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Sodium sulfate doped with NaVOs and Ln2(SO4)s (Ln=Eu, Pr, and Y) show higher electrical
conductivity for Na* ions and maintains a high temperature phase, NazSO4-I, without showing phase transfor-
mation. The electromotive force (EMF) using solid solutions, NazSO4~NaVO3-Lnz(SO4)s (Ln=Pr and Y), as
solid electrolytes exhibits good agreement with the calculated value, the temperature as low as 673 K which
is approximately 300 K lower than pure sodium sulfate can be.

Influence of sulfur dioxide exhausted from coal
power plants and automobiles to the environment
has been taking place and becoming a serious prob-
lem. Especially, acid rain resulting from the absorp-
tion of sulfur dioxide and nitrogen dioxide by water
is considerably affecting the surroundings in North
America and some other countries.

Recently, some attempts have been made to utilize
sodium sulfate as a solid electrolyte for a SOz gas sen-
sor.1=9 However, in practical use, a phase transforma-
tion from NagSQO4-III (a low temperature phase) to Nag-
SO4-1I (a high temperature phase)5-2? is a serious ob-
stacle. In addition, other disadvantages in using sodi-
um sulfate alone as an electrolyte are its lower electri-
cal conductivity and the difficulty in obtaining a SO2z-
SOs equilibrium on the surface of the electrolyte.
Mono-, di-, and trivalent cations have been doped in
order to improve their electrical and thermodynamic
properties.22-2 In our previous study,?” sodium sul-
fate doped with NaVOs; and Ln2(SO4)3 (Ln=Eu
and Pr) has been found to show no phase transfor-
mation, to maintain a NaSQOs-I-similar phase, and
to increase the electrical conductivity.

In the present study, effects of doping with rare earth
sulfates and sodium vanadate into sodium sulfate'on
the electrical conductivity and on the phase transfor-
mation of the solid solutions are examined, and also
EMF measurements by applying Na2SOs-NaVOs-
Lnz(SO4)3 (Ln=Pr and Y) as an electrolyte for a SOz
gas concentration cell are to be discussed.

Experimental

Materials. Rare earth sulfate was prepared by adding
concentrated H2SOy4 into rare earth oxide. Sodium vanadate
was synthesized by heating the mixture of Na2COs and NHy-
VOs (by molar ratio 1:2) at 823 K for 5h in air. A mix-
ture of appropriate amount of NazSO4 and Lnz(SO4)3 (Ln=
Eu, Pr, and Y) were pelletatized and heated at 1073 K for 3 h
in air. In Na2S04-NaVO3-Lng(SO4)s (Ln=Eu, Pr, and Y)
systems, the heated pellets were ground, remade into pellets
and sintered 3 h at 1073 K in air.

Measurements. Phases and thermal properties were
measured with X-ray diffraction method and thermal analy-
sis. Electrical conductivity measurements were carried out
by a complex impedance method?® using a Hewlett Packard
vector impedance meter 4800 A. The apparatus for the elec-
trical conductivity measurements is shown in Fig. 1. EMF
measurements were performed by constructing a SOz gas
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Fig. 1. The apparatus for the electrical conductivity
measurements.
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Fig. 2. The apparatus for the -electromotive force

(EMF) measurements.

concentration cell which is depicted in Fig. 2. The inner
quartz tube compartment was separated by spring loading the
electrolyte with a quartz rod. A gold O-ring was used in or-
der to separate the test and the reference SOz gas completely.
The SO: gas concentration was regulated by changing
SOz and Oz gas flow rate. A Ptnetwasapplied asan electrode
so that the electrolyte could maintain good contact with the
SOz gas. EMF measurements were performed with a Takeda
Riken Digital Multimeter TR-6855. The response time,
which is here defined as the time required from the test
gas arrival at the electrolyte to the attainment of about
96% of the calculated EMF, was also measured.

Results and Discussion

Electrical Conductivity, Phases, and Thermal Properties.
The NasSOsLnySOs)3s (Ln=FEu, Pr, and Y): Sodium
sulfate doped with Lng(SO4)s (Ln=Eu, Pr, and Y) ex-
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THE PHASES AND THERMAL PROPERTIES
ofF Na,SO,-Pr,(SO,),

TABLE 1.

Sample Na,SO, Pr,(S0,), Phases DTA peaks
No. (mol%) (mol%,) T/K
1 99.1 0.9 o+ Na,SO,-V 573
2 98.4 1.6 o«+Na,SO.-V 573
3 95.2 4.8 y 573
4 90.7 9.3 y 853

o phase is similar to phase Na,SO,-1I1.18,19)
is different from any Na,SO, phase.
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Fig. 3. Tempecrature dependences of electrical con-
ductivities for the Na,SO,-Pr,(SO,),.
—-—[0—-— Na,S0, : Pr,(S0,);=90.7 : 9.3, —H—
Na,SO, : Pry,(80,);=95.2 : 4.8, --O-- Na,SO, :
Pr,(SO,);=98.4:1.6, —@— Na,SO,:Pr,(SO,),=
99.1 : 0.9, —A— Na,SO,.

hibits almost the same electrical conductivity, phases,
and thermal properties with one another.

The representative results of NasSO4s—Pra(SOs4)3 are
listed in Table 1. Sodium sulfate doped with 0.9 mol%
or 1.6 mol% Prz(SQOs)s exhibits phase @ which is sim-
ilar to the NaSO4-III phase 1819 including a start-
ing material (Na2SOs-V phase). The other two samples
show phase y which is different from any NaSO4 phase.
All samples exhibit an endothermal peak in DTA
curves, indicating that the phase transformation still
exists.

Electrical conductivity measurements in the systems
of NazSO4-Prz(SOy)s are shown in Fig. 3. Doping
Pr2(SO4)3 into NazSO4 increases the concentration of
cation vacancies of the sulfate, and then the electri-
cal conductivity enhances. A break or bend in log(cT)
vs. 1/T curves is due to the phase transformation
in the sulfate. The solid solution of sodium sulfate
doped with 1.6 mol% Prz(SO4)s did not exhibit any
break. The III-I phase transformation appeared to be
fairly suppressed. However, the phase transforma-
tion was found to still remain on DTA measure-
ment. The sulfate doped with 4.8 mol% Pra(SOs)s
gives the highest electrical conductivity (from 571 K to
873 K) in the Naz2SO4-Prz(SO4)3 systems.

This fact means that the number of cation vacancies
which is effective for cation conduction becomes a
maximum with the doping. By doping Pr2(SQO4)s more
than 4.8 mol%, cation vacancies appear to make clus-
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TABLE 2. THE PHASES AND THERMAL PROPERTIES
or Na,SO,-NaVO,;-Y,(80,),

Sample Na,SO, NaVO, Y,(SO,) DTA peaks
P 2 3 Yol 3 Phases b
No. (mol%) (mol%) (mol%) o T/K
1 98.3 0.7 1.0 o 485
2 96.9 1.1 2.0 o 408, 463
3 95.7 1.3 3.0 B —
4 93.6 2.4 4.0 B —
5 91.4 3.6 5.0 B 573

(very small)

o phase is similar to phase Na,SO,-II1.18:1 B phase

is similar to phase Na,SO,-1.18.19

log (¢T/2-'cm-1 K)

-5 s L 'l A L \
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T-1kK-!

Fig. 4. Temperature dependences of electrical con-

ductivities for the Na,S0,-NaVO,-Y,(5S0,); which
exhibit # phase.
—O— Na,SO, : NaVO, : Y,(SO,); =91.4: 3.6 : 5.0,
@ Na,SO, : NaVO; : Y,(SO,);=93.6 : 2.4 : 4.0,
—A— NaySO, : NaVO; : Y,(S0,); =95.7 : 1.3 : 3.0,
—A— Na,S0,.

ters and then the electrical conductivity in NasSQ4-
Pr2(SOy4)3 systems rather decreases.

Although the electrical conductivities of the sul-
fates increase with the Lnz(SO4)3 (Ln=Eu, Pr, and
Y) doping, the phase transformation still remains.
Therefore, the bicomponent solid solutions do not
seem to be appropriate as solid electrolytes for a SOz
gas detector.

The NasSO4~NaVO3-LnySOs)s(Ln=Fu, Pr, and Y)
Systems: The phases and thermal properties of
sodium sulfate doped with NaVOsz and Lnz(SOu)s
(Ln=Eu, Pr, and Y) are all similar.

A typical behavior (NazSOs-NaVOs-Y2(SO4)s) is
presented in Table 2. Samples No. 1 and 2 show phase «
which is similar to the phase NasSO4-111.18:19 On the
other hand, samples No. 3, 4, and 5 show phase 8
which resembles the phase NazSO4-1.18:19 From DTA
measurements, the samples which show phase a exhib-
it endothermal peaks, that is, a phase transformation
still remains. The samples which exhibit phase 8
show no endothermal peak, indicating that no phase
transformation occurs.

The plots of log(oT) vs. 1/T for sodium sulfate
doped with NaVO3 and Y2(SO4)3(phase B) are given
in Fig. 4. The slope of the NazSO4+-NaVO3-Y2(SOu4)s
curves closely approaches that of Na2SO4-1 (a high
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temperature phase). The electrical conductivity of
Naz2S04-NaVOs3-Y2(SOy4)s systems is increased with
doping Y2(SO4)3 because of the increase in cation va-
cancies. In addition, the Na2SO4+NaVO3-Y2(SOq)s3
systems maintain a NazSOs-I-like phase (phase B)
which is excellent in Na* ion conduction.

As mentioned above, the conductivity of Na2SOs-1
is considerably high and the three component systems
also support the similar structure with the NazSOq4-
I phase. Therefore, the conductivity of the solid solu-
tion is also high. The Na2SO4~NaVO3-Y2(SO4)s sys-
tems are considered to be very good ionic conductors.
In this system, sodium sulfate doped with 3.6 mol%
NaVOs and 5.0 mol% Y2(SO4)s shows the best linear-
ity in the three log(¢7T)—1/T curves. The three com-
ponent systems, including rare earth sulfates other than
Y2(SO4)s also give the similar optimum composi-
tion of 91:4:5.

EMF Measurements. The EMF measurements
were performed with NasSOs-NaVOs3-Lng(SO4)s
(Ln=Eu, Pr, and Y) (91:4:5) as solid electrolytes.
Temperature dependences of measured EMF/cal-
culated EMF ratio with a fixed SOz gas concentra-
tion are shown in Fig. 5.

The measured EMF for pure Na:SO4 and Na2SO4-
Lnz(SO4)3 (Ln=Eu, Pr, and Y) solid solutions were
less than half of calculated EMF. The measured value
for sodium sulfate doped with 4.0 mol% NaVOs; and
5.0 mol% Euz(SO4)s is consistent with that calcu-
lated at 623 K and appears to be an appropriate elec-
trolyte. However, the measured value of the EMF
has exceeded that calculated at 673 K. This appears
to have resulted because Eu3t ions in the systems are
easily reduced to a divalent state with SOz gas and
change in free energies for the reduction might have
been added to the calculated EMF value. Thus, thesol-
id solution of Na2SO4~NaVOs3-Euz(SQ4)s is not ap-
propriate for the electrolyte.
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Fig. 5. The ratio of measured EMF/calculated EMF

for Na,SO,, Na,SO,-Ln,(SO,),, Na,SO,~NaVO,-Ln,-
(SO,); (Ln=Eu, Pr, and Y) with initial SO, gas com-
position, approximately 24 and 8 vol9,.
—O— Na,S0, : NaVO, : Eu,(SO,),=91.0 : 4.0 : 5.0,
—@— Na,SO, : NaVO, : Pr,(SO,);=91.1 : 3.9 : 5.0,
—A— Na,SO, : NaVO; : Y,(SO,); = 91.4: 3.6 : 5.0,
—[0— Na,SO, : Euy(S0,);=95.9 : 4.1, —l— Na,-
SO, : Pry(SO,)3=95.2 : 4.8, —M— Na,SO, : Y,(SO,),
=95.0 : 5.0, —A— Na,SO,.

A Solid Electrolyte Based on Sodium Sulfate 689

The systems of NaSO4~NaVOs-Lnga(SO4)s (Ln=
Pr and Y) give almost the same EMF as calculated one
at 673 K. In the temperature range higher than 673 K,
the electrolytes became soft because of NaVQs. The
EMF measurements in variation of the test SOz gas
concentration were conducted with the Na2SO4-
NaVOs3-Ln2(SO4)3 (Ln=Pr and Y) systems as solid elec-
trolytes at 673 K.

Results of the EMF measurements with the Nag-
SO4-NaVOs-Pra(SOq4)s electrolyte are presented in
Fig. 6. The calculated EMF is cited from theoretical one
of Jacob and Rao.? The measured EMF shows good
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Fig. 6. Variation of the EMF for the concentration
cell; Pt]O,(p1), SOy(p:) | Na,SO, (3.9 molY%, NaVO,,
5.0 mol%, Pry(SOy)s) | Oy(pi), SO,(p:)|Pt, with pi'=
0.924, $;=0.076 (@) and p;'=0.972, p;’=0.028 (7))
at 673 K.

—— and —— are calculated EMF,® respectively.
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Fig. 7. Variation of the EMF for the concentration
cell; Pt]|O,(p1), SO,(p:) | Na,SO, (3.6 mol%, NaVO,,
5.0mol% Y,(SO,)s) | Oy(pi), SO,(p:)|Pt, with p'=
0.916, p;’=0.084 (@) and p;'=0.964, p;"=0.036 ((J)
at 673 K.

—— and —— are calculated EMF,? respectively.
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accordance with the calculation in which the initial
reference SOz gas concentration is 7.6 vol%. Sodium
sulfate doped with NaVOs and Prz(SQs)s is able
to use for a solid electrolyte, a temperature as low as
673 K which is approximately 300 K lower than
pure sodium sulfate can be operative. In the case
that the initial reference SOz gas concentration is 2.8
vol%, the measured EMF is appreciably smaller than
the calculated EMF. The EMF results for the NazSO4-
NaVOs3-Y2(SOg4)s electrolyte are also presented in Fig. 7.
The measured EMF also shows good agreement with
the calculated EMF if the initial reference SO: gas
concentration is 8.4 vol%. The difference between the
measured and the calculated EMF also becomes larger
when the initial reference SOz gas concentration is 3.6
vol%.

Dependence of the initial reference SOz gas con-
centration on the measured EMF/calculated EMF ra-
tios at 673 K for the Na2S04-NaVO3-Ln2(SO4)s (Ln=
Pr and Y) clectrolytes are shown in Fig. 8. The meas-
ured EMF/calculated EMF ratio abruptly decreases
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measured EMF /calculated EMF
T v

0 N I I 1
0 2 4 6 8

Initial reference SO, gas
concentration/vol %

Fig. 8. Dependences of initial SO, gas concentration
for reference on measured EMF/calculated EMF at
673 K.

[ Na,SO, : NaVO, : Pr,(SO,);=91.1 : 3.9 : 5.0,
® Na,SO, : NaVO; : Y,(SO,);=91.4 : 3.6 : 5.0.

-2 -1 0 1 2

Fig. 9. A typical EMF response for the Na,SO,-
NaVO,-Y,(S04)3(91.4 : 3.6 : 5.0) electrolyte at 673
K

The test and the reference SO, gas concentration are
20.5 and 9.7 vol%,, respectively.
—— is calculated EMF.?
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when the initial reference SOz gas concentration be-
comes less than 5 vol%. The electrolyte can not detect
SO2 gas accurately because the SOz gas concentration
on the surface for the reference electrode is smaller
than 5 vol% and the electrical conductivity of the elec-
trolyte is appreciably low because the operating tem-
perature is as low as 673 K.

A typical EMF response for the Na:SO4-NaVOs-
Y2(SO4)s electrolyte at 673 K is presented in Fig. 9.
The EMF increases immediately when the test SO2
gas reaches the surface of the electrolyte. However,
about 4 min are necessary for the EMF to attain 96%
of the calculated EMF. Jacob and Rao? have de-
scribed that approximately 4 min are required to at-
tain 98% of the calculated EMF when pure sodium sul-
fate is used as a solid electrolyte at 973 K. The response
time in our measurement coincides with their results.
However, operating temperature of ours is approxi-
mately 300 K lower than theirs.

In conclusion, sodium sulfate doped with NaVOs
and Lnz(SO4)s (Ln=Pr and Y) has suitable properties
for the solid electrolyte because the solid solution
shows considerably high electrical conductivity. The
sulfate can be utilized as the solid electrolyte for a SOz
gas sensor even at 673 K which is approximately 300
K lower than pure sodium sulfate can be used. The
doping of sodium vanadate as well as rare earth sul-
fates makes considerable progress in the improve-
ment of the electrolyte.
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