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ABSTRACT 

Optimum alio-valent doping with yttrium sulphate creating 7% vacancy concentration provided promising features from sensor 
application view. This provides a better option over green Silver Sulphate. The sensors fabricated with the modified sulphate 
based silver ion conducting solid electrolyte, silver-silver sulphate reference electrode and test gas (Pt) electrodes has been 
tested over the range of 50-1000 ppm SO2 blended in constant oxygen-partial pressure and argon at 400

o
C. A promising sensor 

characteristic behaviour is exhibited by the modified electrolyte - solid solution of silver sulphate with yttrium. Copyright © 
2012 VBRI Press.  
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Introduction  

Sulphate based Solid Electrolytes (SE) have attracted a 

great deal of attention[1] due to their high potential for 
applications in various devices that include sensors, 
batteries, thermal batteries, heart pace makers, smart 
windows etc. 

Due to the rise of modernization and industrialization in 
order to facilitate a better lifestyle for people, unwanted 
pollutants has increased. Now-a-days the pollutants have 
caused sizeable destruction. Detection and monitoring the 
pollutants has become an objective worth aiming for in 
order to sustain healthy life on the planet. One of such 
harmful pollutants is sulphur dioxide, SO2. It is a known 
pollutant and has been counter attacked by human being 

since a long time [2-4]. In earlier times it was detected by 
Gas Chromatography. These methodologies are obsolete 
and redundant now. In the present context of 
modernization, the detection techniques should be fast, 
automatic and electronically compatible for PC interface.   

The pollutant SO2 originates from the oxides of sulphur 
which are produced during coal combustion and burning of 
fossil fuels. Accumulation of these toxic species in the 
atmosphere is the cause of pollution resulting in its adverse 
effect on vegetation and marine life. For the purpose of 
monitoring and controlling environmental pollution a 
device is required that can measure in situ concentration of 
SO2/SO3.  The present work proposes utilization of new 
materials that offers some advances in the Galvanic SO2 
Sensor having many salient features. 

In earlier stages of development, gaseous reference 
electrode was used which was cumbersome to handle and 
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measurements interfering. The innovative solid reference 

electrode (Ag+Ag2SO4) [5-18] has proved advantageous 
over reference gas electrode. The quality performance of 
Solid State Electrochemical Gas Sensor (SSEGS) in terms 
of response time, thermodynamic stability, operating 
temperature, gas sensing ability, sensitivity and 

concentration range that is sensed has evoked interest [19]. 
The sensor configuration;  

Test gas- cathode/solid electrolyte/reference anode has 
major performance dependence upon the solid electrolyte. 
The present work attempts to synthesize and study 
performance of optimum Y added solid solution of Ag2SO4 
solid electrolyte followed by its utilization in galvanic SO2 

sensors  [20-23]. 7 vacancy% creation in base Ag2SO4 solid 
electrolyte promotes optimum ionic conductivity. It is 
corresponding to 3.63 mole% of Y2(SO4)3 in pure Ag2SO4 
to form solid-solution.  The prima-facie results indicate this 
material as a promising candidate as solid electrolyte for 
SO2 electrochemical gas sensors. With Ag+Ag2SO4 
reference electrode, when SO2 partial pressure in test gas 
electrode varies from 50pp to 1000 ppm, emf of the sensor 
cell alters by 280 mV exhibiting reversal on alteration of 
SO2 partial pressure.  

Selection of solid electrolyte and reference electrode: 
Sulphate based solid electrolytes have attracted a great deal 
of attention because the SO4

--
 ion can equilibrate with 

SO2/SO3 in gas mixture and establish the cell reaction.  The 
cell emf is given by Nernst equation; 

 
 
Amongst the alkali sulphates, Ag2SO4 was found to be 

more suitable from the view of chemical compatibility and 
ionic conductivity properties. The silver-oxygen-sulphur 
system is unique in which silver and Ag2SO4 can coexist as 
equilibrium phase in contrast to usual situations where an 
oxide phase separates the metal from sulphate. Moreover, 
ionic properties of Ag2SO4 (electrical conductivity, ion 
migration enthalpy, ionic transparence number) in different 
SO2/SO3 partial pressures are seen to be invariant. This is 

an essential feature that offers stable sensing performance. 

 

Experimental 

Materials preparation 

The initial ingredients Ag, Ag2SO4 and Y2(SO4)3 with 
99.999% purity (SIGMA ALDRICH) of appropriate mole 
fraction compositions were thoroughly mixed under GR 
grade acetone followed by slow cooling of the melt in a 
translucent silica quartz tube with cooling rate 1.5

o
C/min. 

The silica quartz ampoules offer minimal optical 
decomposition of silver sulphate. Silver powder and 
Ag2SO4 in 2: l weight ratio was thoroughly mixed under 
acetone to form solid reference electrode. A system of 
(100-x)Ag2SO4:(x) Y2(SO4)3 has been prepared for x=0, 
1.53, 2.56, 3.63 and 4.72 mole% that creates vacancies 
concentration 0%, 3%, 5%, 7% and 9% respectively as a 
monovalent Ag

+
 is replaced by a trivalent Y

3+
. In columbic 

charge balancing, vacancies are created by formula 

  [24]. These vacancies are anticipated 

to support ion migration process enhancing its suitability as 
SE.   
 
Cell assembly 

The cell with configuration 

Ag+ Ag2SO4/new electrolyte/Pt, SO2(g), O2(g)    (I) was 
fabricated by simultaneously pressing the reference 
electrode and electrolyte. On other side, Pt powder was 
sprinkled to derive electrical contact. 

 

 

Fig. 1. Cell assembly with isolation of reference electrode by graphite 
embedding. 
 

With this material as SE, the cell was fabricated with 
configuration (I). The cell was embedded in graphite (see 

Fig. 1) using a dia-punch of higher diameter so that it seal 
the reference electrode from gaseous environment and 
helps derive electrical connection from reference electrode. 
This cell was mounted in a specially designed Sensor Probe 
fabricated using silica quartz tube. The gas blending of 
SO2, O2, and Ar with different concentrations ranging from 
50 ppm to 1000 ppm of SO2 at fixed O2, was obtained using 
Teledyne Hasting's (USA) mass flow controllers. All gases 
used were ultra high pure (99.9% purity) and procured from 
local suppliers. Gas compositions with 0.21 oxygen partial 
pressure environment was prepared so that SO2+½O2=SO3 
reaction kinematics has resemblance with ambient. Ar and 
O2 flows are adjusted in SLPM (Standard Liter Per Minute) 
while SO2 has been controlled in SCCM (Standard Cubic 
Centimeter per Minute) to obtain suitable mixture of SO2 
concentration. Gas compositions of 50 and 1000 ppm were 
obtained by controlling gas flow meter for 0.21 SLPM O2, 
0.79 SLPM Ar,  (i) 50.1 SCCM SO2 and (ii) 1001 SCCM 
SO2 respectively.  
 
Characterization 

The prepared samples were characterized by X-ray powder 
diffraction (XRD) (Phillips PW 170 diffractometer attached 
with PW 1710 controlling unit) and scanning electron 
microscope (SEM (Cambridge Mark-III Stereo-scan 
electron microscope). SEM studies were carried out on all 
five systems. DSC and IR studies for entire series were also 
conducted. For electrical characterization samples were 
prepared in the form of circular discs of 9mm diameter and 
2mm thickness by pressing the powder with the help of SS 
die-punch and hydraulic press. The pellets were sintered at 
500

o
C for 24 hrs. For electrical characterization of the 

specimen pellet a good ohmic contact was ensured by using 
quality silver paint on to both opposite parallel surfaces of 
pellet followed by baking at 200

o
C for 2 hrs. The ionic 

transference number of the specimen was measured by 
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Wagner’s DC polarization method at 400
o
C to ensure ionic 

contribution using Keithley 617 Electrometer. Fig. 2 
depicts the schematic diagram of the experimental setup 
used for sensor characterization. Test gas with 21% oxygen 
and known concentration of SO2 alongwith balancing non-
interfering Ag is allowed to flow across so that it serves as 
‘gas electrode’. At 440 

o
C, the cell emf has been recorded 

for different SO2 concentrations. 

 
 

Fig. 2. Schematic representation of the experimental setup for study of 
sensor characteristics. 
 

Results and discussion  

XRD 

The XRD pattern for all five systems was obtained at room 
temperature. Up to x=3.63 mole%, the lines corresponding 
to the guest cation is absent. While a small intensity for 
Y2(SO4)3 starts appearing for x=4.72 mole% concentrations 
and above. This indicates that up to x=3.63 mole% Y forms 
solid solution with Ag2SO4. The data corresponding to only 
two systems for x=0 (JCPDS), x=3.63 mole% 

(Experimental) is presented in Table 1. 

 
Table 1. Comparison of experimental and JCPDS data for 
(96.37)Ag2SO4:(3.63) Y2(SO4)3. 

 

S. 

No  

d  I/Io  d  I/Io  [hkl]  Phase  

 x=3.63 mole%  JCPDS Data   

1  3.1826  78  3.177  70  [040]  Ag2SO4  

2  2.8723  10
0  

2.873  10
0  

[311]  Ag2SO4  

3  2.6529  65  2.644  90  [022]  Ag2SO4  

4  2.4276  39  2.421  30  [331]  Ag2SO4  

5  1.9706  10  1.980  11  [242]  Ag2SO4  

6  1.9286 44  1.926  30  [351]  Ag2SO4  

 

A comparison of experimental ‘d’ values and relative 
“I/Io” with those of JCPDS data reveals that with addition 
of Y2(SO4)3, the experimental d values are slightly deviated 
from JCPDS data of β-Ag2SO4. These small deviations in 
experimental d values of β-Ag2SO4 may be attributed to 
replacement of Ag

+
 by Y

3+
. The absence of any line 

corresponding to pure Y2(SO4)3 may be attributed to the 
partial replacement of Ag

+
 by wrong sized Y

3+
. The 

absence of any new line rules out the formation of any 
intermediate phase. This supports formation of solid 
solution up to x=3.63 mole%. 
 
SEM 

A photograph for x=0, 3.63 and 4.72 mole% have been 

presented in Fig. 3. A close look reveals that morphology 
for x=0 and x=3.63 mole % is identical supporting to the 
formation of solid solution. However, a small cluster of 
new material appears in the surface morphology of material 
for x=4.72 mole% which grows for higher doping 
concentrations. The micro photographs representing the 
surface morphology of pure and Y substituted Ag2SO4 
reveal that, doping up to x=3.63 mole% improves grain to 
grain contacts thereby improving mechanical properties of 
the material. 

a b

c

  
 

Fig. 3. Scanning Electron Microscopy photographs for (a) x=0, (b) 
x=3.63, (c) x=4.72 mole%. 

 

DSC & IR 

Differential Scanning Calorimetric (DSC) and Infra Red 
(IR) studies were carried out on all samples. It was 
observed that for x=0, 1.53, 2.56, 3.63 mole % the DSC 
isotherms, transition temperature, enthalpy etc remained 
same. The Infra red spectrums are also identical for x=0, 
1.53, 2.56, 3.63 mole% leaving the frequency nodes 
unchanged remains same. A DSC isotherm and IR spectrum 

for the sample x=0 are depicted in Fig. 4. Table 2 indicates 
wave number and transmittance nodes. It clearly shows a 
negligible change for concentrations up to 3.63 mole %. 
 

Electrical properties 

The measurement of ionic transport number by Wagner’s 
DC polarization technique indicates ionic conductivity 
which remains invariant on account of Y substitution. The 
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real and imaginary parts of impedance were measured as a 
parametric function of frequency in the range from 5 Hz to 
13 MHz and temperature from 450 to 150

o
C during cooling 

cycle using computer controlled hp 4192A lf impedance 
analyzer. The temperature of the furnace was controlled 
using PID temperature controller. The bulk resistance in the 
Complex Impedance plot along with dimensions of the 
specimens was explored to obtain electrical conductivity. 
The temperature dependence of the electrical conductivity 
obeyed Arrhenius equation; 
 

 
 

a

b

  
 

Fig. 4. (a) DSC isotherm for x=0 (b) Infra Red Spectrum for x=0. 

 

Table 2. Concentration dependent wave number comparison for x=0, 
1.53, 2.56, 3.63. 

 

Wave no/ x=  0 1.53 2.56 3.63 

ν1  983 988 988 988 
ν2  466 470 470 470 
ν3  1123 1125 1128 1129 
ν4  619 617 617 617 

 
 

 
The concentration (mole % or vacancy %) dependent 

conductivity in orthorhombic at 220
o
C and hexagonal at 

440
o
C phase has been presented in Fig 5. The Optimum 

composition x=3.63 mole% that corresponds to 7% vacancy 
concentration offers highest ionic conductivity. The 
activation enthalpy for ion migration obtained from slope in 
Arrhenius plot is also found to be moderate for 7% vacancy 
concentration. Therefore the corresponding molar 

composition for x=3.63 mole% can be explored for its 
utilization in SO2 gas sensor. In balancing charge, a pair of 
vacancy which is created helps offering a possible vacant 
site for ion migration. The number of vacant sites 
exceeding number of mobile cations generates probability 
of ion migration through possible modest potential barrier. 
This may result in increase in ionic conductivity making the 
material with x=3.63 mole% suitable to be used for sensor 
application. The temperature and concentration dependent 
conductivity of the Ag2SO4 doped with Y system indicates 
that doping improves the conductivity of pure Ag2SO4 and 
at 7% vacancy concentration it offers optimum ionic 
conductivity. 
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Fig 5. (a) Doping concentration dependent conductivity at 220oC (b) 
Doping concentration dependent conductivity at 440oC.  
 
 

  
 

Fig. 6. Variation of emf with time for swapping of SO2 concentration 
from 50 to 1000 ppm. 

 

The optimum material (96.37)Ag2SO4:(3.63) Y2(SO4)3 
offers better electrical conductivity in both orthorhombic 
and hexagonal phase of silver sulphate. The active species 
for electrochemical reaction is SO3 and not SO2. To ensure 
equilibrium over conversion of SO2 to SO3, the gas mixture 
was passed through platinum mesh – the well known 
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catalyst – at 400
o
C [19, 25-27]. The time dependence of 

emf toggling when SO2 concentration switched from 50 to 

1000 ppm at various temperatures has been depicted in Fig. 

6. A sensor formed by utilizing (96.37)Ag2SO4:(3.63) 
Y2(SO4)3 solid solution offers a good sensor option. Sensor 
emf toggling between 520 mV to 240 mV was observed for 
shuffling of SO2 gas concentration from 50 ppm to 1000 
ppm. A response time of 22 seconds is observed. The 
prima-facie sensor characterization indicates promising 
sensor behavior.  
 

Conclusion 

The present study demonstrates that Y substituted Ag2SO4 

that results in vacancy concentration up to 7% forms solid 
solution and enhances ionic conductivity which may be 
attributed to additional creation of energetically accessible 
optimum vacancies that support ion migration. Doping up 
to x=3.63 mole% improves grain to grain contacts resulting 

into mechanical integrity.  For  mole%, it seems to 

form solid solution as no other phase is detected in X-ray, 
SEM, DSC and IR analysis. Transport number measured 
for all samples exhibits that the doping concentration does 
not alter ionic transference number. Thus, it offers 
enhanced suitability as electrolyte for SO2 gas sensors over 
pure Ag2SO4. A simple test of varying SO2 gas 
concentration from 50 to 1000 ppm shows a change in cell 
potential by 280mV at 440

o
C. This sensor characteristics 

behavior exhibits reproducibility. 

 
Acknowledgement 

The Author gratefully acknowledges UGC for Financial support under the 
Major Research Project File# 39-521/2010 (SR) by UGC, New Delhi, 
India. 

 

References 

1. Ramaswamy, V; Vimalathithan, R.M.; Ponnusamy, V. Adv. Mat. 

Lett. 2012, 3(1), 29  

DOI: 10.5185/amlett.2011.4240 

2. Mari, C.M.; Beghi, M; Pizrini, S. Sensors and Actuators B, 1990, 2, 
51. 

 DOI: 10.1016/0925-4005(90)80008-N 

3. Yang, P.H.; Yang, J.H.; Chen, C.S.; Peng, D.K.; Meng, G.Y.; Solid 

State Ionics 1996 86-88, 1095.  

 DOI: 10.1016/0167-2738(96)00275-5 

4. Suganuma, S.; Watanabe, M.; Kobayashi, Tuyoshi S.; Wakabayashi  

Solid State Ionics 1999 126 (1-2) 175.  

 DOI: 10.1016/S0167-2738(99)00220-9 

5. Hötzel, G.; Weppner, W. Sensors and Actuators 1987, 12(4), 449. 

 DOI: 10.1016/0250-6874(87)80063-X  

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

6. Liu, Q.; Worrel, W. L. Solid State Ionics 1988 28-30(2), 1668. 

 DOI: 10.1016/0167-2738(88)90439-0 

7. Wapnera,P.G.; Hoffmanb,W.P. Sensors and Actuators 2000 B 71 60. 

 DOI:10.1016/S0925-4005(00)00591-8 

8. Liaw, B.Y.; Liu, J.; Menne, A; Weppner, W Solid State Ionics 1992 

53-56(1), 18. 

 DOI: 10.1016/0167-2738(92)90359-W 
9. Yan, Y.; Miura, N.; Yamazoe, N Sensors and Actuators B: Chemical 

1995 24(1-3), 287. 

 DOI: 10.1016/0925-4005(95)85062-7 

10. Weppner, W. Adv in Elect Cer Mat: Cer Engg & Sci Pro. 2005 

26(5),15. 

 DOI: :10.1002/9780470291252 

11. Weppner, W. Solid State Ionics 1981 3-4,1. 

 DOI:10.1016/0167-2738(81)90044-8 

12. Weppner, W. Solid State Ionics 1981 5, 3. 

 DOI: 10.1016/0167-2738(81)90186-7 

13. Weppner, W. Sensors and Actuators 1987 12 (2) 107. 

 DOI: 10.1016/0250-6874(87)85010-2 

14. Weppner, W.Solid State Ionics 1989 32-33, 466. 

 DOI:10.1016/0167-2738(89)90257-9 

15. Weppner, W. Solid State Ionics 1990 40-41, 369. 

 DOI: 10.1016/0167-2738(90)90361-T 

16. Weppner, W. Solid State Ionics 1992 52 (1-3) 15. 

 DOI:10.1016/0167-2738(92)90087-6 

17. Weppner, W. App Phy 1992 55, 250. 

 DOI: 10.1007/BF00348393 

18. Weppner, W. Ionics 1998 4, 422. 

 DOI:10.1007/BF02375887 

19. Jacob, K.T.; Jacob, D.B Electl. Soc. 1989 126, 1824. 

 DOI:bd84b405-7dae-4b25.../873630.pdf 

20. Singh, K.; Anwane, S.W.; Bhoga, S.S. Solid State Ionics 1996 86-87, 
187. 

 DOI: 10.1016/0167-2738(96)00120-8 

21. Bhoga, S. S.; Singh, K. Ionics 2007 13 (6), 417. 

 DOI: 10.1007/s11581-007-0150-7  

22. Singh, K.; Bhoga, S.S. Bul. of Mat. Sci. 1999 22 (2), 71. 

  DOI:  10.1007/BF02745557 

23. Singh, K.; Pande, S.M.; Anwane, S.W.; Bhoga, S.S. App Phy A 1998 

66(2), 205. 

 DOI: 10.1007/s003390050657 

24. Gopalan, G.P.; Kulkarni, A.R. J Solid State Chem 1998 138 (2), 183. 

 DOI: 10.1006/jssc.1998.7770 

25. Summers, J. C. Env. Sci. Tech 1979, 13 (3), 321. 

 DOI: 10.1021/es60151a006 

26. Hammad, A.; Souentie, S.; Balomenou, S.; Tsiplakides, D.; Figueroa, 
J.C.; Cavalca, C.; Pereira, C.J.; Vayenas C.G. OREPOC, 1st Int. 
Conf. on the Origin of Electrochemical Promotion of Catalysis 

PROCEEDINGS, Greece 2007. 

 DOI:TSIPL-PAPYR-3349-ELECTROCHEMICAL-in-1ST-INTL-
CONF-ON-OREPOC-THESS-OCT-1-5-PP-53-56-Y-2007 

27. Benzinger, W.; Wenka, A.; Dittmeyer, R. App. Cat. A 2011 397 (1–
2), 209. 

 DOI:10.1016/j.apcata.2011.03.001 

 
 
 
 
 
 
 
 
 
 
 

http://dx.doi.org/10.1016/0925-4005(90)80008-N
http://dx.doi.org/10.1016/0167-2738(96)00275-5
http://dx.doi.org/10.1016/S0167-2738(99)00220-9
http://dx.doi.org/10.1016/0250-6874(87)80063-X
http://www.sciencedirect.com/science/journal/01672738
http://dx.doi.org/10.1016/0167-2738(92)90359-W
http://www.sciencedirect.com/science/journal/09254005
http://dx.doi.org/10.1016/0925-4005(95)85062-7
http://dx.doi.org/10.1016/0167-2738(96)00120-8
http://dx.doi.org/10.1006/jssc.1998.7770
http://dx.doi.org/10.1016/j.apcata.2011.03.001

