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Abstract. A solid electrolyte type sulfur dioxide (S gas sensor that can operate at moder-

ate temperatures was fabricated using*Zion conducting Zo/a0TaPgWo 1012 solid electrolyte with
0.7La0,S0, — 0.3(0.8LESO, + 0.2K,SOy) having a large surface area and Zr metal as the auxiliary sensing
electrode and reference electrode, respectively. Since the present sensor showed a quantitative, reproducible
and rapid response which obeys the theoretical Nernst relationship even°&,408 a potential on site SO

gas sensing tool operable at moderate temperatures aroun@ 400

1 Introduction Recently, we have proposed a solid electrolyte type
SO, gas sensor using the tetravalent“Zion conducting
Sulfur dioxide (SQ) gas, emitted from sources such as incin- Zrag/40TaPgWp 101, (Imanaka et al., 2007) and the divalent
erators and power stations, is a typical air pollutant causingd?- jon conducting (Zr®)oo2(Y 203)00s Solid electrolytes
acid precipitation. Consequently, reducing;3fas emission  with the 0.7La0,SO; — 0.3(0.8LLSO4 + 0.2K,SOy) solid as
into the atmosphere is important for environmental conseran auxiliary sensing electrode (Uneme et al., 2012). A
vation. In order to fectively suppress SQjas emission, it though the previous sensor can detect $@s theoretically
is essential to develop an $@as monitoring tool which can  (obeying the Nernst equation over 2 months), a high operd
detect the gas rapidly and accurately at every emitting sitetion temperature above 480G is required to obtain a stable
Currently, although there are analytical instruments that meaand theoretical S©response due to the high electrical resis-
sure the S@gas concentration based on chemical lumines-tance of the sensor cell and iffBaient electrochemical reac-
cence (Nakagawa et al., 1996) or infrared absorption (Frankjon with the SQ gas at the auxiliary sensing electrode. The}
and Meixner, 2001), these are not suitable for on sitg SO high operating temperature causes the sensing performan
gas monitoring because some pretreatment of the sample gas deteriorate, and thus a lower operating temperature is r¢
is required. Furthermore, these equipments are too expensiv§uired.
and too large to install at every emission site, and therefore, |n this study, we designed a $@as sensor that can
development of compact $S@as sensors is necessary. Three gperate below 480C. Since the (Zr@)o.gx(Y 203)00s Solid
types of compact S£gas sensors have been proposed: solidused as the reference electrode in the previous sensor sho
electrolyte type (Maruyama et al., 1985; Yan et al., 1994),considerably high electrical resistance below S0pwe re-
solid polymer electrolyte type (Chiou and Chou, 2002), andplaced it with Zr metal. In addition, we improved the reac-
semiconductor type (Shimizu et al., 2001). Among these, theivity of the auxiliary sensing electrode. In order to achieve
solid electrolyte type gas sensor is expected to be the moshis, we enlarged the surface area of the auxiliary sensin
promising based on selectivity due to the unique characteriselectrode using polymethylmathacrylate (PMMA) as a tem
tic of a solid electrolyte in which only single ion species can plate. Finally, the S@gas sensing performance of the senso
migrate in solids. was investigated at a moderate temperature o @00
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Figure 1. Schematic illustration of the S@as sensor based on the
Zr* ion conducting solid electrolyte.

2 Experimental

Zr3ga0TaP oW 1012 was synthesized by a solid state reac-
tion. A stoichiometric mixture of ZrO(Ng), - 2H,0, TgOs,
(NH4)2HPOy, and WQ was mixed using a ball milling appa-
ratus (FRITSCH GmbH, P-7), and mixed powder was heated ) N .
at 1200°C for 12 h and 1300C for 12 h in air. The obtained f;?:ég Sy hsei\i"ng']“;a?s; gfoiheoasu()(()lIgaiysﬁnsg]gKelgg;oxﬁﬁ ob-
. . . . . - 0. . + L.

powder was peIIetlzed. and smtereq at 1300or 12 hin air. (a) OWt %, (b) 1OM%,(C§ 30Wt%, or(d) 250wt% PIVfMA4on the

La,0O,SO, was obtained by heating L& at 1000°C for Zrs0/a0TaPsoWo 101 solid electrolyte.
12h in air. 0.7La0,S0;, — 0.3(0.8LiL,SOy + 0.2K,S0y) was / om0
prepared by mixing Lg0,S0y, Lio,SO, and K;SO, at a stoi-
chiometric ratio in an agate pot at a rotation speed of 300 rpny 2K,S0y) with 10wt% PMMA, while 0.7La0,SO,—
for 3h using a plqnetary baI_I milling apparatus. T_he mixed 0.3(0.8Li,SO, + 0.2K,S0;) without PMMA was sintered
powder was pelletized and smtgred at S6dor 12hin air. well. Furthermore, it was confirmed that the specific sur-

Figure 1 shows a cross sectional view of the present SO ¢, area of 0 710,50, — 0.3(0.8Lb SOy +0.2K,SOy) with
gas sensor. A Zr metal thin film as the reference electrode;y. 100 PMMA (1.3849 rﬁ'g—l). was conéiderably larger
was loaded on the sinteredsgioTaPeWo1012 pellet and 55 hat of 0.7L50,50, - 0.3(0.8L SO +0.2K,SOy) with-
subsequently covered with a Pt thin film by ion beam sput- ut PMMA (0.4897 ig1). From these results, it was con-
termkg]] (Elionix, ESC-101). Au and Pt ;neshes V\llere attache luded that evaporation of PMMA during the heat treatment
on the ZggaoTaF2eWo1012 and Zr reterence gectrode 35 resulted in pore formation in the auxiliary sensing electrode.
current collectors. To form the auxiliary sensing electrode, . the other hand. when a large amount of PMMA over
a mixture of0.7LQOZSO4—0.3(0.8Li2804+0.2_K28_O4) and 10Wt% was mixed with 0.7L#0,S0; — 0.3(0.8LiSOy +
po'ymethyr']mgtha”%"ate (PM'V'?’ 0-:‘:]4@” n d'ag‘eter) 0.2K,S0y) solid, the surface of the ZgaoTaP>oWo1012
¥Vas zr';:tt_ac ed on the Au mes ahn then eate_ atG00 oyjig was clearly seen under the auxiliary sensing electrode
for Lhinairto remove PMMA. The Sfgas sensing per- 4o 15 the formation of big pores. Since reduction in the
ormance was investigated at 40D. SQ, gas cochntra- contact area betweenzfioTaP oWy 1012 (Solid electrolyte)
tions from 500 to 3000 ppm were regulated by mixing pure and 0.7La0,S0; — 0.3(0.8Li,SO; + 0.2K,S0Qy) (auxiliary
SO, with Np and G, gnd t_he total gas flow rate was kept sensing electrode) causes deterioration of the ion exchange
constant at 100 mimirt with the O, gas pressureRO,) reaction (described below), we selected 00, —

fixed at 0.21atm. The sensor Electromotive force (EMF) 0.3(0.8Li,SO, +0.2K,S0y) with 10 Wt % PMMA as the aux-
output was measured using a digital electrometer (Advan-

R8240). Th hol fth i . | iliary sensing electrode.
test, R8240). The morphology of the auxiliary sensing elec- Figure 3 shows the representative sensor response curves

trodes was characterized by scanning _e_lectron MICTOSCOPYeasured by the sensors using auxiliary sensing electrodes
(SEM) (Shimadzu, SS-550). The specific surface area O(Nith 10Wt% PMMA and without PMMA for S@ gas con-
the auxiliary sensing electrodes was mea_sured using thEentrations from 500 to 3000 ppm at 480, Although both
Brunauer-EEnmetF-Teller (BET) method by nitrogen adsorp-gensors showed stable sensor EMF output without electri-
tion at-196°C (Micromeritics Tristar 3000). cal noise even at 40@ (the electrical resistance of the
sensor cell was reduced using the Zr metal as a reference
3 Results and discussion electrode), the response time, which is defined as the time
to attain 90% total sensor EMF output change, was con-
Figure 2 shows the SEM images of the auxiliary sensing elecsiderably diferent. For the sensor using the auxiliary sens-
trode on the Zgy40TaPoW;1012 solid electrolyte. Large ing electrode with 10wt% PMMA, the response time was
pores were observed for 0.74@SO, —0.3(0.8LLSO, + ca. 4min, which is shorter than that for the sensor using
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Figure 3. Representative sensor response curves measured by the

sensors using the auxiliary sensing electrddgsvith and(b) with-
out 10wt% PMMA for SQ gas concentrations between 500 to
3000 ppm at 400C.

the auxiliary sensing electrode without PMMA (ca. 20 min).

In addition, the sensor using the auxiliary sensing electroddog(PSQ;) for the sensors using the auxiliary sensing electrgdps
with 10wt% PMMA showed the same sensor EMF outputwith and(b) without 10 wt % PMMA.e ando represent the sensor
for each S@ gas concentration in increasing and in decreas-EMF outputs with increasing and decreasing,3fas concentra-
ing processes, while the sensor EMF outputs for decreasin
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Figure 4. Relationship between the sensor EMF output and

ated from the Nernst equation.

}ons, respectively. The solid line shows the theoretical slope est

SO, gas concentration were lower than those for increasin
concentration for the sensor using the auxiliary sensing elec-
trode without PMMA. This is because the reactivity of the From Egs. (1)—(3), the total chemical reaction and the fol
rate-limiting reaction between the auxiliary sensing electrodeiowing Nernst equation can be written as
and SQ gas was improved by the increasing surface area of
0.7L&0,S0; — 0.3(0.8Li, SOy + 0.2K,S0y). M2S0Oy +20/392139/40TaP29W01012 & 1/2Zr

The following reactions were proposed to occur at the +20/39Mag/10TaPgWg 1012+ SO, + Oo.
0.7L&0,S0,—0.3(0.8LLSO, +0.2K,SOy) auxiliary sensing
electrode, at the interface between the auxiliary sensing eled==Eo+(RT/nF)In{(aZr)*/?.(aMsg/10TaPs o W0 1012) 2%
trode and Zgg40TaP oW 1012 solid electrolyte, and at the -(PSOZ)‘l-(POZ)‘1~(aM2804)A(aZr39/4oTaP2‘9W0A1012)20/39} (5)

Zr metal thin film reference electrode.

At the auxiliary sensing electrode: Here, R, F, andn are, respectively, the gas constant, the
Faraday’s constant, and the number of electrons participat
ing in the SQ gas sensing (herey=2.00). a and P are,
Q) respectively, the activity of the solid materials and par-
tial pressure of the gas species. Since the activities of the

At the interface between the auxiliary sensing electrode angolid materials (i.e., Zr, MyioTaRgWo1012, M2SQs, and
solid electrolyte: Zraga0TaPgW0.1012) are strictly constant if the temperature

is fixed, and the oxygen partial pressuR0f) was main-
tained at 0.21 atm during the measurement, Eq. (5) can he
simplified to

4

MoSOy (|n L3202304) o 2M* + SO + 0,
+2e” (M = Li or K).

2M* + 20/392r39/4oTaP2,9W0,1012 Ld :I./ZZI’4+

+20/39M3zg/10TaP, 9Wo 1 O12. (2)
E = C(constant}- (RT/nF)In(PSG,)(n = 2.00). (6)
At the reference electrode:
Figure 4 shows the relationship between the sensor EMF
1/2Zr* + 26" & 1/2Zr. 3) output and the logarithm of the $S@as concentration. The
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theoretical slopen(= 2.00) estimated from Eqg. (6) is shown Edited by: A. Lloyd Spetz
as a solid line. For the sensor using the auxiliary sensing elecReviewed by: two anonymous referees
trode with 10wt % PMMA, the n values estimated from the
slopes for the increasing and decreasing §&s concentra-
tions were both 2.03, which coincided well with the theo-
retical value = 2.00). This indicates that the sensor using Chiou, C. Y. and Chou, T. C.: Amperometric $@as sensors based
the auxiliary sensing electrode with 10 wt% PMMA shows  on solid polymer electrolytes, Sensor. Actuat. B-Chem., 87, 1-7,
a theoretical response for $@as at operating temperatures ~ 2002.
as low as 400C. In contrast, for the sensor using the aux- Frank, J. and Meixner, H.: Sensor system for indoor air monitoring
iliary sensing electrode without PMMA, the n values were, Using semiconducting metal oxides and IR-absorption, Sensor.
respectively, 1.77 and 2.58 for the increasing and decreasing ACtLl'(at' EJ-C;lem” 78'8298‘30'5’ 200_%.. £ draordinaihy higft 2
ncentrations. Th iren tween th val- mf";ma a, N., .amurg, ., and Itano, T.: Extraordinarily higf Zr

SO, gas conce ta_o N eftirences between t ese_ _a ion conducting solid, J. Am. Chem. Soc., 129, 56338-5339, 2007.
ues and the theoretical value are due to the lower reactivity Of\/l ; ) :

- . aruyama, T., Saito, Y., Matsumoto, Y., and Yano, Y.: Potentiomet-
the auxiliary sensing electrode caused by the smaller surface

"7~ ric sensor for sulfur oxides using Nasicon as a solid electrolyte,
area. Furthermore, the sensor EMF output of the sensor using ggig state lonics, 17, 281-286, 1985.

the auxiliary sensing electrode without PMMA was higher Nakagawa, N., Kawabata, S., Nishiyama, K., Utsunomiya, K.,
than that of the sensor using the auxiliary sensing electrode yamamoto, 1., Wada, T., Yamashita, Y., and Yamashita, N.:
with 10wt % PMMA. The reason for the fliérence in sen- Analytical detection system of mixed odor vapors using
sor EMF output was considered to be by partial oxidation of ~chemiluminescence-based gas sensor, Sensor. Actuat. B-Chem.,
the reference electrode. Although Zr metal was covered with 34, 334-338, 1996.

Pt sputtered film to prevent the oxidation of Zr metal, ZrO Shimizu, Y., Matsunaga, N., Hyodo, T., and Egashira, M.: Improve-
might be partially formed in the reference electrode, result- Ment of SQ sensing properties of W(by noble metal loading,

L Sensor. Actuat. B-Chem., 77, 35—40, 2001.
ing in the change of the sensor EMF output. Uneme, Y., Tamura, S., and Imanaka, N.: Sulfur Dioxide Gas Sen-

sor Based on 2t and & lon Conducting Solid Electrolytes
4 Conclusions with Lanthanum Oxysulfate as an Auxiliary Sensing Electrode,
Sensor. Actuat. B-Chem., in press, 2012.
A SO, gas sensor that can operate at moderate temyan, Y., Shimizu, Y., Miura, N., and Yamazoe, N.: High perfor-
peratures was fabricated using the%Zrion conduct- mance solid electrolyte SGsensor using MgO stabilized zirco-
iNg  ZragoTaPgWo1012 solid electrolyte  with the nia tube and LiISO,-CaSQ-SiO, auxiliary phase, Sensor. Ac-
0.7L&0,S0;, - 0.3(0.8LLS0O, + 0.2K,S0O;)  solid  and tuat. B-Chem,, 20, 81-87, 1994.
the Zr metal thin film as an auxiliary sensing electrode and
a reference electrode, respectively. By applying Zr metal
that has low electrical resistance and an auxiliary sensing
electrode with a large surface area, the preserd §&%
sensor showed a continuous, reproducible, and theoretical
response even at the operating temperature of@00
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