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ANasiconCO2Gas SensorWth
Drift－DetectionElectrode

SongChen，De－YinJeng，HironoriHadano，‰shiakiIshiguro，MasakatsuNakayama，andKenzoWatanabe

AbsLTuCt－A・Nasicon（SOdiumsuperionconductor）CO2gaS
SenSOrwithanewstructureisdevelopedbrmonitoringCO2IeveIs
intheatmospheriCaitlInadditiontothesenslngandr曲renceelec－
trodesofaconventionaINasiconsensor；anauXiIiaryelectrode，re・
fbrredtoasthebaseeIectrode，isprovidedwiththenewstructure．

TheprInCipIeofCO2detectionisthesameasthatofaconventional

Nasiconsensor；butthedurabiIityisgreatIyimprovedbyusInga
nOnaqueOuSCarbonateasthesenslngmaterial．CharaCterization

hasalsorevealedthattheoutputvoltageatthebaseeIectrodeis

CIoselycorrelatedwiththedriftatthesenslngeIectrodeandisavaiI・
ablehrthedriftcompensation．

Index7brms－Carbondioxide（CO2）2gaSSenSOr，drift，dura・

bility，equivalentcircuit，Nasicon†SOlidelectroIyte．

A　　　　　　　　I．INTRODUCTIONNINCREASEinenergyconsumptlOnquicklydeteri－

OrateS the environmentalconditions ofthe earth．The

globalwarmlng，aCidrains，andatmosphericairpollutiondue

toexhaustsarethetypicalphenomena．Undersuchcircum－

StanCeS，COminuousassessmentofairqualitylnthelivingand

WOrking environmentsislegislatedforhuman comfbrtand

Saftty・Thegaseswhoselevelsshouldbemonitoredinclude

Carbon monoxide（CO），Carbon dioxide（CO2），and dust．

TheworkdescribedinthispaperisconcernedwiththeCO2

Awe11－aCknowledgedmethodfbrdetectlngtheCO2COnCen－

trationintheatmosphericairistomeasuretheabsorptlOnOf

thelightinthe4・2－FLmbandduetoCO2mOlecules．Sucha

nondispersiveinfrared（NDIR）gasdetectorallowsahigh－aC－

CuraCymeaSurement［1］，［2］，butistooexpensivetoprevail．For

COntinuousmonitonngoftheCO21evelinschooIs，hospitals，

Ofnces，andhomes，muChcheapersensorsaredesired．Tbre－

SPOndtosucharequest，SnO2－basedsensorsaredeveloped［3］，

［4］・Muche恥rthasbeendevotedtoincreasethesensitivityand

SelectlVlty，buttheaccuratemeasurementisstilldifncultdue

tothelargedependenceontemperaturel5］．Anothercandidate

fbralow－COStCO2SenSOristhesolidelectrolytesensorbased

Onthesodiumsuperionconductor（Nasicon）［6］－［8］．TheNa－

SiconCO2SenSOrhassuchdistinctfbaturesasthehighsensi－

tivityatlowconcentrationandthehighgas－Selectivityl9Hll］，

butthedriftandthedurabilityinthecourseoftimebottleneck

thepracticalapplications・TbresoIvetheseissues，aneWStruC－
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Fig・1・So1－gelprocesstosynthesizetheNasicon．

tureisexploited・ThenewstruCtureuSeSSuChnonaqueouscaト

bonatesasLi2CO3andCaCO3tOimprovethedurability，and

anadditionalelectrodeisprovidedtocompensatethedriR．In

thefbllowlng，thefabricationprocessandtheperfbrmancesof
theNasiconsensorwillbedescribed．

Fig・l showsthe so1－gel process used to synthe・

Size the Nasicon・The composition ofNasiconis glVen

by Na（1＋Ⅹ）Zr2SixP3－Ⅹ012，and zirconium protoxide

Zr（OCH2CH3）4，Zr（OPr）4in a conventi。nal n。tation．

TEOS（tetra－ethy1－Ortho－SilicateSi（OCH2CH3）4），SOdiumhy・

droxideNaOH，andammoniaphosphoricacid（NH4）2H2POj

areselectedasthestartlngmaterials・Inweighingeachmaterid・

Ⅹ＝2・1isassumed・Zr（OPr）4andTEOSares。lvedint。an

OrganicsoIventl・ThisorganicsolutionisreftrredtoasSoIA

NaOHand（NH4）H2PO4areSOIvedintowateLThisaqueou5

SOlutionisreftrredtoasSoIB・MixingSoIAandSoIBa山

thesubsequenthydrolysisreactionproducethexerogel・Tk
XerOgelisdriedbyablowerandcalcinedat6500Cfbr2b・

Thecalcinedpowderisthenmillednnelyandpressedinto伽

lApropnetarysecretfbrthemoment．
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RB・2・X－raydifffaction（XRD）pattemOfthesinteredpellet．

R！・3・Three－electrodeNasiconCO2gaSSenSOrfbllowedbyunity－gain
蛾rsfbrvoltagemeasurements．

FC）let・ThepelletissinteredatllOOOC・TheX－raydiffraction

（XRD）pattemOfthesinteredpelletisshowninFig．2．This

neaSuredpatternagreeswellwiththatinJCPDSfile35－412，

COnnrmlngthattheNasiconofthemonoclinicstructureis

Synthesizedsuccessfullybytheso1－gelprocessshowninFig・1・
Thepelletisscribedintodieswith3×3mm2dimension．

ThethicknessisO・5mm・Fig・3showsthestruCtureOftheNa－

Siconco2SenSOr・Di鮎rentfromaconventionaltwo－electrode

Shcturecomposedofthesenslngandreftrenceelectrodes，an

auXiliaryelectrode，reftrredtohereafterasthebaseelectrode，

uPrOVided・AlltheelectrodesarefbrmedbyAuscreen－Pnnted．

TheNasiconbamierisprovidedbetweenthesensingandbase

eIemodestopreventthecarbonatefromdiffusingtowardthe

baseelectrode・ThebamierheightisO．2mm．Thecarbonates

uSedareLi2CO3anditscompounds．

TheprincipleofCO2detectionisthesameasthatofthe

tWo－electrodedevice‥TheCO2gaSreaCtSWiththecarbonateat

mesensingelectrode，tOPrOducecationsandelectrons．Aninter＿

hciallayerofNa2CO3isdeducedtobefbrmedbyLi2CO3and

也eNasicon，andLi＋ionsexchangecationswithNaatomsatthe

lnbrfaciallayer・Na＋ionsthendrifltowardthereftrenceelec＿

叫e・tOgeneratetheelectromotivefbrce（EMF）Withtheref－

Qenceelectrodebeingthepositivepolarity・Theelectronspro－

ducedbythereactionbetweenCO2gaSandthecarbonate，On

heotherhand，flOwthroughanexternalcircuittothereference

TABLEI

OpERATINGCoNDmONS

Item Specification
38V DCHeatervoltage（VH）

Heaterresi扇ance（RH） 4・5土0・5E2（atroom temperature）
10・5土0．5の（如4000C）
Approx．360mA
Approx．1．4W

－100C～＋500C，5～95％RH
300～5000ppm

He如ercu汀ent
Heaterpowerconsumption
Environmentai conditions
CO2range
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electrode，tOgeneratethevoltagewhichbalancestheEMFby
thecations・TheelectrochemicalreactionsinvoIvedintheelec－
trodesaredescribedasfollows．

Senslngelectrode：

2Li＋＋CO2＋1／202＋2e－≠Li2CO3　　　（1）

Refbrenceelectrode：2Na＋＋1／202＋2e－≠Na20（2）

Overallchemicalreaction：

Li2CO3＋2Na＋≠Na20＋2Li＋＋CO2．

TheEMFEfo1lowstheNernSt，sequationandisglVenby

E＝（RT／2F）1n（PCOE／PCOぎ）

（3）

（4）

WhereR，TandFarethegasconstant，temPerature，andFaraday

COnStant，reSPeCtively，andPCO芽andPCO賢arethepartialCO2

PreSSureatthesenslngandreftrenceelectrodes，reSPeCtively・

PC0㌢iskeptfixedbythedensestruCtureOfNasiconimper－
VioustoCO2gaS・

Tbenhancethesensitivity，thesensorisheateduptoanop－
timaltemperaturebythePtheaterdepositedontoaceramicsub－

Strate・TheoperatlngCOnditionsarelistedinThbleI．

III．PERFORMANCES

TheimpedancesoftheNasiconsensorweremeasuredand

PlottedbythesweptfrequencymethoduslnganetWOrkana－

lyzer・TheRnestfrequencystepwaso・1Hz・Fig．4（a）showsthe

impedancelocusbetweenthesenslngandreftrenceelectrodes

measuredatT＝250C・Thelocuscanbedecomposedintoa

Semi－Circleandanarc・ThearCinthefrequencyrangefromO．1
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Fig．4・Impedancelocibetweenthesensingandreferenceelectrodesat（a）

T＝250Cand（b）T＝4000C・

tolOOHzcanbefurtherdecomposedintothepartiallyover－

lappedtwosemi－Circles，OneOfwhichcorrespondstotheinter－

facialimpedance，reftrredtousuallyastheblockinglmPedance，

ofthesenslngelectrodeandtheothertothatofthereference

electrode．Sinceeachsemi－CirclerepresentsaresistorRand

acapacitorCconnectedinparallel，theelectricalimpedance

betweenthesenslngandreferenceelectrodesconsistsofthree

parallelRCcircuitsconnectedinseries・Whenthesensoris

heatedto4000CbythePtheater，theNasiconimpedancede－

creaseswiththeincreaslnglOnmObility，andtherebythecorre－

Spondingsemi－CircledisappearS，aSShowninFig・4（b）・Fig・5

showstheimpedancelocimeasuredbetweenthebaseandref－

erenceelectrodes．ThelocusatT＝250Cissimilartothatin

Fig・4（a），thoughthesemi－CirclecorrespondingtotheNasicon

impedanceissmallerandshiftedtothehigherfrequencies・The

impedancelocusatT＝4000CshowninFig・5（b），however，is

differentfromthatshowninFig．4（b）．Therealandimaginary

partsincreaseinmagnitudemonotonicallywiththedecreaslng

frequency・Thisindicatesthattheimpedancebetweenthebase

andreftrenceelectrodesunderoperationatT＝4000ccanbe

representedbyacapacitorinserieswiththeseries－COnneCted

twoparallelRCcircuits・Theimpedancebetweenthesenslng

andbaseelectrodedrawsalmostthesamelociasthoseshown

inFig・5，andtheimpedanceatT＝4000ccanalsoberepre－

sentedbyacapacitorinserieswiththetwoparallelRCcircuits・

SincetheintemalimpedancesoftheNasiconsensorareVery

high，thehighinputimpedancebufftrsareusedformeasurlng

thevoltagesatthesenslngandbaseelectrode，aSShowninFig・3・

Fig・6showstheEMFasafunctionofCO2COnCentration・The

measurementwascamiedoutbyplacingthesensorinanairtight

chamberandinjectlnganaPPrOPnatequantltyOfpureCO2gaS・

AcommercialCO2mOnitorbasedonthenondispersiveinfrared

（NDIR）methodisusedtomeasuretheCO2COnCentrationinthe

chamber・TheoperatlngtemPeratureOfthesensorisset4000C・

ItcanbeseenthattheEMFislogarithmicallyproportionaltothe
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Fig．5．1mpedancelocibetweenthebaseandreferenceelectrodesat（a）T

250Cand（b）T＝4000C．
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Fig・6・SensltlVltytOCO2gaS・

CO2COnCentration，aSgivenby（4）・Fig・7showsthesensitivities

tomiscellaneousgases・ThesesensltlVltymeaSurementSWere

alsomadebymeansoftheairtightchamber・TheNasiconsenSOr

itselfhasthesensltlVltytOH2，ethanol，andisobutenegases，but

theseefftctscanbereducednegligiblysmallbycovenngthe

sensorwiththecharCOalandcatalyticnlters・

Fig・8compareSthedurabilityofthecatbonates・△EMFin

theordinateisthedifferenceinEMFatCO2COnCentrationsof2

000ppmandatmosphericairlevel，Ca・380ppm・ThewaterSOl・

ublecarbonatessuchasK2CO3andNa2CO3areunSuitedbe・

causetheyareeaSilydissoIvedbywatervaporsintheairl12］・

ThewatersolubilityofLi2CO3andCaCO3isl・24wt％and

O．71wt％at300C，reSPeCtively・ThedurabilitylSgreatlylnl－

provedbyuslngthesenonaqueouscarbonates・

Fig・9showsthetransientresponses・TheintegratedanddiF

ftrentialstepresponsescanbeseendependingontheloadcOn．

dition・TheimpedancebetweenthesenslngandreftrenceeleC一
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Fig・7・Sensitivitiestomiscellaneousgases（a）Withoutand（b）withthe

charCOalandcatalyticnlters・
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Fig．8．Durabilitiesofvariouscarbonates・

trodescanberepresentedbythethird－OrderRCcircuitwith

threetimeconstants，aSdescritx：dpreviously・Letthelargest

timeconstantbe71．Then，thedifftrentresponsescanbeex－

plainedintemSOfthetimeconstantsTiand7tOftheinternal

impedanceandtheexternalcircuit，reSPeCtively：Whentheload

resistorRlinFig．3isinnnity（OPen），thetimeconstant7tOf

theextemalcircultglVenby丁も＝RiCi，WhereRiandCiare

theinputresistanceandcapacitanceofthebuffer，reSPeCtively，

islargerthan71andthestepresponsetakestheintegratedwave－

fbrm．WhenRl＝1MO，Ontheotherhand，77，becomessmaller

than71andthestepresponsetakesthedifftrentialwavefbrm・

Thesetransientresponsesvalidaletheequivalentrepresentation

OftheinternalimpedancebytheparallelRCcircuits・

Tbmeasurethetransientresponseindependentlyofthetime

Constants，anautOmaticbalancecircuitshowninFig・10（a）is
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Fig．9．Transientresponsesunderdiffbrentloadconditions．
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Fig．10．（a）Automaticbalancecircuitand（b）themeasuredtransientresponse．

developed．ItconsistsofabufftrAlfbllowedbyahigh－galn

difftrentialamplinerA2andanintegratorA3・Theresponseof

thiscircuitisfastbecauseofthehigh－gaindifftrentialampliner

intheftedbackloop．Theintegratorintheftedbackloopmakes

itsoutputequaltotheinputvoltageofthebufftr・Therefbre，the

OutPutSOftheintegratorandthebuffbrquicklyfbllowtheEMF

OfthesensorirrespectivelyoftheresistorRs．Thetransientre－

SPOnSemeaSuredbythiscircuitisshowninFig・10（b）・Thegas

SenSlngPrOCeSS，COnSistlngOfCO2gaSabsorpt10n，Chemicalre－

actionatthecarbonate，thecationexchangeattheinterfacial

layer，andthedriftofcationstothereftrenceelectrode，isfast

andsettleswithin15S．Therestorationtotheatmosphericlevel，
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Fig・11・Vbltagesatthesenslngandbaseelectrodesobservedfbr45days．

Fig・12・Ⅵ）ltagedriftsobservedatthesenslngandbaseelectrodes．

however，takes120S．Thelongrestorationisattributeddueto

theslowdesorptlOn．

Inadditiontothedurability，thedriftintheEMFisanother

factorthatlimitsthemeasurementaccuracy・Fig・11showsthe

OutPutVOltagechangesatthesenslngandbaseelectrodesduring

45days・Thesensorwasplacedinaclosedroom・TheCO2gaS

COnCentrationdependsonthenumberofpersonspresentinthe

room・Thehighconcentrationstartlngfrom35thdayisdueto

agasstoveusedtowarmtheroom．Thestovehumidinedthe

roomanddewwasobservedonawindowglass・Thevoltage

atthesenslngelectrodechangeswithCO2COnCentration，While

thevoltageatthebaseelectrodedriftsindependentlyoftheCO2

COnCentration・Tbexploitthedriftmechanismandthecompen－

Sationmethod，thethree－electrodeNasiconsensorisexposedto

theatmosphericairinavacantroom．TheCO2COnCentrationis

about380ppmandiskeptconstant・Fig・12showsthevoltages

atthesenslngandbaseelectrodesthusmeasured．Itcanbeseen

thatthereexistsacloserelationbetweenthedriftsonthetwo

VOltages・Samplingthetime－Seriesdataeveryhour，thecorrela－

tioncoefncientTlSCalculateddailyby

∑慧1校（可晦（れ）
（5）

Where鴨（n）andVb（n）arethevoltagesPamPledeveryhour
atthesenslngandbaseelectrodes，reSpeCtlVely・Fig・13shows

thecorrelationcoefBcientobservedfbraweek．Thecorrelation

l
已
ひ
で
琶
O
O
U
G
O
で
d
t
む
と
O
U

0
　
　
　
0

2
　
　
　
4

0
　
　
　
0

0
　
　
　
0

′

0

　

　

　

0

0

0
　
　
　
0

1　　2　　3　　4　　5　　6　　7　　8

Time（Day）
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Fig・14・ChangeinEMFduetorelativehumidity・

COefncientsaftertwodays，aglngareVeryCloset0－1・Tbde－

ducethesourceofthedriftvoltage，thevoltagesatthebaseand

SenSlngelectrodesaremeaSuredwhilechanglngtheoperatlng

temperatureandtheatmosphericrelativehumidity・Nodepen－

denceontemperatureisobserved・Fig・14showsthehumidity

dependence・Boththevoltagesincreasewithhumidity，butwith

theoppositepolarity・Theimpedancebetweenthesenslngand

reftrenceelectrodesisalsomeasuredasafunctionofrelative

humidity・Theimpedancedecreaseswithrelativehumidityand

frequency・Theseresultsoftheimpedancemeasurementssug－

gestwaterpresentunderneaththeelectrode，Whichincreases

theapparentpemittivlty．Fromtheseobservations，itisdeduced
thatthedriftvoltageiscausedbywaterabsofbedintotheNa－

Siconandelectrodeinterfacewhichproducesthedipolelayerby

ionization・Thepolarityofthedipolelayeratthesenslngelec－

trodeisoppositetothatatthebaseelectrode・Thispolarityre－

VerSalisexplainedtobecausedbytheelectricneldgenerated

bytheEMFbetweenthesenslngandreftrenceelectrodes・

SummanZlng the measured perfbrmanCeS，the electrical

equlValentcircuitofthethree－electrodeNasiconsensorcanbe

representedasshowninFig・15・Inthisrepresentation，Vdband

Vdsdenotesthedriftvoltagesduetothehumiditydependence

Ofthedipolelayers，aSdeducedabove，andEistheEMFdue

toCO2gaS・Edoesnotappearatthebaseelectrodebecauseit

isblockedbyCsb・SincethedriftvoltagesareOPPOSiteinthe

POlarity，theycanbecancelledbytheweightedsumofVsand

VB，andtherebythetrueEMFcanbedetected．

AprototypeCO2mOnitorwiththenewNasiconsensorhaS

beenbuiltfbrtheperfbrmanceevaluation・Fig・16compareS

theCO2COnCentrationdisplayedontheprototypemonitorwith
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Fig・16・ComparisonofCO2COnCentrationsdisplayedonprototypeNasicon

andcommercialNDIR－typemOnitors・

thoseonacommercialNDIR－tyPemOnitorusedasareftrence・

Bothareingoodagreement・

IV CoNCLUSION

ThebasiccharaCteristicsofthenewlydevelopedthree－elec－

trodeNasiconCO2SenSOrareglVen．ThegassenslngmeCha－

nismisthesameasthatofaconventionalNasiconsensorcom－

posedofthesenslngandreftrenceelectrodes，butthedura－

bilityisgreatlyimprovedbyuslngthecompoundofLi2CO3and

CaCO3aSthecarbonate．Thevoltageappearedatthesenslng

electrodedriftsinthecourseoftimeeveniftheCO2COnCentra－

tioniskeptconstant・Thisdriftcomponentiscloselyrelatedto

thevoltageatthebaseelectrodeandisdeducedtobecausedby

thedipolelayerwhichchangeswithrelativehumidity・Basedon
thecharacterization，anelectricalequivalentcircuitoftheNa－

Siconsensorisderived，Whichsuggeststhatthedriftcomponent

CanbecancelledbysummlngaPPrOPnatelythevoltagesatthe

Senslngandbaseelectrodes．

Notonlyfbratmosphericalrqualityassessment，themeasure－

mentofCO2gaSCOnCentrationisalsorequiredfbrprocesscon－

trolinR）Odindustry，enVironmentcontrolingreenhouses，diag－

nosesofpatientsinhospitals，andsoon・Thedriftcancellation

bythethree－electrodestruCtureandthedurabilitylmPrOVement

bynonaqueouscarbonateswillmaketheNasiconCO2SenSOr

quiteattractivetotheseapplications・
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