectively.

The local lattice distortion caused by the ‘wrong’-size
cation substitutions was further investigated to detect the
magnitude of the distortion. A closer look at Table 3 re-
veals that the cell volume undergoes a continuous contrac-
tion for Na+ and Li+; whereas it undergoes a continuous
expansion forK+, Rb+ and Cs+ substitution. These re-
sults (lattice contraction/expansion on the substitution of the
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Table 3. Lattice constants and cell volume of(97)Ag2SO4 : (3)Me2SO4, (94.73)Ag2SO4 : (5.27)MSO4, and(96.37)Ag2SO4 : (3.63)(M′
2SO4)3 systems

Cell constant (Å) Me = Li Me = Na Me= Rb Me= Cs M= Co M= Cu M = Mn M = Ni M = La JCPDS

a 10.221 10.227 10.241 10.267 10.252 10.249 10.258 10.251 10.255 10.269
b 12.682 12.686 12.714 12.737 12.684 12.683 12.694 12.688 12.704 12.706
c 5.753 5.750 5.853 5.841 5.804 5.800 5.809 5.817 5.811 5.818
Cell Volume(Å)3 745.87 746.18 764.20 766.92 754.73 753.93 756.42 756.58 757.05 759.25

smaller/bigger alio-valent cations (Table 3)) are suggestive
of the fact that that lattice distortion (expansion and contrac-
tion) is directly governed by the ‘distortion factor’,rg − rh ,
rg andrh being the ionic radii of the guest and host cations,
respectively. Figure 1 displays the variation ofd100 (d value
for 100% characteristic line) with the lattice distortion fac-
tor,rg −rh, at a fixed dopant concentration,x = 3 mole%, and
ambient temperature for all the series. As seen, thed100 val-
ues of all the doped samples are almost invariant over the
distortion factor, except for theY3+ , Dy3+ andCa2+ doped
samples for which there is a dramatic deviation ofd100 value
to the lower side. This does indicate some anomaly with re-
spect to the modified structure of the lattice upon doping at
least in these samples.

2.2 Scanning electron microscopy (SEM)

The grain morphology of the host material is more or less
unaffected by the addition of up to3.63 mole% (Figs 2a–c),
whereas traces of a second precipitated phase are visible
for samples with4.72 mole% La2(SO4)3 in Ag2SO4. Simi-
lar results are found for other monovalent sulphate added to
Ag2SO4 systems. These results suggest that a complete solid
solution can be ensured up to3 mole% of Me2SO4 in Ag2SO4

Fig. 1. Variation of d100 with rg − rh for 3 mole% of mono-, di- and triva-
lent cation dopedAg2SO4 Fig. 2. Microphotographs forx ≤ 3.63 in La3+ dopedAg2SO4
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at room temperature. Similarly, on the same lines the solid
solubility is ensured up tox ≤ 5.27 andx ≤ 3.63 in cases of
di- and trivalent cation dopedAg2SO4, respectively. These re-
sults are in good agreement with XRD analysis.

2.3 Differential scanning calorimetry (DSC)

Figure 3a shows the variations of the solid–solid phase tran-
sition temperature (Tc) and transition enthalpy (∆H) with
the MnSO4 concentration inAg2SO4. Tc is seen decreas-
ing at a faster rate with impurity concentration up tox ≤
5.27 mole%, after which it further decreases with a moderate
rate to a value of about409◦C. On the other hand,∆H in-
creases with dopant concentration (x ≤ 5.27 mole%) and falls
off upon further addition. No additional peaks were observed
apart from that atTc ∼ 419◦C which rules out the possi-

Fig. 3. Variations of transition temperature (Tc) and enthalpy of transition
(∆H ) with (a) concentration for the(100− x)Ag2SO4 : (x)MnSO4 system
and (b) distortion factor(rg − rh) for (100− x)Ag2SO4 : (x)MSO4 system

bility of formation of any other intermediate phase. An ex-
ceptional case is that of(100−x)Ag2SO4:(x)ZnSO4 (where
x = 3.12, 5.27 and 10) which shows a doublet having a weak
peak atTc ∼ 358◦C. Since ZnSO4 decomposes at600◦C
during the course of sample preparation, they are discarded
from further study. The variation ofTc with rg − rh is shown
in Fig. 3b. As seen, except forPb2+ and Zn2+ doped sam-
ples, the transition temperature, in general, is lower than that
of the host (Tc ∼ 419◦C). It is worth mentioning thatPb2+,
on account of possessing exceptionally high polarizability,
is known for its anomalous behaviour, whereasZn2+ doped
samples show two transitions. A careful look at Fig. 3b dis-
closes that the mismatch in the dopant cationic size reduces
theTc.

The decrease in phase transition temperature has also been
observed by Kimura and Greenblatt [10] in the case of triva-
lent cation dopedLi2SO4. Similarly, Murray and Secco [11]
have noted the lowering of the phase transition temperature
in potassium dopedNa2SO4. Irvine and West [12] have ex-
plained the decrease inTc by assuming that the substitution of
the alio-valent dopant cation results in the creation of extrin-
sic vacancies which causes an intrinsic disorder. According to
them, the order–disorder transition occurs more readily with
rising temperature andTc is displaced to a lower tempera-
ture. However, our earlier studies in iso-valent doped systems
strongly indicate that even in the absence of extrinsic vacan-
cies theTc can be lowered [7, 13]. This lowering ofTc is un-
derstood to be due to localized lattice distortion taking place
on account of size mismatch. The lattice distortion imparts
additional strain energy to the lattice relative to that of the
pure host which is considered as a main factor in promoting
the orthorhombic (β) to hexagonal (α) phase transition at low
temperatures. Forx ≥ 5.27, the transition temperature stays
around409◦C, thus indicating the separation of the phases.
The decrease in the value of∆H corresponding tox ≥ 5.27
(Fig. 3a) strongly supports the above conclusion. The XRD,
DSC and SEM results are complementary to each other which
set the solid solubility limit of alio-valent cations inAg2SO4
at 5.27 mole% (corresponding to5% vacancy). Interestingly,
Ca2+ and Ba2+ doped samples anomalously fall out of the
regular trend with drastically low values of∆H associated
with these systems.

2.4 Infrared spectroscopy (IR)

Tables 4, 5 show the fundamental frequencies ofSO2−
4 hav-

ing Td symmetry occurring atν1, ν2, ν3 andν4 (respectively,
the symmetric stretching (Raman active), doubly degenerate
bending (IR active) and the doubly degenerate antisymmetric

Table 4. IR data of(100− x)Ag2SO4 : (x)Me2SO4

Ag2SO4 Me = Li Me = Na Me= Rb

x = 0.0 0.5 1.0 3.0 0.5 1.0 3.0
ν1 983 980 980 981 984 987 989
ν2 466 467 482 485 471 472 468
ν3 1123 1121 1116 1121 1125 1127 1128
ν4 619 617 617 618 618 617 620

All frequencies are incm−1
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Table 5. IR data of(100− x)Ag2SO4 : (x)(M′
2SO4)3

Ag2SO4 M′ = Dy M′ = Gd M′ = Sm M′ = La

x = 0.00 1.50 2.56 3.63 1.50 2.56 3.63 1.50 2.56 3.63 1.50 2.56 3.63
ν1 983 988 988 988 990 992 992 986 986 987 984 984 984
ν2 466 470 470 470 470 470 470 470 470 470 467 467 471
ν3 1123 1125 1128 1129 1123 1128 1129 1122 1125 1126 1114 1114 1112
ν4 619 617 617 616 617 618 617 618 617 617 617 617 617

All frequencies are incm−1

(IR and Raman active frequencies)). Various frequencies ob-
tained from the infrared spectra of a number of compositions
including that of pureAg2SO4 are compared with the stan-
dard spectra ofAg2SO4 in Tables 4, 5 to understand the role
played by the impurity cationvis-a-vistheAg2SO4 structure.
Other than these peaks, the additional peaks in each spectrum
at different frequencies are assigned as a combination of fun-
damental frequencies. As seen,νi andν3 shift to the lower
values when theAg+ is replaced byLi+ (rg < rh). On the
other hand, the shifts corresponding toνi andν3 are towards
the higher value when the host ion is replaced by a larger
cation likeRb+.

Energy considerations (mainly electrostatic and thermo-
dynamic) suggest the splitting of degenerate modes which
depends on cations; it increases with increase in ionic radii,
ionic polarizability and cation oxygen distance for isomor-
phous sulphates. As seen in Tables 4, 5 no other additional
frequencies other than those corresponding toAg2SO4 are
present. This rules out the possibility of precipitation or for-
mation of an intermediate phase. These results strongly sup-
port the XRD results (Tables 1, 2) and the confirmation of the
solid solution limits.

This study has clearly demonstrated the influence of lat-
tice distortion on the environment ofSO2−

4 which leads to the
shift in vibrational frequencies. The appearance of some mod-
ified peaks is thus attributed to a change inS−O distance.
These modifications support the concept of lattice distortion
which influences the mobility of the mobile ion in the lat-
tice. Interestingly, a careful look at Tables 4, 5 suggests the
stretching ofν1 andν3 towards higher values for substitution
of trivalent cations(rg < rh) in contrast to those given for the
substitution of monovalent cations in theAg2SO4 matrix.

2.5 Impedance analysis

The results of complex impedance spectroscopy are critical-
ly analysed to find bulk properties by eliminating extraneous
parameters such as electrode polarization and grain bound-
ary. A distorted semicircular arc is observed for the pure
sample (Fig. 4). A closer look at this figure reveals that the
distorted semicircular arc is a combination of two overlap-
ping depressed semicircular arcs. On the other hand, a single
semicircular arc is seen forK+, Rb+ andCs+ and the divalent
cation dopedAg2SO4 which is attributed to the limitation of
the upper sweep frequency (13 MHz). However, there are two
discernible semicircular arcs in the case of the rest of the sam-
ples. Since the conductive silver coating on both the surfaces
of the electrolyte acts as a reversible (non-blocking) elec-
trode, no electrode polarization is reflected in the complex
impedance plane. A non-linear least squares (NLS) fit method

Fig. 4. Complex impedance plot for pureAg2SO4 at 250◦C (the full line
represents the best fit curve)

is used to ascertain the presence of two overlapping depressed
semicircular arcs. In order to accomplish this, the complex
impedance data acquired at a fixed temperature using a com-
puter controlled HP 4192A IF impedance analyser is fitted to
the equation:

Z(ω) = Z(0)+ Z(∞)− Z(0)

1+ (jωτ)α
(1)

where the symbols carry their usual meaning [14], using our
software developed inTurbo C. During the NLS fitting the
sum of squares is minimized by unity weighting represented
by

Si = [
(∆Ri )

2 + (∆l i )
2]1/2

(2)

where∆Ri and∆l i are the real and imaginary fitting resid-
uals. Table 6 presents impedance data. The presence of two
overlapping depressed semicircular arcs is suggestive of the
occurrence of two prominent conduction mechanisms simul-
taneously under the external perturbation ac signal. Vari-
ous interpretations can be made in the impedance analysis
in a polycrystalline ion conducting specimen; however, an
experimental impedance obviously contains major contribu-
tions from intergrain and intragrain ion migration [15, 16]. In
order to have a more meaningful discussion, the voluminous
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impedance data obtained by following the above procedure
are presented in concise form (Table 6) using the equation

fp = f0 exp(−Em/kT) . (3)

The peak frequency of the complex impedanceωmax = 2π fp
is given by 1/τ, and

1

τ
= 1

RC
= σ

εαµC
, µ = µ0 exp(−Em/kT) (4)

whereµ is the cationic mobility,Em denotes the migration
enthalpy,µ0 is proportional to the jump attempt frequency,
andk andT are the Boltzmann constant and temperature in
K. The frequencyfp derived fromωmax is an effective aver-
aged hopping frequency of an ion. The effective prefactorf0
depends on the defect charge carrier density,C.

The process of ion migration through the sample involves
the activation energy (Table 6) for migration of ions across
the grain boundaries,Ea2 (obtained from the semicircle corre-
sponding to high frequency) and that for intragrain ion migra-
tion, Ea1 (obtained from the semicircle corresponding to low
frequency). Evidently, the partial replacement of the hostAg+
by dopant cations within the grain alters the local environ-
ment leaving the grain boundary undisturbed. This alteration
in the local environment modifies the activation enthalpy for
intragrain ion migration, whereas that for intergrain conduc-
tion remains invariant. Similar results are found in case of the
iso-valent cation dopedLi2SO4 [7].

2.6 Ionic conductivity

Arrhenius plots for all the compositions are found to obey the
Arrhenius law (5) in both theα andβ phases (as an example,
Fig. 5 depicts this behaviour for the hostAg2SO4).

(σT) = (σT)0 exp(−Ea/kT) . (5)

The observed change in slope at416◦C with an order of
magnitude jump in conductivity in the case of pureAg2SO4
accounts for the orthorhombic (β) to hexagonal (α) phase
transition (Fig. 5). The magnitudes of the conductivities
(2.22×10−5 S cm−1 at 250◦C and 3.4×10−3 S cm−1 at

Table 6. Impedance data of some samples

Low freq. corresponding High freq. corresponding
System Rb1(Ohm) α1 fp1(kHz) log fpo1(kHz) Ea1(eV) Rb2(Ohm) α2 fp2(kHz) log fpo2(kHz) Ea2(eV)

x=0.000 2010 0.930 8952 12.142 0.610 2079 0.850 10010 11.68 0.550
Me = Li , x=3.333 3523 0.999 6865 10.244 0.409 8111 0.999 6919 12.727 0.346
Me = Na, x=3.351 5334 0.999 3723 10.304 0.462 93 0.999 3121 12.417 0.485
Me = K, x=3.330 2344 0.999 5535 11.006 0.509 – – – – –
Me = Rb, x=3.312 960 0.999 10523 10.596 0.414 – – – – –
Me = Cs, x=3.332 5417 0.999 3426 15.800 1.111 – – – – –
M′ = La, x=3.630 1037 0.93 10796 11.620 0.550 – – – 11.538 0.515
M′ = Gd, x=3.630 260.17 0.999 11210 11.310 0.521 213.71 0.997 11713 11.321 0.52
M′ = Y, x=3.630 1111.4 0.792 12863 11.700 0.535 913.00 0.790 – 11.55 0.515
M′ = Dy, x=3.630 1696.7 0.927 1357 11.001 0.577 1393.8 0.925 – 11.79 0.535
M′ = Sm, x=3.630 1208.8 0.929 3545 10.980 0.533 993.02 0.927 4635.6 11.005 0.522

– Insufficient data due to limitation of upper sweep frequency

Fig. 5. Variation of log(σT) with 103/T for pureAg2SO4

440◦C) and the transition temperature (416◦C) are in close
agreement with earlier reports [17–19].

2.6.1 Isovalent cation dopedAg2SO4.

As seen in Figs. 6a and b, the conductivity is optimized in
the β- and α-phases forx = 3 mole% in the case ofLi , K,
andRb doping, whereas the conductivity is found to decrease
slightly with concentration forNa dopedAg2SO4. TheCs+
doping decreases the conductivity inβ-Ag2SO4. A closer
look at the figure clearly reveals that theRb+ doped sample
gives the maximum conductivity in both phases. Interesting-
ly, the Li+ doped samples have conductivities comparable to
that of the pure host system. WhenAg+ is partially substi-
tuted byMe+, a lattice distortion (increased entropy) occurs,
in general, affecting the mobility of the cation in the host lat-
tice. Particularly, a localized lattice contraction takes place if
rg < rh (such asNa+ andLi+ replacingAg+), and the lattice
expands ifrg > rh (such asK+, Rb+ or Cs+ replacingAg+)
as substantiated by the experimental facts (Table 3).
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Fig. 6. Variation of log(σ) with x for (100−x)Ag2SO4 : (x)Me2SO4 [Me=
Li , K andRb] at (a) 250◦C, (b) 440◦C and (c) with distortion factor(rg −
rh) for x = 3 at 250◦C

The concentration of mobile charge carriers in a Frenkel
type ionic solid is given by

n = (kf)
1/2 exp[(∆Sth +∆Scf)/2k] exp(−Ef/kT) (6)

wherekf , ∆Sth, ∆Scf andEf are, respectively, the mass action
constant, thermal entropy, configurational entropy and defect
formation enthalpy. If the system under consideration (solid
solution ofAg2SO4 with Me2SO4) is assumed to be homo-

geneous and isotropic, then the term∆Scf remains invariant
with respect to the distribution of cations and anions, where-
as the immediate ions surroundingMe+ will have a different
vibrational frequency(ν′) from those at regular undistorted
sites(ν). The thermal entropy term,∆Sth, in (6) will be a con-
sequence of the change in frequency of the lattice vibration
due to the distortion taking place. Considering the Einstein
model [20] we may assume that in the doped crystal, each
atom neighbouringMe+ is equivalent to three harmonic os-
cillators each of frequencyν′ 6= ν. Then one finds for the
increase in thermal entropy perM′+ the expression,

∆Sth = 12k log(ν/ν′) , (7)

substitution of which in (6) leads to:

n = (kf)(ν/ν
′)6 exp(−Ef/2kT) . (8)

If the cation replacingAg+ is such thatrg < rh, then the lat-
tice contraction takes place andν′ > ν. This reduces the mo-
bile charge carrier (Ag+) concentration, n. This is reflected in
the conductivity behaviour (a decrease in conductivity) in the
cases ofNa+ andLi+ doped samples (Fig. 6c). The opposite
behaviour is expected ifrg > rh in which case lattice loosen-
ing occurs. Such an expansion opens the lattice in the vicinity
of Me+ thereby widening the window (opening) between the
two energetically equivalent cationic sites through which the
ion undergoes successive jumps from an occupied site to the
vacant site.Cs+ hasrg � rh such that the lattice undergoes
expansion but beyond a critical value of(rg − rh) ∼ 0.21Å,
the wrong-sized dopant ion hinders the mobility ofAg+, thus
reducing the conductivity (Fig. 6c). Nevertheless, in the case
of Li2SO4 added toAg2SO4, in spite of the lattice contraction
the lattice opening of the host is large enough for the added
Li+ that it itself can move from one site to a nearby vacant
site, i.e., the addedLi+ becomes the mobile charge carrier.

Additionally, coupling [21] ofAg+−Li+ helps in the en-
hancement of the conductivity; the net effect is such that
in spite of the lattice contraction, in the case ofLi+ doped
Ag2SO4, the conductivity is marginally enhanced. The ob-
served insignificant decrease in conductivity (Na+ doped
Ag2SO4) is understandable because with the addition ofNa+
the total mobile charge carrier density remains the same.
A small decrease in conductivity due to partial replacement of
Ag+ by Na+ has also been observed by Secco et al. [22].

2.6.2 Alio-valent cation dopedAg2SO4.

Divalent cation dopedAg2SO4. Figures 7a, b show the vari-
ation of conductivity with concentration forM2+ doped
Ag2SO4 in α- and β-phases, respectively. The conductivity
is seen to be optimized nearly at5.27 mole% in theα-phase,
corresponding to5% vacancy. Clearly, the conductivity of all
the doped samples is seen (Fig. 7a) to be greater than that of
the host (Ag2SO4). Strikingly, with the exception ofMg2+
doping, no dependence of conductivity on the lattice distor-
tion factor(rg −rh) is seen. Figure 8a depicts the conductivity
variation of various divalent doped samples (at5% vacancy,
solid soluble) with respect to the distortion factor(rg − rh) in
theβ-phase. It is wort noting that the conductivity of theBa2+
doped sample and those belonging to the transition metal (d-
group elements) dopedAg2SO4 is seen to have increased as
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Fig. 7. Variation of log(σ) of the (100− x)Ag2SO4 : (x)MSO4 system with
concentration in (a) the α-phase, and (b) the β-phase

compared to that of the pure sample. On the other hand, the
conductivity of Mg2+ and Ca2+ dopedAg2SO4 is seen to
have decreased. Figure 8b, representing the variation of ac-
tivation energy as a function of the distortion factor, reveals
that the activation energy of theBa2+ doped sample is lower
than that of the host (in agreement with the conductivity be-
haviour), whereas the transition metal cation doped samples
have higher activation energy, in contrast to their conductivity
behaviour as depicted in Fig. 7. The results pertaining to alka-
line earth metal cation dopedβ-Ag2SO4 can be understood in
the light of our theory on lattice contraction/expansion [7].

The partial replacement of the host monovalent by the
guest divalentM2+ gives rise to additional extrinsic cationic
vacancies so as to attain thermodynamic equilibria (constancy
of the electrochemical potential, constancy of the activity, and
hence constancy of the electrical potential) in the host lattice
as per the formula:

Ag2−2x Mx2x SO4 .

In addition to the creation of an extrinsic vacancy in the vicin-
ity of M2+, expansion/contraction of the host lattice takes

Fig. 8. Variation of (a) log(σ) at 250◦C, and (b) Ea with distortion factor
(rg − rh) for (94.73)Ag2SO4 : (5.27)MSO4 in theβ-phase

place ifrg > rh or rg < rh. The disorder reaction can be writ-
ten using the Kroger–Vink notation as:

(1− x)AgAg(Ag2SO4)+ (x)M•• =
{
(1− x)AgAg(Ag2SO4)

+ (x)
[
M••

Ag(Ag2SO4)

+ V′
Ag(Ag2SO4)

]}
−[l ] .

In the high-temperature phase, extrinsic vacancies con-
tribute chiefly to the conductivity, whereas the ionic size ef-
fect is inconsequential following alio-valent dopant substitu-
tion in the host sublattice. Further, the hexagonal phase being
a more open structure,Ag+ ions squeeze through the lattice
with a high elementary hopping probability on account of the
availability of additional vacancies created byMSO4 substitu-
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tion. With the increase in vacancy concentration due to partial
substitution ofM2+, an additional migration path forAg+
is created which in turn increases the conductivity (Fig. 7).
Upon further addition beyondx = 5.27 mole% (5% vacancy)
the mobility of Ag+ is reduced following vacancy–vacancy
interaction such as cluster formation and also cationic sublat-
tice ordering [5]. In sharp contrast to the results of alkaline
earth cation doped systems (Fig. 8a), the conductivity is seen
to be more than that of the host for transition element doped
Ag2SO4 in the low-temperature region. This conductivity be-
haviour in these systems is anomalous, particularly in the
light of the fact that a transition element cation has a smaller
ionic radius than that ofAg+ giving lattice contraction.

The electronic configuration and the polarizability of the
dopant cation inAg2SO4-based systems seems to play an im-
portant role. The polarizability of the ion is related to the
deformability of its electron cloud. However, the usual as-
sumption of dependence of the polarizable ion on the net
ionic chargevis-à-vis its size is invalid in respect of metal
cations havingd electrons which shield the nucleus poorly.
That is, two ions of the same charge and approximate size,
one with a noble gas configuration, such asMg2+, will be
less polarizing than the one withdx (such asMn2+) config-
uration (Table 7). This important factor has to be taken into
consideration so far as the bonding properties of the activat-
ed mobile cation andSO2−

4 framework is concerned. Starting
with the assumption of having a soft electrostatic/covalent
interactions involvingAg+, Mn2+ or Co2+ with SO2−

4 , the
weaker bonding betweendx ions and theSO2−

4 is expected to
permit a greater ease of mobility for the ions thus accounting
for the high cationic conductivity.

Also, it has been suggested [23] that the quadrupolar po-
larizability of mobile metal ions should reduce the energy
barrier associated with the motion along mobile ion pathways
from the minima at the site of high symmetry to the energy
barrier at the site of lower symmetry.

The mobileAg+ may acquire a larger mobility when it is
made to pass through the potential contours surrounding the
‘3-d-block’ dopant cations, thus leading to higher conductivi-
ty in spite of the lattice contraction taking place. Additionally,
the mobileM2+ may contribute to the conductivity owing to
a number of extrinsic vacancies available because of substi-
tution of Ag+ by such a dopant ion in theAg2SO4 matrix.
In contrast, this important factor of polarizability is absent
when the dopant ion belongs to the s-block of whichMg2+
andCa2+ are the members.

Trivalent cation dopedAg2SO4. Figures 9a and b show the
variation of conductivity ofM′3+ dopedAg2SO4 with con-
centration inα- and β-phases. The conductivity is seen to
be optimized nearly at2.56 mole% (corresponding to5% va-
cancy). As seen, the conductivity of all the doped samples is
greater than that of the host (Figs. 9a and b), theGd3+ doped
sample giving the maximum enhancement in conductivity. In-
terestingly, in contrast with the results of d-block dopants, the
trivalent cation dopedAg2SO4 has a lower activation energy
than that of the pure substance. Conforming to the formula

Ag2−3xM′
x22xSO4

there are two additional extrinsic vacancies for the mobile
Ag+ in the close vicinity of the impurity (M′3+) which par-

Fig. 9. Variation of log(σ) with concentration for(100− x)Ag2SO4 :
(x)(M′

2SO4)3 at (a) 250◦C and (b) 440◦C

tially replacesAg+ in the host lattice. On the other hand, since
M′3+ has a lower ionic radius thanAg+, this substitution fa-
cilitates localized lattice contraction (Tables 4, 5). Neverthe-
less, a large ionic conductivity in these samples is attributed
to: (i) the availability of additional extrinsic vacancies to the
mobileAg+ as discussed above, and (ii) the presence of half
or completely filled d and f shells (Table 7) of the dopants
contributes to the polarizability.

The relative enhancement in conductivity,∆σr (∆σr =
σh/σg), for different dopants (iso- and alio-valent) at250and
440◦C for maximum conductivity is displayed in Table 8.
Evidently, more effective enhancement in conductivity is
achieved in the low-temperatureβ-phase than that in the high-
temperatureα-phase. In the latter case, there exists a large
number of intrinsic cation percolating paths, obviously due
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Sr. No. Cation Electronic ionic Distortion polarizability Structure of
configuration radius (Å) factor (Å) sulphate at27◦C

1 Li 1s2, 2s1 0.60 -0.66 1.0 monoclinic
2 Na [Ne]3s1 0.96 -0.3 0.9 orthorhombic
3 Ag [Kr]4d10, 5s1 1.26 0.00 1.9 orthorhombic
4 K [Ar]4s1 1.33 0.07 0.8 orthorhombic
5 Rb [Kr]5s1 1.48 0.22 0.8 orthorhombic
6 Cs [Xe]6s1 1.69 0.43 0.7 –
7 Co [Ar]3d7, 4s2 0.74 -0.52 1.8 orthorhombic
8 Ni [Ar]3d8, 4s2 0.72 -0.54 1.8 orthorhombic
9 Mn [Ar]3d5, 4s2 0.80 -0.46 1.5 orthorhombic

10 Zn [Ar]3d10, 4s2 0.74 -0.52 1.6 orthorhombic
11 Cu [Ar]3d10, 4s1 0.69 -0.57 1.9 orthorhombic
12 Ca [Ar]4s2 0.99 -0.27 1.0 orthorhombic
13 Mg [Ne]3s2 0.65 -0.61 1.2 orthorhombic
14 Ba [Xe]5s2 1.35 0.09 0.9 orthorhombic
15 Sr [Ar]5s2 1.13 -0.13 1.0 orthorhombic
16 Pb [Xe]4f14, 5d10, 6s2, 6p2 1.20 -0.06 1.3 orthorhombic
17 Gd [Xe]4f7, 5d1, 6s2 1.02 -0.24 1.1 –
18 Dy [Xe]4f10, 5d1, 6s2 0.99 -0.27 – rhombohedral
19 Y [Kr]4d1, 5s2 0.91 -0.35 1.3 rhombohedral
20 Sm [Xe]4f6, 5d1, 6s2 1.02 -0.24 1.2 –
21 La [Xe]5d1, 6s2 1.15 -0.11 1.1 –

Table 7. Electronic configuration, ionic radius,
distortion factor, polarizability and structure of
some mono-, di- and trivalent sulphates studied

System logσ(S/cm) at 440◦C logσ(S/cm) at 250◦C σh/σg at 440◦C σh/σg at 250◦C

Ag2SO4, pure -2.499 -4.753 1.000 1.000
Me = Li -2.228 -4.542 0.535 0.616
Me = Na -3.284 -4.942 6.092 1.547
Me = K -2.001 -4.257 0.317 0.319
Me = Rb -0.839 -3.474 0.022 0.052
Me = Cs -0.975 -5.400 0.030 4.443
M = Co -1.570 -4.434 0.117 0.479
M = Ni -1.657 -4.269 0.144 0.328
M = Mn -1.504 -4.260 0.101 3.321
M = Zn -1.837 -4.385 0.217 0.430
M = Cu -2.012 -4.300 0.325 0.352
M = Ca -2.115 -4.698 0.412 0.882
M = Mg -2.066 -4.983 0.369 1.700
M = Ba -2.150 -4.046 0.447 0.196
M = Sr -2.436 -4.304 0.864 0.356
M = Pb -2.039 -4.700 0.346 0.384
M′ = Gd -1.820 -4.106 0.208 0.225
M′ = Dy -2.343 -4.308 0.698 0.359
M′ = Y -2.315 -4.111 0.653 0.228
M′ = Sm -2.008 -4.468 0.323 0.519
M′ = La -2.202 -4.195 0.505 0.276

Table 8. The relative enhancement in conduc-
tivity, ∆σr(∆σr = σh/σg) for different dopants
(iso- and alio-valent) at250 and 440◦C for
maximum conductivity giving samples

to its more open structure and built-in excessive defect con-
centration, and therefore the net effect of impurity addition
is less significant. On the other hand, the various character-
istics associated with the dopant ion, viz., ionic size, valence
and electronic structure of the guest cation, play a vital role in
governing the conductivity inβ-Ag2SO4.

3 Conclusion

The ionic conductivity is found to increase with the incor-
poration of a guest cation ofappropriatedistortion factor,
rg − rh, in both iso- and alio-valent cation dopedAg2SO4.
The increase in conductivity in the transition element cation
dopedAg2SO4, despite havingrg < rh, is due to the prob-
able role played by the polarizability. The conductivity of
Ag2SO4 is found to be dependent on the ionic size, the va-

lence and the electronic structure of the guest cation, par-
ticularly in the low-temperature modification ofAg2SO4 (β-
phase). It is found, generally, to be invariant with respect to
these factors inα-Ag2SO4. These results could throw light
on the fundamental conduction mechanism inAg2SO4 and
also on the criterion of selecting the impurity cation in the
classical doping method. The optimized solid electrolytes
can then be utilized for their technological applications in
electrochemical devices such asSOx sensors and thermal
batteries.
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