TI TLE OF THE | NVENTI ON [ 0001] AMPEROVETRI C
ELECTROCHEM CAL CELLS AND SENSCRS FI ELD OF THE

WO MWBEMISSAN [ 0002] This invention relates to  PCT/US2009/035494
anperonetric ceram c el ectrochem cal cells and sensors
whi ch, in specific enbodi nents, are suitable for
detecting one or nore target gas species, for exanple,

i NCc) and/or anmonia, in a gaseous
TITLEQ#EQ&Q&@&&T@ﬁ@%‘ Ns in hydr ocar bon conbusti on products,
[0001] anAMEERGVETRACSELEETR OCMEMIE AN CHI QAN SN SORSS e

devices. In a specific enbodi nent, the cells and
sensors of the invention nmay be used for NO ¢ and/or
NH em ssions detection in diesel fueled vehicles.
FIELDEDEF{IHE)INMENTI(){IE I NVENTI ON [ 0003] The i ncr ease i n
dw de i nd strlallzatlon has generated co
[0002] /'od ali“f?gtl%rq ey GrRnReERHC B2 eachm Q dad sensors
Particularly, em ssions fromvehicles or other
which, i speeifip ambadistputse ais sitablefor clgieeBrmonanpineigvirgeirgas spegies, for
regul ations are driving NOc (a m xture of NO and NO of
exampl&, aiitydus@xides (NDxeandsi amsoiiinoimaciaesek afnuelphelewadt o i@drydrocarbon
to increasingly lower levels, with the nost

combuséBRplRINeHs Nhdab mAarSs e &ﬁbk%ﬂ&@ﬁ@h@%ﬁtﬁgs@ﬂeﬁce@' @8 8kpecific
tail pi pe standards. To neet these, engi ne

embodlmgﬂtu E}%CJ@HE &P selillg(Yrg OE %%QH\%%YISL %ér &Y\fo(i“ lmd/or NH; emissions

tér-treatment technologies in ing selective

t.i.on (SCR) systens and | ean hD c traps
deteCUOPLT@ S guel &7 i iQe4mpl e T. Johnson, 2008 SAE
| nt er nat i onal _Proceedi n s, 2008-01-0069 (2008). These
BACKGROUND QEJHE INYENTION Noc sensors to nonitor

[0003] PeThOIRASEn &kﬁ@hé Fi‘rd}(lstﬁgl'lpa?i%ﬁ gl g&ﬂ:@é& é:och%Frn regarding pollution

requl rerrents € em SSi on

e B AT SR SRR A

can reduce fuel efficiency if they are applied w thout
sources Ao ®nFEBp NeBrRIVEPIMERfAL Il*‘?é\ﬂatl@tﬁr?ée efivina Ny Gppiséye of NO and

sol utions can be polluting (e.g. selective
NO; of varying ratio) emissions from diesel fueled vehicles to increasingly lower levels, with the

most challenging of these being the 2010 EPA Tier 2 diesel tailpipe standards. To meet these,
engine manufacturers have been developing new diesel after-treatment technologies including
selective catalyst reduction (SCR) systems and lean NOx traps (LNT). See for example: T.
Johnson, 2008 SAE International Proceedings, 2008-01-0069 (2008). These systems require
multiple NOx sensors to monitor performance and satisfy on-board diagnostics requirements for
tailpipe emissions. Point of generation abatement technologies have been developed for NOx,
among other pollutants, but these solutions can reduce fuel efficiency if they are applied without
closed loop control. Further, some of the proposed solutions can be polluting (e.g. selective

catalytic reduction systems for NOx can release ammonia into the atmosphere) if improperly



catal ytic reduction systens for NOc can rel ease

anmmonia into the atnosphere) if inproperlycontrolled.
w@ewneds7of t hese abat ement technol ogi es requi PEBUSINEI/035494

devel opnent of conpact, sensitive sensors for NO ¢ and

ot her pollutants in oxygen-containing (|ean-burn)

exhaust streans [ 0004] Sensors that have been

ose date cannot neet.the requir nts of .the
control 0P BRER o he>E S G ate R 1 (P S BV IBP et Sompact.
rely on the potentlonetrlc or anperonetric neasurenent
sensitivg pergeisdanNPxrand gthep peldutants i p¥ygeNCARIAHEOATFIST WD ikhayst streams.
NO nol ecules to NO and NOto N2 and O2) to determ ne
[0004] NOSensowrtbarirabeanprofidsed ta daeicamest mhelttht reguitemente obthe
constructed with reference el ectrodes or reference
applicatddH¥PITAE gedak GldfdrBy bONSGRteRtRs fellomMEheGotdificRirlcadria@iperometric
fromthe background oxygen concentration. [0005]

measurdeh&ft boF Q%W ﬁlal fUstPE rcgflftl’f‘erde%o'gnﬁéﬂﬁmpf)f NBsHid s 98RO and

constltuent n anal yte stre using a small, | ow
r er of elec ochen1c n
NO to N W% %Zgﬁoe csiect rénvle é{ncorncé%nérra QL Il“fns r%cgnre a}at §h§ dsev%ce be constructed
I F A B121,

with refg@gg%%lggt(%é\év refqe}\;n%‘@d)blg}sp?r?éfo&c;ptg r‘g(gﬁﬂpg{? ¥ %ﬂ;ﬁcelgtratlon from
136-137, 519-531 (2000); and S. Zhuiykov, et al ,

the baclgspienskexyapriconeeniEtions B 121, 639- 651 (2007). These
approaches range from potentionetric m xed potentia

[0005] seBkotrscHemicaipadarcdtedasedns efmosssiring gang@as ety ircan analyte
sensors. Mpst of these approaches enploy a ceramc

stream 1@4_1@%5 FELIVAT (rjpatx;@f H@licedsA ARRbETRAREBENDicAIREn @ YpiBaches have
th electro materials that provide sensitivity to a

been re]%?r‘?édsiﬁ n&lg Vgee £ ?ni)ties A, \?r p&guss <oR rsoéwgtﬁcgljoﬁj B121, 652-663

uate t he sensfng an rence

(2007 S’ge@ R Al S R N e I

| ex oxides. The el ectrol yte sel ection has been
Sensorsmygl%cﬁmt@ré%pl 082631 ,(@05 D "ﬁ%qss &ppr}ga@ws range from potentiometric

yttriumstabilized zirconia and a mnority of exanples
mixed pofenNABieQaNs &1 etedaioptiased Nose's of ammpresacaippeorRcheygost of these
neets all of the key requirenents of the diese

approach¥h@tploy aRptantaticomoly RQ04EriMax @de parhpstenadf tlededos with electrode
rely on the different kinetics of reaction to occur at

materlafsnfr‘at &%H@&n@'ﬁ%t& &f £0RNGECiB! SChfpdesA bFS’a[d {cBFe 6#A5R}i8ls have
detection, two reactions are of

been evaluated as the sensing and reference electrodes in these designs, including precious and
base metals, as well as cermets, and both simple and complex oxides. The electrolyte selection
has been much narrower, focusing principally on yttrium-stabilized zirconia and a minority of
examples of NASICON electrolytes. None of these approaches meets all of the key

requirements of the diesel exhaust application.



interest: the reduction of NO2 to NO (1) NO2 Vi 2 +

NGO, and/or the reverse reaction of oxidation of NOto
WOCK9/1¢88Y0 NO + V O2 NO2. These reacti ons occurPEE/US2009/035494

different rates over different el ectrode materi als.

The local |iberation or consunption of nolecul ar

oxygen changes the oxygen partial pressure at the

se r.ode, r
100061 & SRt ThLOR T ady Bref tiiiors Rsfufs oA et S e
) reference el ect r ode. Reference el ectrodes are sel ected
sensingagd prieiches ¢leqtepden ek theasrmrin el B dstaction tvgreaggions are of
reduction (such as Au or Pt). Exanples of sensing
intereste| ectrodes for m xed potential sensors include sinple
oxides such as WO, NO ZnO C20, V20s or m xed
theirel@tish 6hNas ts NOel1s NONPoBAY, #NGliandapd trival ent
transition netals, or lanthanide ferrite or

RN {caehaadr BRI SKbL KO- to BREAUSE NvE 1% €),ef Riage

el ectrode conpensates for oxygen that nmay be present
These réz{& ibhe-Qa5 arfchﬁ%%m awg%vgl\@ﬂle?etn\{\@l% récﬁﬁ‘n%@ﬁeﬁk n@‘h@ﬂﬁa]hhberatlon or
erence el ectrodes can be correlate irectly w
at ion of NO g t. .
ConsumBE 81? eCP TR %bsageﬁo% 8%‘?%‘10 é’é%srLi“er?é L]%Fd%e“flﬁé electrode,
interference of aqther speci.es mrth the sensin
and resylgy i@y paRan 26 b ey %%@mt%@a deicadEYHe exsnpriated dptcoptiast %% e reference
gas stream such as hydrocarbons and CO wil |
electrodent Befeeange wilachrod¢searsi gheated tanls kit teoﬂqglseexe'ratcsiomsf byti sgige for O,
potential devices is that the catalytic reaction
reductidretsoelens My andPt). he Esemnplen @f elepdiig @ttetrodsssionasixed \pgedntial sensors
resulting in a negative relative EMF, while the

include rs?rﬁfa’l‘étdx%s aficNGE wen e, e @ GOOL LV MS &Mﬁu@eﬁr&dﬂ&ﬂg dubR as spinels

berati on of Q2 causi ng |naccurate nmeasur enent of

compos%c? t@fl a0 464 t%gglgﬂtt tﬁhélﬁgn ILlQ gﬂs]orAla%H{gﬁﬁir ?e%nte or chromite-based

rategi es hav roposed to overcomne
imiation otect Y, eollte coat i ngs h ve bee
PerOVSkEE%d AP e 4P 66?}\’/‘3@8]]& Wb“fe“compﬁsaéff RE: & artt“i“’cyu‘i’f‘alr’resent in the

size to pass through to the senS|ng el enent, barring
gas streaipethg Setiwsan greogueng andhiedfrecgrolrsirodesgn be correlated directly with
particul atesfrom affecting the neasurenent.
the condiintretioradi NOlor NQghresshi.ve sensing el ectrode material s
may be
[0007] Drawbacks to the mixed potential approach include the interference of other gas
species with the sensing and reference electrodes. Reducing gases present in the gas stream, such
as hydrocarbons and CO, will interfere with the signal. Another complexity of mixed potential
devices is that the catalytic reaction between NO and the sensing electrode consumes oxygen,
resulting in a negative relative EMF, while the reduction of NO, generates a positive EMF
through the liberation of O, causing inaccurate measurement of total NOx concentration.
[0008] A number of strategies have been proposed to overcome these limitations. Protective

zeolite coatings have been used, which allow gas molecules of only a particular size to pass

through to the sensing element, barring the combustion products, hydrocarbons and particulates



enpl oyed which favor only the oxidation or reduction

reacti on (such as LaCoO, which has been identified to
Wheoopeegsonsi ve to NO but not NO) al | owi ng arr aBGI/6$2009/035494

m xed potential sensors to be used to determ ne the NO

and NO2 concentration. Simlarly, a non-selective

sensing el ectrode can be biased at different vol tages

trom arbs 3B 05 S SR RG0  Yana b e e CHrsH RS RS Slgr N materials may be
concentration. [0009! A fundanental concern_in
employgrbyichgmritonbr thiroxidatipeieistpaiongersign ssuck ag ha@ofé)h e?vhlch has been
sensing el ectrode mcrostructure controls the
identifigrbote-begeiponiive tonNOx Yuterot ped tallalvingy @swys oé maxal pdtential sensors to be
ki netics that generate the m xed-potential response.
used to HéteMdisie @leSOORENGLGRAESTtRE H N 8ImildrB, @Bbh-Welbetive semdifig electrode
t hrough the devel opnent of nulti-conmponent

can be B1ARAGPARR SNk Sotl L6t HH8ScRYarA o@%t@@%%ﬁ@ﬁ"@ﬂ befimultaneously
sufficiently responsive and stable el ectrode

solved tB dte?erlgme%‘%lO anctl tN%& ctoFlﬁ%lirt&% , _such devices have not

emonstra 10l}lmperonetrlc deS|gns nmeasur e
current resultin fronta const ant. ap d vol tage
[0009] ongafﬁn%ﬁr%eetar | ERE B deYaopeT ahiere ddto“gﬁ*ag%‘ﬁ%ft i it the
sensor designs have been reported in the literature.
sensing Elestpdoimyaresirugfure peielgds ingrsquitibripinmrixyeen pastipaspsenR,and the
YSZ, and | anthanum gal | ate el ectrol ytes, operating at

kineticstteapenattertbs misgpaientiat ciypdisk. oW ha BREbé@ar suASitéddNat o
above 5000C for the YSZ and | ant hanum gal |l ate

microstRIcBFé ENtH0I @froud DB HbvAPRBER BB il ¢ cORP NS naafocbﬁp@ﬁtee%ctmdes
inthe literature have comrercial viability, as w

may all{?\? dgbeci Shde QLFr‘tIﬁQ}\g tlwygﬁ&gsqve IS aTHSE YR HER TR %ﬁf at this time,

current t i eved by conventiodna
deV| dlsclosed in the literature

h Th
ﬁmhCh?%%éﬁﬁégﬁ?vﬁ@C%gF@F@&?% deconposition of NO ¢ to

provi de the detected current under the inposed
[0010] y oppgEoMedEc derdsits SASHISEhe eHTreaiaTBltiag dian Rnstankapplied voltage

reduction of NO2 to NO (3) N2 + Vi 2 + NO, and/or
on an electrochemical cell. A number of amperometric sensor designs have been reported in the

literature. Electrolytes of these designs are limited to NASICON, YSZ, and lanthanum gallate
electrolytes, operating at temperatures ranging from below 200°C for NASICON to above 500°C
for the YSZ and lanthanum gallate electrolytes.
[0011]  Amperometric designs as reported in the literature have commercial viability, as will
be discussed below. However, they must overcome the limited current that can be achieved by
conventional approaches. The devices disclosed in the literature rely upon the catalytic
decomposition of NOx to provide the detected current under the imposed voltage, as shown by
the following equations:

the reduction of NO; to NO: (3) NO; — + %2 O, + NO, and/or

the reduction of NO to Ny and O, : (4) NO — 12N, + 12 O,.



the reduction of NOto N2 and @2 : (4) NOVIi N2 + Vi
2. Due to the very | ow concentrations of NO c
w@iopaogsat ed i n the applications, the signals BCHUS082035494

by these devices are extrenely low, limting the
resol ution, accuracy, and detection threshold of these
sensors. For tailpipe emssions nonitoring of NO c in

Due to g@ \zeg}lﬁ%o\r/vgpﬁl)tgqlqgtsr%tfoacc gadtgcg]gaﬁ%cl[ %In hg%piz}gc\éyflgﬁs;n the signals achieved
em ssions regul ations. Additionally, these |ow signals

by thesg g@g:pqsearea%rqmeéﬁ gpw,slﬁpléqngit}ppgretsglugpla)ta@gqraepy, dhs detection threshold of
el ectromagnetic interference. [0012] | npedance-based

these segpears.oFsr @rlpipt emigshins dnalitassg of Nélxaotdisehemadel adevdte detection of
t hat have been proposed for NOx sensing applications.

low ppiNcdnid&Reatiday iof 880x M eBeftidl tatrhéging Aniisggéns fgappbhed Aldditionally,
the sensing el ectrodes, and the current generated by

these loWgﬂ/a@ Itegg?e écﬁhﬁ@ﬁ? Hﬁ@IQm BY ﬁf‘(ﬁéét %M&e&t%ni%@ﬂé‘%ﬁr&fee

vol t age osci | atlons e response can be sel ected
[0012] C ordraecl:eabasec\fvI S€ sorss Fz)1§f:(:‘clhf Ithl{(ﬂglass o@efec&o%}eﬁilgalf tdlax(f)lggs tilat }{ave been
evi ce tresistance roac
ses of NO and NO m xe otentj al. node are not
proposeggglgwg)éégnq?%@@gaatg%sgI]i%ﬁ]gseo%l(evgq?g agla(}?g{llgpag] V%]ﬁa(ge is applied to the
~ magni tude are observed. However, these devices are the
sensinggdacirpeast andhthg syigensgaegrated do t@(ﬁétatg@ caedsntedr fBortaheieng the
fromboth CO2 and H2O, which will always be present in
frequenex bfiths tvoBi geemniblatibisn dlel ryspoasetanibedelected nptorfdled with specific non-
operating conditions, inpedance-based sensors will

ohmic dof@HbufiEndItRe &R BXstha@Nah tik @ﬁﬁ%&dhﬂ Ehetdivdredht ¥& onses of NO
pot ent i al or anperonetrlc sensors. [0013] Severa

and NO. Iﬂ?nﬁ&ﬂt_’pg) m ca éjz?r@ 'ngpot%QR/re?aﬁpt@zf‘d Q%Y@s%}?% sq%%%fénba%g

and patent Titeratu

. t { d
magniefE S il Pt H@é%?% LBt SRR LT dETRO T S berience
exhaust streamfor NO ¢ detectlon. See for exanples:

interfergncg froph btk CQRa angdi=G5 wdaeh wybalwayse pigseahin qghapid streams. Finally,
5,897,759; U S. Patent 6,126,902; U.S. Patent Nunber

even ungeriABpliBE&] opgr8ingRandionumpedane-BIstd Bdigorsawmidl reky@re more complex
Pat ent Nunber 6,303,01 1. In an initial reaction

signal pedvpdded tha®xygenpdienim anatpdremeeic sahdorst ream i s punped
into the neasurenent chanber to oxidize all residua

[0013] Y JEREATR ARSI R0 s GREDAR] AAPEablos HaPbeen described in the technical
and patent literature. One such device is a multi-chamber potentiometric device, which uses a
multi-stage reaction approach to condition the exhaust stream for NOx detection. See for
examples: U.S. Patent Number 5,861,092; U.S. Patent Number 5,897,759; U.S. Patent
6,126,902; U.S. Patent Number 6,143,165; U.S. Patent Number 6,274,016; and U.S. Patent
Number 6,303,011. In an initial reaction chamber, oxygen from an external air stream is pumped
into the measurement chamber to oxidize all residual hydrocarbons and carbon monoxide, and

convert the NO to NO,. The resultant test stream is then exposed to a mixed potential sensing



convert the NOto NO2. The resultant test streamis

then exposed to a m xed potential sensingand reference
wWeb@onesstde set. The resulting potential is nmeaRUrEsRDD035494

determine NO c concentration. Gven the delay for the

required processing of the sanple gas, the response

time of the sensor is anticipated to be too |ong

and refe[(r%\é%eackoéeegeg.g %ﬁ%{%ﬁ]&mg %Stgﬁﬁgl\é? H?éﬁg%‘f t%dlfxlfe%%grlleol{fax concentration.
) tria-stabilized zirconia (YSZ) with a ) )
Given ﬂ}z/“e@ﬁlﬁx sl eeicdarraeaspigaof thesamplectns sthe srspense dimangy the sensor is
detection. See for exanples: U S. Patent No.
anticipafgde de 584 jonp) (@ veRhteenhdHbor B¢ 84 81900 applmdtitnsS. Pat ent
No. 7,217,355. This device only works well at high
[0014] t eApet@iduniBed pb@ndArsgns®ensing yiAak@bitiradgieSoni(YSZ) with a zeolite-
tenperature, and has response tinmes of two seconds or

modlfleﬁ%[e%tro&%' @al BednNEu Bl O NERPRASSioh! g@@forte;aérﬁ 1%@0@”50 |PQQ¥‘[ No.
has not been enployed for nobile appllcatlons [ 0015]

6,764, 53—{]% g0§ tel ! rﬁgt%ﬁensdolrj tentf NG '/dflt'/e’%cit 1s'\5)eV1ce only works
nper omne BVICe rely ng upon I"pl'eo
S, develo ed .and t ent ed NCGK Insulators in
well at faléﬂ éf%ﬂlg%%t@r%ﬁ V@Wgﬁ%%ltéve 9, angﬁét?% RQEALUIE; anfighag gRspapysy times of
U S. Patent No. 5,763,763. In this technol ogy,
two secedssir degre.d Dy t@ﬁ@usw rrsprifsa imes ethis technplogy has petibeen paployed
vi abl e comrercial NO ¢ sensor, all the nol ecul ar
for mobileagplicatinnd. he exhaust gas strean1is el ectrochem cal |y
punped from the exhaust gas sanple, before the

[0015] I TR MobihrbRirfenEtRshiay };Seefd)‘# ae@ctiny NOgn¢gakm oﬁletrlc deV1ce relying
catal ytic el ectrode erial (typically a Pt/Rh alloy)

upon mglglﬂs o(?@ggr? g)lﬁ rpteu}n‘gﬁi é\i/’gé%ﬂ)%@ﬁi laﬁ’cpbﬁerﬁ&?i Bi %I{rﬁﬁﬁfﬁﬁﬁg in dJEBQl% €See for

oW,  CO costly

eGSR P RS SRRSOl TR

strong cross-sensitivity to anmmonj a, cau3|ng erroneous
consideygy by eRgHe PENERtEessfo gﬁﬁ@m@cw}]y@pﬁlma‘m&égm NOx sensor, all the
environnents. To effectively nonitor NO ¢ breakthrough
moleculanoxygehen theaixbatst g&s stetial iy tlectroahdmaetally puoped &am the exhaust gas
trap systens, resolution of at |east 5 ppm and
sample,[Wedre ik shathifiPNOkSafl ©€ Sl c€DIIY ad O-Obyt Heatd9tiPpplettrode material

accuracy of the NG sensor.[0016] In other research
(typicallyS£By/RR Eﬂlﬁ%%ﬂ@ g fulfRed @A tioni€tudnt meh QS STHose 3dis3R are
(1995)), I's
relatively slow, complex, costly, and cannot sense the low NOx concentrations needed by the
diesel engine industry. Additionally, they exhibit a strong cross-sensitivity to ammonia, causing
erroneous NOx measurements in ammonia-containing gas environments. To effectively monitor
NOx breakthrough in either selective catalytic reduction or lean NOx trap systems, resolution of

at least 5 ppm and preferably 3 ppm is needed compared to the 10 ppm accuracy of the NGK

sensor.



reported to assist in the electrochem cal reduction of

oxygen, formng the basis of an anperonetric sensor.
w@Bzwaness7of t he el ectrode and el ectrol yt e nmat ePCEIUS2009/035494

used, however, the denonstrated cell required a

m ni mum operating tenperature of 6000C. At these

hi gher tenperatures, O and CO2 adsorption are

t her npdynami cal | y. f avor ed er .NO, c sorptio : .
100161 b iR R hdpeeor SSHF CokElmbishnrs R PR At 3T T 085 NO s
109: 9613- 9621 (2005). Consequently, Reinhardt and his
reporte¢ {9 agpisiia the JpeirasBemigalusaagtiontad oxpeen. Eupdng thgibasis phan he
presence of CO2 or water or at low NO c
amperomeizerhsat Beomise ahthe ghdcyrodemahd¢atiad wel noetrads usod, hofiveNer, the
c at high tenperatures in sinplified gas atnospheres.

demonskrafed @pe Ffuirdd a infinGhngs Sperefigd Renperdiad sf 66076t eXBthedeMegher
ability to detect ppmlevels of NO ¢ in the presence

onerfls %, QOGO RUSHERT lt THL0, LB ol Gohsrion. o

Accordingly, ;a ed ists. for idl v S rs s for
p. Broa ER 8 Pl gt BRSNSt BLapET PRRhRY” Sobfgenty
) UMVARY OF THE | NVENTI ON [ 001 The el .ectrocheni ca

Reinhardppndshis for woskes, iilgv ko d?lﬁ@ﬂ%ﬁﬂ&ﬁhﬁ SPIRIBHE; 1B Ae RFgence of CO, or
met hods enpl oyi ng the sane, overcone various '

water of tipw Qo pencentratipas.gindwaléaneqnsyatdd dpisetoactidsOx Thitigh
invention is directed to electrochem cal cells and

temperas@ns or Smphified gastaemosghems. Het @efrativn iedgiselengimesshanssystems, the
t he oxygen-contai ning environnent of a conbusted

ability t0YiieOCEIR RV efsWEINBXINAHS bresdit BY C®) a8l BLONQe&RA @R Yhhl6ing this
effect. The el ectrochem cal cells and sensors of the

approac%ﬁ%ﬂﬁfgchgﬂ.f La&qu?{?% iRat ustion exhaust streans

significant enffianced sensitivity to both NO ¢

and a nja (N . W.th | ess dependence on .o en
10017) DR 22 Sbrbevivi T TpRotey 7 PRa pbricu R AV ey or other
tenperatures than various sensors of the prior art.
target 2pOPEYFS-The el ectrochemical cells and sensors of the
i nvention are distinguishable from

SUMMARY OF THE INVENTION

[0018]  The electrochemical cells and sensors of the present invention, and methods
employing the same, overcome various limitations of the above-described approaches. This
invention is directed to electrochemical cells and sensors for, inter alia, detecting engine
emissions in the oxygen-containing environment of a combusted hydrocarbon fuel exhaust, using
an electro-catalytic effect. The electrochemical cells and sensors of the invention can operate in
combustion exhaust streams with significantly enhanced sensitivity to both NOx and ammonia
(NHs;), with less dependence on oxygen partial pressure, with a faster response, and at lower
temperatures than various sensors of the prior art.

[0019]  The electrochemical cells and sensors of the invention are distinguishable from

various known sensors due to the mechanism employed to detect gas constituents and the



vari ous known sensors due to the nechani sm enpl oyed to
detect gas constituents and thetenperature at which

wWQ bw9adssti r ochem cal cells and sensors oper at ePCIVEHE2009/035494
el ectrochem cal cells and sensors are configured as
anperonetric devices but respond when adsorbed gas
species increase the rate of oxygen reduction on the

ensi ng. el ectraode, of . t he devices. The I trocheni ca
remperc g P WHish G reaREn sl Bl Bor HPRIt (106 RECoheital cell
deconposition to sense the NO ¢ concentratlon and,
and senpogp pisrconfigwed 4s NBPIERSEIG devisey Getresnond dtienadzqibedegas species
caused by the presence of adsorbed NO c, to detect NO
increasecthe matapf oxyege medvonompmihegegasg slectealn of Thi devieesh@hé sm
is extrenely fast conpared to various conpeting sensor

electroche@ivabDt 1288 sé3drspionthy eRfiira catdlytie NO-gi&dhfositiba o vdnsé the NOx
is possible fromthe reduction of NO c al one. Further,

concenthdtod a8t AHNEE iiSe prﬁ{c%ag@mr@rzgp@%@ué’tmﬁ@%%e& QE/ the 2presence of

extend to other gaseous S I es |nclud|ng NH3
adsorbeg% %)?1% ﬁ‘% e;)] n ox Sgearc]:Pntgglﬂ%sgo%ass s?rﬁ%mcg‘ﬁ{/senrlﬁc%ams?l is extremely
sensors this a proach does not, rely on the oxygen ion
fast congRargdbiRrVaFigu FATRFGNE PEHOE IFehRAlpEEt al@e%%&%?ﬂl% reafgy than what
c in the gas streamas the response signal. In
is possiblgdrant the re¢rsoan obNOsx alemer dsthpy, éhipratelyro dpry oachfigl baen
(Lal XSrx )(Col YFeY)®3 (LSCF), where X ranges from
demonsapfed ox exmatdtoyotBer2ateud sgecindinyludangdéd;.f r om
approximately 0.2 to 0.4, when applied to an oxygen

[0020] | OThd £nperoMREHECIel 1N anELRCEK AleyiReSHPUM 6Rfah Yér Eonducting cell, but
activity for Oreduction in the presence of NO c

unlike c%ﬂgén%ongfgs@nsolrp ﬂ?\lS la}%prgg ethl—lg HQ{{%@F&HhE BQ%%%E 11)1? Ic%?é:ht resulting from

sensors detect’

wh duct . t
the dire@{deghbp ittt O sl HE P BB SRl alﬁgsp%ﬁé
speci es on the surface of such an_ el ectrode.
embodlmésﬁﬁi Pegoyskitg elgatipdes. wich s Jen S B G- YEﬂ@Qﬁt@éb%@F Where X ranges

design sinplicity and flexibility, materials

from apgaix@nttelyr).2 &nd4apéNatangey feondpprioamsat¢ly Ocbietl-asthenapplied to an
previously disclosed sensors. The cells and sensors

oxygen abi5@ Arcdnd@$ipQ RECH6lytcosh dtdl tid Rgiviy esemoedaftioati® & presence
carbon di oxi de and sul fur oxides (SCc) . The cells and

of NOX%ﬁH‘/%P N§l3h§1’{ EhifndveD @ﬂir@adheﬁl@(}@ﬁ§aﬁcpse%s d&!@ét%ﬁb%hﬁ&}@m through a
only c to be detected or both NO ¢ and NH3

catalytic effect, in which the reduction of oxygen in the gas stream is catalyzed by the presence
of NOx and NHj species on the surface of such an electrode. This results in a device with
particular advantages in design simplicity and flexibility, materials selection, and operating
conditions in contrast to previously disclosed sensors. The cells and sensors also are responsive
to NOx in the presence of steam, carbon dioxide and sulfur oxides (SOx). The cells and sensors
have a tunable response to NHs, which allows only NOx to be detected or both NOx and NHj to

be detected and quantified at the same time. Specific sensor embodiments have been



be detected and quantified at the sanme tinme. Specific

sensor enbodi nents have beendenonstrated to detect NO
W@aIMBsat | evel s as | ow as 3 ppm and/ or to exPiChU$2009/035494

sensor response as fast as 50 ns, allowing for better

system controls or even engi ne feedback control.

Further, in certain enbodinents the di scl osed ceIIs

demonsg‘ng%gg H%té)([é[ i ﬁ[(‘f 2 Pem%ls %{)ﬁeaglag)ﬁ E% hél%g Sensor response

nificantly greater than the sensitivity to variable .
as fast %égwg% slipwingdprbeiter gypées contpan evppienging fredbagk|congply Further, in
sensors of the present invention have applicability to

certain efebabiments, thé dNOlosed ¢ellhead yendaisypdiagsiela tempenasire range of 200 to
systens, the sane may be useful in a w de range of
550°C, 6YdierhiapiheiN@t @SN Hi; Respbihsek afeapd rilfi¢ MEP @R&eerttitan tB¥sensitivity to
levels of NO ¢ is desired. The NO ¢ cells and sensors
vaﬁabl@ﬂa%k%%ﬁﬁd&kﬂaﬁh' Hsaiseful in sensing low levels of NO c
in the presence of fixed or varl abl e concentrat| ons of
| ncI udi ng VVI t hou%

[0021] ( S 1le e ce 6%1 Iﬁalé dprﬁﬁ_e[g 1n's_zﬁ tlan ave aﬂ%qz to c§ %ctlon of
f t t ,
NOx in E%wsy"cizﬁy G%Ecﬁ’égﬁav'eg%s@a%f canis ?%S%Ewsa wl”etrangﬁ dfegner

gases that alter oxygen reductl on activity of the

applicats@dp miich repidretpensd tadpwidiviels ofiNQoistdesired. t Brd NRx Sekds and sensors
@2, NH3, and CQ2. Cells and sensors tailored to the

are partthetaglytusefinl of seheng lew &lvsls of NOyeisehgpsesicalb$ fixehyr Vaeiable
useful in a wi de range of applications. [0022] Various

concent%ﬂ@gglbfr&mﬁgas&emcmcﬁﬁg aHo@dinaniidges, 0D, 14®; (1Y &fl/bi0%0,), H,0,
nmore fully understood in view of the follow ng

W |
S e s L

i bed wi

can be RGP E P4 2Rl B bR SHRer rekuiRan BulT i Vensing
of . Exanpl e. 1 show ng: &b adol I ni_um dOﬁed ceria |

electrod@ema}vﬁwgewé@uﬁ Sy REoHSRr Qn Iéa apd Clot slls and wapqrytpdlered to the

and (b) ceramic electrolyte disc with (La0 OSr0 4)
detectioh @ 002 Fa®ls)f OB:sd 2{deSTRY nelydetuseidies a wpjsl raegt af@pplications.
opposite faces of the
[0022]  Various embodiments, features and advantages of the invention will be more fully
understood in view of the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] Sensors of the present invention are described with reference to several figures, in
which:

[0024]  Figure 1 is a photograph of the sensor design of Example 1 showing: (a): gadolinium
doped ceria ceramic electrolyte membrane disc, without electrodes; and (b) ceramic electrolyte
disc with (Lag ¢Sro.4) (Cog,Feq5)05.5 (LSCF) electrodes, applied to opposite faces of the

electrolyte disc.



el ectrolyte disc.[0025] Figure 2 is a schematic

di agram of the test configuration used for testing NO
we2@enessres of Exanples 1 through 6. [0026] Fi geeBEUS200%035494

a graph showi ng the effect of varying applied voltage

on the conposition of the gas streamexiting the

sensor chanber, as described in Exanple 2. [0027]

[0025] ma é&%g{aﬁs&%%{tﬁ%ﬁg&?&&f Rg%‘}ehg%o?lﬁglzrg[l%u%e@%ns & st?nnngax Sensors
chanber during an experinment show ng the sensor

of Exangplpehthepied @n adsorbed NO ¢ without CO, as described
in Exanple 2. [0028] Figure 5 is graph shomﬁng t he

[0026] sehzore F Bspuagteshamdn@theesfsctsgeatyingapplied asltageami ths composition
exiting the sensor chanber during an experi nent

of the g8 QWanCexiti HeR&Rbr cRptrEendesdibeddsPtdgsie O ¢ W th
CX2 in the gas stream as described in Exanple 2.

[0027] [ Oﬁ%%}e H{s QU EpiBstodvife gl'é%%o%éspoﬂ%e QRTRA S Qﬁbcﬁ'ﬁm—r(ﬁfgﬁé species

s, shomnng responses of a planar sensor wth
exiting Fh% sensor {:ﬁ: d9R Hgg %ngg)ép%nglget&{ &d %Sét)l(%ﬁledslerflsfg?r f? 0 ggt}ac%eon AdSorbed
Flgur 70 a’gra h with a conparison of Tafel plots,
NOX“@#%N$§@ ?%%%ﬂﬂ§@é gﬁmﬁPgﬁ%r sensors with symmetrically
osed electrodes to NO and NH3 at 375C in a baseline
[0028] ga iggemporanhohopingthg seasposesponse anda pgs9specRumpt gag species
H20O (bal ance N2), as described in Exanple 3. [0031]

exiting fheganser 8hdmsbea dgriag hn sty@ninregt tHosving thponswes dgjendepleanaidsorbed
sensor with symmetrically opposed el ectrodes to NO2

NOx Wi@ﬂ@d}@ b Qare(a@l h0déchB&Eh M@ngas2.conposi tion of 3.3
ol % 2, .3 vol % OO, 2 vol % H20 (bal ance N2), as

[0029] deﬁ%ﬁf@@t ks r}gg@ﬂp la%oﬁlgfn[l% 3iTakd %t? sﬁoxlvﬁllg es%ﬂ&lé of a planar

ponses anar s nsor
cr b EA Lo BPBE R S B b0, S5 TRE A Wi
in Example 3.
[0030] Figure 7 is a graph with a comparison of Tafel plots, showing responses of planar
sensors with symmetrically opposed electrodes to NO and NHj3 at 375°C in a baseline gas
composition of 3.3 vol% O, 11.3 vol% CO,, 2 vol% H,O0 (balance N,), as described in Example
3.
[0031]  Figure 8 is a graph showing the responses of a planar sensor with symmetrically
opposed electrodes to NO, and NO at 425 °C in a baseline gas composition of 3.3 vol% O,, 11.3
vol% CO,, 2 vol% H,O0 (balance N,), as described in Example 3.
[0032]  Figure 9 is a graph showing the responses of planar sensors with symmetrically
opposed electrodes at 425 °C made with and without GDC promoter additions to the sensing

electrode, as described in Example 4.
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el ectrode, as described in Exanple 4.[0033] Figure 10
is a graph with a conparison of Tafel plots, show ng

w0 2®poesses of planar sensors with symetri cal | BCOPROSEB5494
el ectrodes in different baseline gases at 425C, as
described in Exanple 5. [0034] Figure 11 is a graph
mﬁth a conparison of Tafel plots show ng responses of

Ian sensor, Wit h s nmet r i ed el ectrode
(00331 { o g L Wigh S eShimabof ol gBRY SRRHaSHEPRRSET planar
3.3 voI@b , 3 vol % CO2, 2 vol % H2O (bal ance
sensors a@thopéfgmt%ﬂly QPPE%iirﬁé‘FCéYOQCS ingbtieypnthageline gpsesiag 435 5# apsescribed
showi ng the relative response of a planar NO ¢ sensor
in Exampl¢ B. symmetrically opposed el ectrodes to NH3 (rel ative
to 100 ppm NO in a baseline gas conposition of 5 vol %
[0034] C2Faget Bl ¥ al FapghRith Babapeesohdf Tafs pﬂ)@éiﬂfoi\xb@gjreispbnses of a planar
Exanple 5. [0036] Figure 13 is a graph show ng t

sensor WRIEGAhnORiclly SpgdlsEDAECRRIAS Y N dnd Ny PAFB5*E & lga)éehne gas
opposed electr des during cycles of 100 ppn1NO

compos B 1 DuEE 0B TR B’ RIS Nab oubBbi g Bramre

0.1 volts, as described in Exanple 6. After 15 hours,
S. sensor was regenerated by heat treatnent at 8000C
[0037] Figure 14 is a graph showi ng the response of a
[0035] p| Higare Keisg@rapk shigwe relitevel respopppoiserlaedrdN@x srheer wish
step changes in NO c¢c concentration fromO to 100 ppm
symmetaicald0Ofosedeltdtrdde? b NHE (1glasipptd B3 fpon NGB is ebastline gad
W th a background oxygen |l evel of 16 percent Q2 in a

compostidnPorSt ¥ B Pfndes G@I%OCOP Eoaihge NE), 8X B sibed MOPRAIPREST O
response of a commrercial NO c sensor manufactured by

[0036] %&'ru . 51@}4? %}h dﬁ%vﬂ?ﬁé PB&QH&%Q?HR& ngsor L&Q@l%@lnmetncally

sensor
|.ectr rin t ne, Si
OPposefﬁf}s%thrd%f ShESIRliN g %hﬁﬁeﬂn%gas[f@awflﬂw gl 94 0=
graph showi ng t he responses of a sane-pla
11.3 Vob% &QZF 238l% BhQot PP S(yp (balance N,) at 350°C and 0. 1 Volts as described in

Example 6. After 15 hours, sensor was regenerated by heat treatment at 800°C.

[0037]  Figure 14 is a graph showing the response of a planar sensor with symmetrically
opposed electrodes to step changes in NOx concentration from 0 to 100 ppm at 400°C, with 0.25
volts applied to the sensor, and with a background oxygen level of 16 percent O, in a slip stream
of a gasoline engine exhaust, compared to response of a commercial NOx sensor manufactured
by NGK Insulators, as described in Example 7.

[0038]  Figure 15 is a drawing of a sensor with both electrodes printed on the same side of a
GDC substrate, as described in Example 8.

[0039]  Figure 16 is a graph showing the responses of a same-plane electrode sensor to 100

ppm NO at 350 °C, as described in Example 8.
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ppm NO at 350 O0C, as described in Exanpl e 8.[0040]

Figure 17 is a drawi ng show ng a sane-pl ane el ectrode
wa209messnade with interdigitated el ectrodes deRpOBUSMIA9/035494

on a thick-filmof a GDC el ectrol yte nenbrane, as

described in Exanple 9. [0041] Figure 18 is a graph

showi ng the response of a same-plane el ectrode sensor

made with interdigjtated el ectrodes d 05|ted

ro0401 oGt 1ok hinedhs Ehgce BRI ER RIS Y Pedontted
exposures to 100 ppm NO wth 0.1 volts applied across

1nterd1ggth1§d §@ﬁg@c}esaeg@qlqeg 98Q t@gkﬁ@@cqf @@BC,eﬂpcB@gﬁ%mém@rane as described
[0042] Figure 19 is a drawi ng showi ng an expl oded vi ew

in Exangfle 8. sane- pl ane el ectrode sensor design, nmade with
interdigitated el ectrodes deposited on a thick-film of

[0041] CDEigateerd is @l grdpth sMBMigahe r&poste e hish@e-plihe i@ mpieschfor made with
The design al so i ncludes a heater conponent to el evate

interdi gﬁtgt%d %I%@f%@c‘iestcﬁﬂMthOH l8Rick Bl a t@b@ecqec%g&@ﬁﬂeﬂﬂrafn@ R9fepeated
00 to 550 C. 0043] Flgure 20 is a agran1o

exposm%% OE ISOOr | ze S 1Ih0(f 1 Voﬁs lh%d acroFs & Iers]%nesgr %qﬁce[rodses as c(i)escrlbed in

uthi anar’ $ensor
mretrically opposed el ectrodes, as described in
ExmnﬁEﬁanple 1. [0044] Figure 2 1 is a diagramof a nearly
assenbl ed integrated sensor that utilizes a planar
[0042] sehiggre Bl ienahawineshowipgmetexploded yiewpp asetedllanstalestiods sensor
as described in Exanple 1. [0045] Figure 22 is a
design, dradewwith ioferdigiseabelecttelss dgepoaitédored ditk-fithe sf GDiGh¢lectrane
opposite sides of a thick filmof electrolyte, as

membraﬂl@%@ dbReded M ERaNE €0 12he A8 0QSI BBILAESPhARG! BHBON@Nt to elevate
heat er conponent to el evate the sensor tenperatures to

the sens&p ?erﬁﬁ?%?e s Rk @z{r péﬁaﬁvﬁr ge%@QO(S R SRRC. | 0046]

IS a t he response of

[0043] el E}fgpf o%{] é&fﬁ%él’?l? gghei%?tg%%qwrga ?? V%s%ﬁq%‘tlflg}tg? g egrgteg sensor that
el ectrol yte nenbrane to repeated exposures to 100 (P
utilizes gylang saqsey, ej;erg%ﬂttvgt}hsgmm@gcadbquwgsqd@ecér@ﬁ% as described in Example

el ectrodes as described in
1.

[0044]  Figure 21 is a diagram of a nearly assembled integrated sensor that utilizes a planar
sensor element with symmetrically opposed electrodes, as described in Example 1.

[0045]  Figure 22 is a drawing of a sensor design with electrodes printed on opposite sides of a
thick film of electrolyte, as described in Example 12. The design also includes a heater
component to elevate the sensor temperatures to the target operating range of 200 to 550°C.
[0046]  Figure 23 is a graph showing the response of a same-plane electrode sensor made with
interdigitated electrodes deposited on a thick-film of a GDC electrolyte membrane to repeated
exposures to 100 ppm NO, with 0.1 volts applied across the sensor electrodes as described in

Example 13.
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Exanpl e 13.[0047] These Figures denonstrate various
features and enbodi nents of cells and sensors of the
WEe@eaess7( nvent i on, and met hods enpl oyi ng t he BERES2002035494
are not to be construed as limting of the invention.
DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0048] The
electrochenical cells and sensors of the present

[0047] ﬁf&tp éé‘lg?,sr él?(ﬁl%&%t& g/glgl(&lg]se e%t%l%st%g% ?158@18168 S of cel\i\g an% sensors of
electroly el ectrode, optional catalytic materials,

the presgpigRBRGIos, aqd, m@t@pdsneémgpylag ghe sapy- b‘i‘t@lr%%‘?t tQ ge construed as limiting of
adsorbents. However, it is apparent in view of the

the invepties.ent specification that the el ectrochem cal cells
and sensors will yield acceptable results with a w de
range of such materials. In addition, while exenplary
el ectrolyte and el ectrode filmthickness are

DETANSIS DESTRIFNON O PHEOINVERITYORS al | fil mthicknesses
havi ng accept abl e nechanical integrity and

[0048] el efid 519&%!%19@& Eegﬁ rﬁﬂ@% O£SQ’9419€J % &n@ﬁﬁeﬁﬁmpgé RERYibed herein

the 1 nvention I's direct e to an rrperorretrlc ceramc

and in tg Eit %"?%ee%}[lg) S bgfgrlg%elr%wg 0 a§ an eﬁ)? giecté?l&get Flgé%oc{e optional

yer. The cell |s operable in an OX|d|2|ng at nosphere
Catalytl%ﬁ@t%&eprogwt%ﬁr fes RTINS, ppd BEORRCHVE 2dHREREe dlowever, it is

reducti on of oxygen nol ecul es at the sensing el ectrode
apparenit in Yibe of thespragsat gfecidivetior thabthe electrodganicad géldfeand(srimsory will yield
and/ or ammonia (NH ) and a resulting increase in
acceptable yrgeilts iwdth o Widé ritpediglich ietedials] In dduitiaepdiile@xemplary electrolyte
el ectrode and counter el ectrode may be made of the

and elecstﬁﬂ@ P tﬁil'cf(ﬁe%ﬁ gRtdesa{REl @b Sfnveﬁﬁ01’{“‘ln|ciud@é:-‘al§ Bim bRERHR sdeB having
further detail below Additionally, the counter

acceptaﬁle %?&%1051919&1 G54 611?‘[&' and %%%g‘gc}{eglé&{] E ?81?{36 gas env i ronment

e sensin re is no
0049 ui renent,. for an. ox f erence when the.
[ ] S TRefjt § SIHPVC Hﬁf 15¢%6d 1§ MR REGic epppnaic
rOV|des a signi fi cant advant age over many sensors
electroc%hqntqq H 2 .

anRsising amajessiol e tayee Acensingrlegtmdataier, and a counter

electrode can be exposed to air as well, or, if
electrodddsyer e @he tdlkisapeklege an pefderienaeosplert potiender an applied bias to

exhibit enhanced reduction of oxygen molecules at the sensing electrode in the presence of one
or more nitrogen oxides (NOx) and/or ammonia (NH3) and a resulting increase in oxygen ion
flux through the cell. The sensing electrode and counter electrode may be made of the same or
different materials, as will be set forth in further detail below. Additionally, the counter
electrode can be exposed to the same gas environment as the sensing electrode, so that there is no
requirement for an oxygen reference when the electrochemical cell is employed in a sensor. This
provides a significant advantage over many sensors which require an oxygen reference. The
counter electrode can be exposed to air as well, or, if desired, the an oxygen reference electrode

can be provided in a sensor employing the inventive cell. In one embodiment, the cell is
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can be provided in a sensor enploying the inventive

cell. In one enbodinent, the cell isoperable to
we@0wPh0887@ he enhanced reducti on of oxygen nol eRUl/ES2082/035494

the sensing electrode in the presence of one or nore

nitrogen oxides and a resulting increase in oxygen ion

qux through the cell in proportion to a concentration

ni.tr.o xi des in.the oxidizi at nopspher e.
operabi o TYHdF B BB S e BT gh o BTb RSt BE S g gpde in the
| east sixty percent of its equilibriumresponse to the
presencp ppQRHRIEME MiTegeaPifcs Y@ sestlingdageasy s ourren Aphilvethrough the
or nore specifically in |l ess than one second, or nore
cell in pppmriién oal ¢oncemtratios ©f titange2 0Qidas inlthe exidizdig atfﬁh@here. In another
invention is also directed to sensors enpl oyi ng such
embodifRhi, SensbPR2PErable tabiibeat RANGDItyBHtent o &s EqUBHItihA RedpSnse to the
directed to an anperonetric ceram c el ectrochem ca

presencE 8 hit©QBPbtidt g 1@§§ RS e Rin¥%{eCol RYR's Eaﬂpe{ll hq&s #han one second,
contlnuous network of a first material wh

or more %)601 1c§h>61n(iessgl%0&t)ﬂg6 a El:sggoﬂ (fegf%él?té%\{érgtléflegpa SOa({II'CC%d?O Sensors
r|S|Pg a continuous network of a second naterla

empbYWI&SBﬂlF%lselectrically conducting at an operating
tenperature of about 200 to 55CQ0C, and a sensing

[0050] e| Branogwe embgdimenb iy ingenitpnas disPrtechieanTRSIABTtKC e¢ragic
third material which is electrically conducting at an

electrochpricat caipcangnppargainuriectiol yta byt ca2@ftising H&@ignowsietkork of a first
sensing electrode is operable to exhibit increased

materiaPWRIcH®s fohRABY 86ndubtihd S MArDSRNGE tHhpPRNBret ABBEE200a6 §80°C; a
gas species. In one enbodinment, the electrolyte |ayer

counterfeierc?fb%imgar do%rp I;%Qf((yo%?lﬁuélg %eﬁ%}ﬁ lé? b 's&g)natr%gt&ﬁﬂ which is

erature. Inat

B S T SR ELHE £ Fsine

sensing el ectrode layer, and the cell is operable to
electrodg,lfyehicPMEHHAL & CPYIHUPUS Betyeifgein thijdgnaterial ﬁv%ﬂblrs slecigally
tenperature of about 200 to 5500C and i ncreased or
conductiierstaaopdratieg estnagereiof abéue 200 és 85E€, ethichrrengngeleetrode is
nore target gas species. The invention is also

operabléltd €gilsitint @aseinhares terpleoi th pfadeite ©E bhSor hbreaaesEtRpecies. In
sensor, the sensor is operable to generate an

one eml%cﬁ’&@ﬁt' ﬁl@lele%hrgﬂ@é 1238 @ MACLAIA0 0Qfoch@6:968ndl8Eng at the specified
Concenf ration I'n ah oxygencontal nl hg gas stream in

operatin &[}?ﬁé@?%%%e gfu%%grl ér{ﬂ%lia 111161’? Hl%lei]e%trg y?ecltaygr%%gve%s p%%%gl contact

between the counter electrode layer and the sensing electrode layer, and the cell is operable to
exhibit conductivity to oxygen ions at an operating temperature of about 200 to 550°C and
increased or decreased resistance in the presence of the one or more target gas species. The
invention is also directed to sensors employing such cells. In one such sensor, the sensor is

operable to generate an electrical signal as a function of target gas concentration in an oxygen-
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currents. [0051] In yet another enbodi nent, the

invention is directed to electrochem cal cell for the
w@apenesset ri c detection of one or nore gas SpeRCEES20041¢35494

cell conprises an ionically conducting electrolyte

menbrane, a sensing el ectrode conprising an

electrically conducting ceramc, and a counter

el ectrode conprisin n, electricall onductin .
containigg, &3t 51eear, 1 [ bincal AdTGRL R s TaT R 5 PR Eapine

cell is operable to pass current by reduction of
CurrentSoxygen at the sensing electrode, transport of oxygen

ions through the electrolyte, and reconbinati on of
[0051] oxngen angther entbadieergothatisrengbrestdieded taglectrodhamical cell for the

speci fic enbodi nents, the sensing electrode is
amperof@Reicalete@tibe oL ¥ & horéahy bpgies ATAE ¥&li SordriseX Y@ &hically conducting

reduction in the presence of NO ¢ (one or nore oxides

)
electrol?tfe ng%ﬁl%rgl%e'a sgrrlsg% nfg%&oggggl #)?lglg QR ’efet@fl:l:gcafs?% ﬁ(gf?frl]lgtn?g(éé;%ﬁlc and a

var

iQn int resence aof .
electroc{zefe.lca[ @egﬁépp?rﬁﬂlgag Pﬁ%S&Hanté%'\gv%HS? oxygsa af éﬁ?%l%electmde,
is directed to an el ectrochem cal cell for the
transpo 9p ex ygeatienscthipueh the dertiofytgad spronibration b ok sgang ot the counter
an ionically conducting electrolyte conprising cerium
electrodeXayte. togpedifisientbo@aments, theSensilg electroddds opemblBny ethibit varying
&d, Tb, Dy, Ho, Er, Tm Yb, La, or a mxture thereof;

catalysi€ bf 6}6}@6#1' Eréd%h&?mdtﬁ@ sk v f & e oPforeYoxif&, of Rlitréeen), CO CO»,
Y m xt ure thereof; blgnuth OX|dé(%%ped with'y, V, é% ’

and/or %)f ﬁ) g'o%(%;g o%ﬁ’gg %sfulfﬁ_gr o %‘f@ﬁﬁgfﬁcg théJ{Qngi)ﬁg %Ee)cg‘Q@eeq

a mxture there

nsi el ectrode co. t ha |de.nan nit
OPerablisEOr fa%"tﬂ lieée%ﬁ{l fsgip%”g 3p i ROART SR R0 Eprveen
Ng n1xture thereof | ant hani de
reducth‘nelflrﬂilﬁt Iéfef:f‘él%(? NtheCﬁ)aperi Hd/orddyed with Ca, Sr, Ba,
Mh, Co, Ni, Cu, Zn, My or a m xture thereof;
[0052] | aht ddlitiatel cobedimente, the myestiin s diratted kdn eldopetiemicahcell for the
Ca, Sr, Ba, M, Fe, N, Cu, Zn, My or a m xture
amperoine@fcalicctibabt f@nipeEic ks saige(ap & Pwdally eomtic@ng allectrolyte
dopedwith Ca, Sr, Ba, M1, Fe, Co, Cu, Zn, My or a

comprisqﬁg(ééﬂfu‘ﬁl bhes gg’fge'd With €andhanivd e CNBI B €5 R e @ K i"[tlz),eDy, Ho, Er, Tm,

countereeiecﬁl&crlé) c(::l gnff\l%én an de%ectrlcalf) conaltlct% n& crcrea\r/nel{; SCICIbl’l’leSt o%%%e al’ Py ilgrgin the

Yb, La, or a mixture thereof; zirconium oxide doped with Ca, Mg, Sc, Y, Ce, or a mixture
thereof; bismuth oxide doped with Y, V, Cu, Er or a mixture thereof; or lanthanum gallium oxide
doped with Sr, Mg, Zn, Co, Fe or a mixture thereof; (b) a sensing electrode comprising
lanthanide manganite perovskite material, doped with Ca, Sr, Ba, Fe, Co, Ni, Cu, Zn, Mg or a
mixture thereof; lanthanide ferrite perovskite material, doped with Ca, Sr, Ba, Mn, Co, Ni, Cu,
Zn, Mg or a mixture thereof; lanthanide cobaltite perovskite material, doped with Ca, Sr, Ba,

Mn, Fe, Ni, Cu, Zn, Mg or a mixture thereof; lanthanide nickelate perovskite material, doped
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material, doped with Ca, Sr, Ba, Wi, Fe, Co, N, or a
m xture thereof; and (c) a counter el ectrode
w@uupnossing | ant hani de nanganite perovskite neREr/US1009/035494
doped with Ca, Sr, Ba, Fe, Co, N, Cu, Zn, My or a
m xture thereof; |anthanide ferrite perovskite
material, doped with Ca, Sr, Ba, M, Co, N, Cu, Zn,

. i xt yre, thereof Ian i de (€0 aI i t. .
with C%’SF %s@{%méxn‘g? G- 25 ¥ sirad SR MeaEor o i copgye perovskite
or a mxture thereof; Ianthanlde

mateﬂah ﬁek%i ‘éitﬂé Cﬁe%@@kMﬂleF%&% Nigdr 2 mixsag thareaf: @l (cBp coygger electrode
Mh, Fe, Co, Cu, Zn, My or a m xture thereof;

com@ﬁmmmhhmnmdenwmgmamqmpambmskhw@ahdbpﬂiwthﬁd&eBaMRLhkiﬁﬁﬁCh,Zm
Sr, Ba, Mi, Fe, Co, N, or a mxture thereof; or a

Mg or aix@hre fdr€st] Rhthamidp Férditeygrdv skitEehateald], dBged With RdSr, Ba, Mn, Co,
or Ir, or an alloy or a cernet thereof. [0053] In a

Ni, Cu, %ﬁeM dr% RRRQE s, Rhthikab c@&h@ﬂe%iorv%%&ﬁbl 88ped-with Ca, Sr,
he € ectrolyte conprlses |on|ca I'y conducting cerium

Ba, Mn%ﬁ ﬁtﬁb 0% ]\E@%or ;Emlxur.re th%rgof' I1_an’than1de n%e%at%er{)ﬂgklte n?aterlal doped

e se | ectrode materj al se I nthanlde
with Cag gF Hay U1 ?oé% ' &inbectticdnIxgHH él%?n%ft obanidgpupiais pepgyskite
Co, Ni, Cu, Zn, Mg or a m xture thereof, or | ant hani de
materiak dppgc Witk CoebioBakMneFerdice Niatr adojéere wharepfTer, a metal material
Mh, Fe, Ni, Cu, Zn, My or a mxture thereof; and the
comprisiiotINI, &ie, €Lets rod®drt er irabr avatiuyi s asetmdetitiaesfde
ferrite perovskite material doped wth Ca, Sr, Ba, M,

[0053] Coln NipeciBié endditht OF s@h el deiRchdhSEQEl], tﬁl@@kb@é‘l‘y@&:ompnses
cobal tite perovskite material doped with Ca, Sr,

1omca112/g?r}acﬁl%tm lé?rllu%] O’é@ﬁg?ﬁ@ With %.a%?(gyr%ﬁrhﬁﬁeﬁkUSQLg@ %cti Tb, Dy,

Ho. Er 3 o1t 18 s Al e e o EF gerenté@fghﬁw%e by fgisgs lanthanide
conducting and conprises cerium oxide doped with Y,

ferrite pRgpvsigig medgrial ¢ppgd wishyay PeBa Mt &% NitGg Y P mixture thereof,

el ectrode is ionically and el ectronically conducting
or lanthamde camptite pervSriteanatetd ddppbwithdrat Radiad i, &#er Ni, €u, ZndMg or a
the counter electrode is electronically conducting. In

mixturedh@t e and e @Aumenélectidie nedt@edl komyptisesilanthaidcRbdity perovskite
conducting and conprises Smdoped cerium oxide

matena?di(fiﬁﬁ MAYEL:sriBe MENS, g, €h.eaT, ME6: 4 mittRR (Gakby Bithanide
el ectronically conductlng and ‘conpri ses Lant hanum

cobalt1t§ E)ér%ngklt%%g@gﬁ ld%p!::cF W{th VC%, SIa, %%, M?l?Fe, Ni, Cu, Zn, Mg or a mixture thereof,

or a metal material comprising Ni, Fe, Cu, Ag, Au, Pd, Pt, or I, or an alloy or cermet thereof. In
a more specific embodiment, the electrolyte is ionically conducting and comprises cerium oxide
doped with Y, Nd, Sm, Gd, La or mixtures thereof; the sensing electrode is ionically and
electronically conducting and comprises Sr and Co doped lanthanide ferrite, and the counter
electrode is electronically conducting. In another embodiment, the electrolyte is ionically

conducting and comprises Sm-doped cerium oxide electrolyte; the sensing electrode is ionically
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counter electrode is an electrically conducting and
conpri ses Lanthanum Strontium Cobalt Ferrite. [0054]
WO poogdelistd onal enbodi ments of the various PCT/US2009/035494
el ectrochem cal cells of the invention, suitable
el ectrolyte materials for the disclosed cells and
sensors nay i ncl ude gadol i ni um doped ceria (GDC or Cel

wher e ranges. from a oXL ma .05 to
and elecioggsally ForduliEk G erbpRa s bt SR EReb Gt R Ol K d the
where X ranges from approxi mately 0.05 to 0.40)
counterielgefradl WgnisIRctiiatly ICPfl*ﬁf Hag perl fqmpre%@ﬁbé%th@n% §trontium Cobalt
descri bed herein. Other ceramc electrolyte materials
Ferrite.al so may be suitable, including yttrium doped ceria
(YDC), cerium oxide doped with other |anthanide
[0054] el Bn®ditsonal eriBddimbhtoXF € vdapedelvétidthémzabeelI®OF ehe invention,
| ant hani de or rare earth elenments. Still other

suitableXic@Bt€ m%{e?i%fsrf@f e %hs‘(fﬁ)ts&[ tlsinfl ensbR&n &l €188 8dolinium-doped
sensor” may include: fully or partially doped 2|rcon|um

ot 46} %@)%ﬁvzaegegn@ga%g%ﬁz. PUE PR s

doped o5y GuaC o EL el 5ai A oS (6 SR ENEREt PORYY @é“”

such as (Lal- Xer ) (Gal- YMY) O Xz2 Yz2, where X ranges
includirfer pvmaplpmissd ipethe FymposiEons glegerded hprginy Q@ﬁ@@samc(ﬂhqctrolyte
approximately 0.05 to 0.30; other ceramic materials
materialshddo monbkuatitableemtiudaigt yrpnedaridrarii [ YD), acetinmnsqde doped with
of oxygen ions; m xed conducting ceram c el ectrolyte

other lahb&itE éieﬁlenﬁrd?tc@rnurﬁ @&%%Rnw weth @%b b k1R gide Bk Sare earth
and/ or m xtures thereof interfacial |ayer of CGDC

element§D§tiﬁ 8&%98 lif®le eciélétlto‘?ﬁla T’ha%rﬁ)?st foP et B TREE LdRbr Hiﬁy iRfude: fully or

etween an electrolyte substrate and

paﬁlallﬂg%%érz?rggmhﬁ{og(@e @E}n%%ré B?t g{lﬁcgirto g&%ﬁlr 0 ag) hze(c)i 21rcon1a (YSZ)
electrolyte material that is first deposited onto an
and scapglipp drﬂﬁﬁﬁ){ BT Sephiiatkading §%rﬁla%1écoaateaﬁ@ﬂ e ey dopechisguth

substrate material that is not an electrol yte

oxides, hetleminal galle@IB}edKivearsic misictrglyedsenich ad €larapr:béGa-yMgy)Os xn-v2,
perovskite el ectrode conposition having the genera

where X ainiged @om(approXAnatelyd( @l XBY) £t B.randes ﬁenﬁappso;amately 0.05 to 0.30;

tri-valent |anthanide elenent and A' is a
other ceramic materials that conduct electricity predominantly via transport of oxygen ions;
mixed conducting ceramic electrolyte materials; proton conducting electrolyte materials; and/or
mixtures thereof. An interfacial layer of GDC, SDC or another suitable electrolyte material may
be provided between an electrolyte substrate and electrode layers. Further sensing electrodes
could be deposited onto a GDC, SDC or other suitable electrolyte material that is first deposited

onto an aluminum oxide ceramic substrate or any other ceramic substrate material that is not an

electrolyte material.
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valent rare-earth elenment. Suitable el ectrode
materials may include (La Sr)(Co Fe)O (LSCF)
W@ 09pesstt ons, including but not limted to thBCT/US2009/035494
speci fic conpositions described herein. O her suitable
el ectrode materials may include (La Sr)(M)O3 (LSM,
(La Sr)Fe®3 (LSF) (La Sr)CoO3 (LSC) LaN @3, (La

[0035] (Q’E?f %?e)“ﬁlélé%b?gé% Sephe éﬁ%&% e E&%ﬁ%ﬁg%l&a f general

La(Ni M) O3 La( Ni ) LNC) and La(Ni Fe)CB,
formulag | (RERA )Suz(BamBef b-e othesoR lmtréwlaméalﬁh%d%aymeﬁt and A'is a bi-
variants of the above el ectrode materials famlies
valent rhiestagtl ebenmne  Snerbéosledtadt naatermld way eplaledta,SulCy, FexO; (LSCF)
partially by yttriumor the |anthanide series of
compos@@inis iflud il busnétephieiad thdlpeyifiofcop@btitidhd des@iybedRrein. Other
al kaline earth series of cations, exanples including

sultabletéllléctﬂggé nla'terf‘ialsergﬁ ﬁ’icﬁl@@ (B %ﬂ)@@nﬁ?}(@,M)ngr%\%F&W (L@P ?La Sr)Co0s

el ectrode materials al so may be vari an er eb

s BRI Ly SR 409 B SRR AR sorco
(PSE). (@ESpieD: (B3 kot Siouds 1 ode e i Ve lait) g bR G (LNC) and

~versions of the above |isted electrode‘naterlals
La(NiFexpd (LNES. iSnitelle electoedeanaterialp glsp ingny heetasipats of theddpeaielectrode
onto the B-site of the structure, for exanples:

materialslfamBie} (ifed Rb)@Bwlidr8AFanthaiuam S fepNbedR) @D S by yttrium or the
(La,Sr)(N,Fe)O 3 (LSNF), and (La, Sr)(Cu, Fe) 3

lanthanide S&8kR)of cEM(Erfsth is réCeRFHIPY SKpdr@alB] IBCthE alkalin@ELh RiSs of cations,
may be suit abl e, |nclud|ng | ayer ed perovskites,

examphlg‘r 19¥Yﬂg1'n| lb%EBéttlﬁﬁltﬁ%Iqﬁg r%ﬁ ng 9}0@%3'8@ st ﬁlﬂ&ﬁ)}éreqec'ctrode materials

ut not ttr arlum cop

also maghs %3@%%5 Shchy S [%6 eyt GEHGrm o %E%ZVF Gficproduced.

a_conposite el ectrode conprising a
for eXﬂt@P%&t@é&@(mtfé@pa|(L%M|¢9 &F-SONEN&EI0e @@4@94 %\ééPr,Sﬁ(Mn,Fe)Os
el ectrodes) and an electrolyte nmaterial (any of the
(PSMFadovded esitabldhedcteddeanaterdiats maf be dopek vepsisis. of Thealpoye ditserd
el ectrode conposition may be the sanme as thesensing

electrode| re@é i 06 EanGit BPMSIHICID BtheOfrartshinanetals fe &dpea bhdte BRYite of the
have a different conposition fromthe sensing

structurf BEELRHSes: AUl SABAEFSOY mﬁF)efL%CM@@g Pe)O1GLYNRTH NP 81)(Ni,Fe)O;

material's |isted above,
(LSNF), and (La,Sr)(Cu,Fe)O; (LSCuF). Further, non-perovskite electrode materials may be

suitable, including layered perovskites, brownmillertites and other derivative structures,
including but not limited to yttrium barium copper oxide (YBCO), La;NiO,4, and GdBaCuOs,
Sr:Co0,05 SryFe»Os SroFeCoOs, and SroMn,Os.

[0056] The sensing electrode may also be a composite electrode comprising an electrode
material (any of the above described electrodes) and an electrolyte material (any of the above

described electrolyte formulations). The counter electrode composition may be the same as the
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any of the following: Ag, Au, Pt, Pd, Ru, Ir, Rh,
al l oys thereof, or any other conductive material known
W@ 2000408870/ze t he re-oxidati on of oxygen ions tRCT/US2009/035494
nol ecul ar oxygen. [0057] Catalytic or electrocatal ytic
pronoters may be included in the el ectrodes,
particularly the sensing el ectrode, to inprove
. performance. . Such pronoters which t,ional be . .
sensing 2lsPb TG B (1 GoBH G s<URae b ey BN s ggsiton from
performance may include, but are not I|n1ted to, the
the sensigg ¢lestfadg: Spitaiy cowwHickstdes igFlughhopompisyiplsdistedgboyg, as well as
Pt, Pd, Ru, Ir, Ni, Fe, Cu, Sn, V, Rh, Co, W M, U,
any of tHefollwingCr AngU,th, B, frer, g Birpd$iys ithemeofkoroumy dtfeer candhicyiz@material
oxi dation of hydrocarbons, CO NH3, carbon, and other
known foaﬁmyzanhéretaa&atm}bfloﬁyg{nf1eﬁ§tovmblhcui@rts@geﬂ esponse. |f
the pronoter is catal yzing carbon oxidation, the

[0057] pr @H@Iﬁfe oPelebr&d By t?csl?r‘oﬁfotérg‘n@rg QL &ldded if HR S&BSALs, particularly
fromfouling. I'n additional odlnents t he pronntg

the sens msé%/ echgFggirel t%elméfqr(\flelu mnfg rnéaanrc hguc %romoA &aw lc,cl)ln%?}i ?})tlonally be
peci fi odi nents, the ronDter may be .a
incorpogli| i SEECTIE oY RETPRY dor RIS gy i8¢ b it %re not limited
hfprom)te NO ¢ or NH3 adsorption, i.e., the capaci t
to, the

pHewingfor NOy eospinpim efdbe fqltqvamg AD Aox PdiPde RNGrt 181, u Sn, V,
or to selectively enhance oxygen reduction in the
Rh, Co,pWWeNente Zaf MNOCe, . NY 808B¢r derpositienskiidvat torvatalyre oadidadn of
to enhance the capacity or rate of NO c adsorption,

hydrocdrb&ilsUde, Rit;, &bor, bid b@er feauAaitadmk Ay iRafbdWitsRdidHResponse. If
| ant hanum cal ci um strontium nagnesium and |ithium

the prorﬁBtﬁgfsnatﬂ}%&]@a&b@roﬁ&ﬁ%k' {he gfcﬂl%tgrr B Ao as@ﬁgln%}%ﬂtectl%g the sensor

ese nateri onoters ma

ecrease electrical resistance of the cell i

from o BB MG G 4hS PprofE e By oAt T GnGEp s beriom
on the sensor electrode in the absence of NO c, thus

oxide, Jnafrabvmefal Roakalkalinsqarthinsgaloviditionallpga speciigenbodimenss, the
the sensor (tenperature, voltage, etc.). In this

promotamhydbaaided ta drpiilgretetheNOctaN Beratip ewthd gas stagam, to promote NOx or
i nhi bitor. Such pronoters include,but are not limted

NH; ad@pti@) i), tHeeapddity@i irite of NOias NHMdsbptiolno ok@iizdND to NO,, or to

cal cium [l anthanum strontium magnesium and lithium
selectlvgllﬂfse‘glﬁync‘é%Q?gé?ﬁteﬂﬁmloﬁfm {HeeEscHBL QLS. Pronoters may
[0058] Promoters that may be added to enhance the capacity or rate of NOx adsorption,
include but not limited to potassium, barium, sodium, lanthanum, calcium, strontium,
magnesium, and lithium or other alkali or alkaline earth metals and any combination of these
materials. Promoters may also be added to decrease electrical resistance of the cell in the
absence of NOy, i.e., to reduce oxygen reduction on the sensor electrode in the absence of NOx,

thus improving NOx selectivity over the operating range of the sensor (temperature, voltage,

etc.). In this embodiment, the promoter can be viewed as an inhibitor. Such promoters include,
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be added to enhance selectivity to SOc, NH3, or other
gases to tune the sensor to detection of these gases.

w0 0®399888ensors of different fornul ati ons coul BCHES2009/035494
coupled to detect nultiple gases and provi de enhanced
selectivity. For exanple, a GdxCel XO -X (CGDQ),
ceram c electrolyte nenbrane with Lal XerFel YCCyCB

el ectrodes has greater sensitiyvit t han
but are %%t%m%ﬁd t%y (i{ll%rﬂﬁ, ?]rénel, ﬂg@és%rgn%}ugn \Rﬁ)% n%/ ﬁzgcmm lanthanum
ppropriate el ectronics, the responses to both NO c
strontluah @%ﬁ?}%‘ﬁpaanédﬁhlb‘@l Qi 8y €PRBHIAtiP OB HIFsEMpieERls rRFURetgIsgnay also
and/ or protective adsorbent materials nay be added to
be addegtot@uince fedecsieny or SOxNHpair odres gises thmne dieasastor $¢ detegtion of
including particulate matter, soot, sulfur conpounds,
these gs8kd.i con conpounds, engine oil contam nants such as
phosphorous, zinc, and cal ci um conpounds, | ead, road

[0059] SakinsoRNS dRkdeNt f@ﬁﬁ’tlllht‘f@ﬁs'c%ﬂld%rgoﬁﬁea D Sect BEFle cases and
protectlve naterlals may be added to the el ectrode or

provide. enﬁancte«?1 séﬁt Ry tehl & e)fam qe aoCsIcli XGls ))/(OB ) %%)I (%:framlc e?ec?rolyte

Te¢tt o
coatin onto t he electrode Ia er. In a specific

membraggygth hndrxEe rﬁ?@t%(WQFW@F‘Pd&S ha%grﬁaqeh%e@amaﬁy ¥ Ox than to
cell to cover the el ectrodes. These materials nmay be

NH;. Byaooéningthetd sembars evithnttle apobpritee eleatroraese theatsgonesastte loth NOx
to, zeolite materials, alum num oxide, electrolyte

and ammBhi@lch@abs d{sd&néd. st ed above), nol ybdenum oxi de, zinc
oxi de, tungsten oxide or any other materials that

[0060] 21[ ?%‘fﬂﬁ?tﬁla%rlaﬁyaﬁhébg ?r&éctﬁ? %[ﬂo(f@ént E‘Elt fis 1‘35‘3%)9 Edcﬁﬁ\rfg Rﬁ)rt]ect the

preferentially adsor ese cont am
0061] For ctivi sensor
sensor figf3 .Pgisglaf I RE D G0 Bkt i “RC aifhcompounds
bi as of from about 0.01 to about 1 volt, or, in nore
silicon eqsarqupds, cBABE Qi FeRPGINARLY ek AS ARSPhequbizins. #1d eidyn compounds,
0.05 to about 0.4 volts, or with an applied bias of
lead, roghealt, aipd ch@mamﬂjgajton@:_oﬁtandhargs_. Tirese pragectitve mypterials may be added to
tenperature range may be nodified to achieve inproved
the elecaeldeot dlydtiofytt matdriae cgapesti el etayds iafinmaeddnto e cleddtde layer, or
and 2. Additionally the applied voltage may be

may be GPPIRIIARAT BhtiYAEMb A elddtro@e $RLE | Tnl LspRBiEe AhiFBBment I'11eprotectlve
sensor is operated with a constant applled bias in the

material is printed on the cell to cover the electrodes. These materials may be porous in structure
and include, but are not limited to, zeolite materials, aluminum oxide, electrolyte materials (as
listed above), molybdenum oxide, zinc oxide, tungsten oxide or any other materials that provide
a physical or chemical filter and/or have an affinity to preferentially adsorb these contaminants.
[0061]  For optimum NOx selectivity, the sensor is operated in the range of 200 to 550°C with
an applied bias of from about 0.01 to about 1 volt, or, in more specific embodiments, with an

applied bias of about 0.05 to about 0.4 volts, or with an applied bias of about 0.1 to about 0.5

volts. The operating temperature range may be modified to achieve improved selectivity to other
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i ndi cated ranges. Alternatively, the sensor may be
operated with an applied bias that is nodified either

W@ 2009/16H8f¢ er ent range or to an alternating polBET/U§2009/035494
node, whereby the voltage is cycled between a negative
appl i ed voltage and positive applied voltage. The
frequency of this cycling may al so be adjusted to

sases s AF Qg o101 - Bk O6r RSl e AP Hlee ay be consiantor

periodically exposed to a different set of operating
varyinge élh dispscafitserabrAimsRt. Hieghtor iseRsEated Witk agpnygpjapelied bias in the
vol tage, or a cycled voltage to renove and/ or prevent
indicatedoisgeni Adtefmaomelguhé sensosinhy bappdryied eatrdnorppped bias thaatsenodified
matter, or other contam nants. For exanple, a sensor

either t&l@Wiffeent adhgb@r €0NBAltekifdtRd polaiity obe diidreryahé veltaetis Ogted
materials, one that is sensitive to NO ¢ and a second

betweed DfboakiFe § I%Jdtd Yiged thdd3itiv@AFp IR a8 NBtd 8RSy of this cycli

e pol agral 1t §7 lgfﬂ 3 n%gnl %Iel of 1;jlit) he appgl ed vo&{ aggy o s eyerne
may also A%e aa}ustga o & en ea(r:lg:e & %sﬁ’lgqéc Ssgir'g:cé\lcl))éfo 85? ppison, res1stancef of the sensor. The
nbodl an electr che cel | risin

sensor RY%EL? Y 9?%04%1&“10%6 &hd H]ﬁger@}té%tﬁf&a@ afiag Bonelly syeh as higher
counter el ectrode |ayer, according to the invention is

temperagyye oa bpricidry oagco oF @ pquﬁhwzltargg $pieataye and/ou pgaentapofsonkg from
applied bias to exhibit enhanced reduction of oxygen

sulfur, silidachydresarbdn pdrécid & snatgr, e edter odleaminahfieF@rees@pizea ednsor
one or nore nitrogen oxides (NO ¢c) and a resulting

device dalBe@BAArdcRedO¥VIIBIL diPRrcnt iécttdieqhabridinne eﬁdt iPfRdsitiSe to NOx and
operable in the oxidizing atnosphere and under a

a secong AP ﬁdseﬁﬁﬂké E)q\IItI' , ﬁ% ﬁgfagaﬁlgtgﬁfcthé gmah:ﬁ?arfd/éﬁﬁa%[fahé 6 he applied

las to ex It en oxygen ecu

voltage ?a%@aﬁh?lf R B N S B e PR R ST e .

. I'n_anot her enbodi ment, an el ectrochem cal cel
[0062] coh%p% SREFTt earpodinaents B Sjecarochgraical egllicopprisip apefesgelyte layer, a
| ayer, and a second el ectrode |ayer according to the
sensingietwe‘ndd layen, sndbpesuwttdresldctrodnlagwi, dicordigg &t tre sipleetien mngherable in
under a first applied bias to exhibit enhanced

an oxidiz@itinoGphetdf arddyndena filxk eEplie@ Hidtto ekigibitienlsdnced RALE Rt oxygen
in the presence of one or norenitrogen oxides (NO c)

molecu@ﬁ‘ gt @Re &Rt d1QGroll O &l ﬁ@%?esbﬁbe@@bﬂ@ Br i@ hit¥ed &[1@&&‘2{@0;() and a
he cell and is operable in the oxidizing atnosphere

resultm??r%g%rs]g fif oxyg§1$ ?o%r}?uxatﬁ)lpéugﬁ%gée"flsangl g g}?grglﬂg nI h2Tk cf]zmg atmosphere

and under a second applied bias different from the first applied bias to exhibit enhanced
reduction of oxygen molecules at the sensing electrode in the presence of NHj; and a resulting
increase in oxygen ion flux through the cell. In another embodiment, an electrochemical cell
comprising an electrolyte layer, a first electrode layer, and a second electrode layer according to
the invention is operable in an oxidizing atmosphere and under a first applied bias to exhibit

enhanced reduction of oxygen molecules at the first electrode in the presence of one or more
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applied bias to exhibit enhanced reduction of oxygen

nol ecul es at the second el ectrode in the presence of
WORMBIABE7® resul ting increase in oxygen ion flRXI/US2009/035494

through the cell. Alternatively, a sensor may include

a conbination of cells according to the invention. In

a specific enbodi nent of such, a sensor conprises (a)

eronet ic .ceram.c electro cal
nitrogef gt QI i Ser PG e b S BHE G e B bae i
| ayer, and a counter electrode |ayer, wherein the cel
operablg &1 g oxishiaing ptmosphass pel vides 2 seannd gRRlics bipicdiffaesat fram the first
first applied bias to exhibit enhanced reduction of
applied biap ge axhnbit echinesd @tutthe donggagneleedey @dke sagondelectrode in the
presence of one or nore nitrogen oxides (NO ¢) and a
presenck @8 NIH;iaR@ airéwult@RSiBcreikedX Y Rdeni i0M {1k uﬁroﬁ%f b gall.t h&eﬁl@ii%ly, a
and is operable in the OXIdIZIng at nosphere; and (b) a

sensor rﬁ%‘;f?l@gld@ %@ﬁl@ﬂﬁh{)h 6f @ﬁfsaa@c&d gqg EHeCiﬁt@Hﬂoﬁahn & %émflc embodiment
conpr|3|ng an el ectrol yte a senS|ng electrode

of such 4 %nsdr péls%sn@gz? %15st 2mpe fe:rcot [ ?I‘IC crz? 1cbc|’1%csr08he%nfngz}l ecrf]: chgrlsmg an
flrst a |as to exh|b|t enhanced re uctl

clectroly Toxepgeisnitee glecired ver i LRI §leeirats rsdevereHae eellis
presence of NH3 and a resulting increase in oxygen ion

operabl¢ [nsn eHdigugrtmpphers and yndersBiirsTapplicd bias tapxhibie pslmngedpfeduction
the invention may be configured to be conpatible with

of oxygemmniotiealeappihi Gersimpnelenode dmtheprssendnd omayr nfetd niti®gen oxides
substrates with nodifications to provide structura

(NOy) didRustNessincRAN fl RJedf iodt fRRAhBugh heC@Ntah@lis SRADY in the
tenperature, nodifications to the electrolyte geonetry

oxidizir%:}gmgﬁﬁigfé d !ancT’ %%%%c&{dza%lﬁ?&nétﬁg Qgranﬁﬁ Elgctp&lheﬁ?c%k@%f (Q)gnpnsin g

house rotect the sensor

e 0 L o 0 RSB A R ot

plicable to both planar and tubul ar geonetries.
Operablixaaﬂilqrua@ﬁ%m \ApPhigst bl@bﬂléfeéqné EopobA @ﬁ&t@ath‘éiéirlFSstO\ﬁthﬂ?lt enhanced
different el ectrode fornul ations may be enployed in a
reductiagi ofgixggeemsizruldesti the sanping rebdskredelat the piesencefol MH:tandlagesulting
gas species. Electrodes maybe | ocated on the sane side

increasedin oxye@PPRASIVRGhSiugdesheakllt he el ectrol yte | ater.
Addi tionally, the sensor nmay conprise multiple

[0063] €! ?ﬁé Eé?ﬁ haa&RbrsCFthSink bhtl AGThBAGECSHFZNA th BY 8bBipatible with
Exenpl ary enbodi nent s

various application environments, and may include substrates with modifications to provide
structural robustness, addition of a heater to control sensor temperature, modifications to the
electrolyte geometry and overall sensor size and shape, external packaging and shielding to
house and protect the sensor, and appropriate leads and wiring to communicate the sensor signal
to the application. The sensor technology is applicable to both planar and tubular geometries.
Additionally, multiple electrochemical cells with different electrode formulations may be

employed in a single sensor device to enable detection of multiple gas species. Electrodes may
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i nclude, but are not |imted to, electrochemcal cells
and sensors wherein the electrode |ayers are
W@ ywpeessical | y opposed to one another on each BCTES9H9/035494
the el ectrolyte |layer, whereby oxygen ion current
flows through a thickness of the electrolyte; wherein
the electrode |ayers are laterally spaced on a single
surface of the electralyte | r,.wth an un .ed
be locatign oA PO Hact Bt PoFyR et At ABQGRMY: the sensor
the electrode | ayers; wherein the electrode |ayers are
may Compkige @B]é]@éf‘oelf%mlcg‘?fmca]rﬁeluﬁ feingregra Bl lyels fxemplek prgodiments
desi gn of el ectrodes of opposite polarity while
include ntwit nteanatilingted toriefdcmathamiedtoeBslendomnkork ehgtem the electrode layers are
t her ebet ween; and/or wherein the electrolyte | ayer has
symmet@ichi0} bpysédiodnarans®ei drgedcatsidere tendedthgytelBet, Wideeby oxygen ion
| ayers are applied internally and/or externally to the

current ﬁb% Mrehéﬁ LHiAYEEs oflthe QB&:H n%@f WHLE R thOBlectiife layers are laterally
el ectrol yte IS a porous co onent and prevents

spaced %1 Xﬁ]lgé e suffgce 0 Ql%ctwelgft%dge%? e{ﬂ%es?"itelrn?c%%telda o t{lf% rpaa]: of the

e I nc sensors
electrolgéqg\é/getf IBgt?yéﬁ]%l C nbl ofg ] z;y]g%r wg;(rgﬁ%tﬁ]lg e gtsr’g(gel)lg?edé are interspaced to

nmechani cal support and conprise any suitable

form anj iptgrdi gltta,t%omteéhop]gpg despgn @&fémﬂogles elrorpasitd palagty while maintaining
ceramic or a netal or cernet material coated with an

a mininiah slet@dderpgthrieh gthitadrebdtwean endnbeteminhe ekcsansedayer has a hollow
i ncludes a zirconia substrate, or nore specifically, a

tubular ¥&rtfTdubdfonShiiht bkeGodd hG@0hR YR infdtRaty Mdeor eXfefhally to the
sensor may optionally include a heater which is

electrol eq el Q‘Ptl)tleyclohﬁg\{;] {1819 thd ag&ttﬁﬁe% ?g&%ﬁ Yot cﬂfE:Qt and prevents

tro eat er e'a resistive heate
roma conductive mnet al such as,
phySlcaLﬁ(fnt?'ngetlweﬁ]il ﬁ@oen%)g()df‘);aé’ﬂsnum silver, or the like. The
er may, for exanple, be applied to or embedded in
[0064] ¢ hé sghtiExG mew be H}dléjﬁélﬂil the S@%Sorth%f the [1veptiers iy prrabiptay with the

i nsulating | ayer such as al um num oxi de. [ 0065] Vari ous
describddeed eairogberivdl @ily.dnt exgewplofo prheidampehanet sigposie agbmay comprise
described in this invention will becone evident from
any suitable igkeHtme naanthlf s etdnspleokihdhdiedingSe@EE b B adtdl v efrmet material

the foll owi ng Exanpl es. Exanple 1: Sensor Fabrication
coated VRl ad ﬁﬁﬁiaﬂgg Yetdad 1n one embodiment, a sensor includes a zirconia substrate, or
more specifically, a yttrium-stabilized zirconia (YSZ) substrate. The sensor may optionally
include a heater which is electrically isolated from the electrolyte and electrodes. The heater
may be a resistive heater formed, for example, from a conductive metal such as, but not limited

to, platinum, silver, or the like. The heater may, for example, be applied to or embedded in the

substrate, or applied to the cell through another insulating layer such as aluminum oxide.
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[0066] Symmetrically el ectroded el ectrol yte nenbrane
di scs were used to test the fundanental sensing
wWpeopeessies of this invention and confirmthe BENES2009/035494
mechanism as will be described in Exanples 2 through
7. Planar el ectrochem cal cells were fabricated using
a gadoliniun1doped ceria (Ce0 90 195 , @GDOO)
ctro te e gne with.(LaQ QoSr Co0, 20F
[0065] (Lg whre ggad el 5 BBHOSH G R T
electrolyte menbrane in a disc form shown in Figure
inventiqnawillchsiseing exidgnt f5oms gher deyifispand oy teqtiaipedpsydescry éﬁethe
of GOC, with an effective thickness of 40 m crons.
following Exdroed in U. S. Patent Application No. 11/109, 471
(published October 19, 2006 as US 2006/ 0234100 Al),
Example € PepgrdFaBdcdiionend Thtideelethedce in its entirety, the
nmenbrane i s nmechanically supported by an additiona

[0066] t hSﬁhﬁfetrii@Hf dlce@6ded dIRYByte MBmBra@Idi Rk ¥y @83 81t the
appr oxi mat e y 100 microns thick which is

| .
fundam§+]tMeBﬁH§ g’{%eﬁmﬁ E{h?{ hge%{%ottnrh\?glzgrrlfe?ﬂa 'oﬁ{easgﬁ 1 Peﬁ%é}barnéil as will be
a e de 05|t | ectr des whi ch
descrlb%@fla ‘Einalie B5th Taaivet Bt SRl S Botit BEkakd Uhe s
he nmenbrane di sc and then anneal ed. [0067] For

gadohntue%ti@m& cetipy CoeldorOlios (HPQreectiohyty mamhipng wih f uel - | ean

di esel exhaust atnosphere, with tenperature controlled
(Lag soSonen CoheFea ppOox (LI etcangéesaippREDtot appb&@ Wlesafthe &lectrolyte

constant voltage in the range of approximately 0.1 to

membrdhedn ¥ QlskFoin$, sRORh ifHichR 160 HRl of a\/&hftﬁgﬁoﬂtﬁ @E@ﬁb‘lry?edmembrane
across a shunt reS|stor In series wth the Sensor,

of GDCd % t%raﬁ]erf‘t%ctlve thf K%és% %tf 4@%’? (S,IIOH NQ d]%@)secfbltﬂ% gei’it%ntv)%ﬁ)hc%tlon No.

various

B e S S R B TS Bl

Denonstration of Sensing Mechanism [0068] In this
refereneexa it eatiresy rernerahiage isenechepisalictupnortes bheabaddivienaé thigker doped
di scl osed sensi ng nechani smof this invention.
ceria lagspeiniaf pecfakdtyd deskgmeapipredmsteiyel(® rsomgnkidk wdichewintdiaheously
NO c¢c is not reduced during the application of a

sinteredwQith 8@8nerbtae RYYIE IhSwhad Wettle 8, thdgctBRASdaN the sensor is
el ectrode, the

defined by the area of the deposited electrodes, which are symmetrically deposited on the

opposite sides of the membrane disc and then annealed.

[0067]  For testing, the sensor is placed in a simulated fuel-lean diesel exhaust atmosphere,
with temperature controlled over the approximate range of 200 to 550 °C, and a constant voltage
in the range of approximately 0.1 to 0.5 volts is applied to the cell. Voltage is measured across a
shunt resistor, in series with the sensor, to determine the current passing through the cell, with
various gases (NOx, NHs, and/or SOx) being introduced into the simulated diesel exhaust

atmosphere. The testing configuration is shown in Figure 2.
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oxygen ions then being re-oxidized to nol ecul ar oxygen
at the counter electrode. For these experinents, a
wa20090088Was f abri cated as descri bed i n Exanpl ePAT/UT1089/035494
sanpl e was | oaded into a test chanber, such that the
sensing and counter electrodes were sealed from one
another, wth the counter el ectrode being exposed to
' and the sensi -Ipﬁtrode exposed to the gas
S U G4 onposi ti on was nonit or ed
downstream of the sensor to determ ne the effect of
[0068] ¢ h}n %Sé‘é‘ta%keh BXRCERIenEsaY §re SANqUsEed g demgRiids the gisclosed sensing
During a sweep in the applied voltage, a correspondi ng
mechanghnppf thrs ioxgngien. Spemtbenllyacipsniments volye desigbd to nekive Htat N§x 1s not
t hat oxygen was bei ng punped through the cell (see
reducedrduginip ehS3ppliineon @fckvodhgs vahgexyigan iH edied axthdensing electrode, the
conposition indicates it was not being consuned in the

oxygen %@Qﬁéﬁbeiﬂ%‘fe—&ﬁ@i@é@@ thBBc M 8:8188n hithOLANRE: cldttbBE For these
presence of NO c, it is having a catalytic effect on

experin%ysgg Qenrs&?\wgfst aBHcatéCff asscﬂ‘?ﬂji&dqg E?Qltng]% t hife thl%lé W 58%A into a
I'n current achieved I n i's test exceeds tshe anount
ssi bl.e t hrough. NO reductign tqg nitrogen, .neani ng the .

test chaE@)ﬁ% 8}1011{]3? the Isﬁ%ﬁ rani;i ég%ﬁrsegecttwgﬁs \gﬁreasg%lg gﬁm ?r}eca%o%her, with the
sensor based on NO ¢ reduction. [0069] The catal ytic )

counter gfecege bFInGEXRPPENO §i%s a@qi tesppsingelpgmee £3paged ¢o the gas stream being
adsorbed, as shown in Figure 4 and Figure 5. In Figure

sensed. 4T hevghis Icemphgtise wsomongorep dpwhstrgnadt the seayppl oadtevminedaeettect of
of 0.4 volts, 100 ppmof NO is added to the gas

the elecGbél@iital ¢allSh fige @R cbMPHEASE DOrifdlh kRBdp inTﬁkﬁzgﬁﬂﬁI’eﬂ @Bltage, a
changes slightly when the oxygen |evel is adjusted,

comes il 3509 BTSSRI gl FBMF g b

=e]e] rve%ﬁfo esor omthe sensor.. and .the current. ..
pumpeci dtf%{)oﬁl§ﬁ ?léeecee s%eulgéurgfs . f[%le g&r(]:k é)g FI?J%II]Ige I;R/ rt%% %)?%eo ﬁomposmon indicates

, cophusti on exhayst, CO2 always w Il be presen

it was ngf Pgig f@lsglﬁlgd apihe drocess. pgtcl?;gélllsed gufgeyt grhggheé}i]n the presence of
exposure to NO c. Additionally, in an actual sensing

NOx, itenhdvirgmrenialytie pideas en oixpgenarduativnniieshoelddetnogdetbatdhe imgrease in
need to be sealed fromone another, and both

current e¢teeteron €8s eetdxdedi? tixposed pbasilileehrgagh WOImducsienseditrogen,
Exanpl e 3: Denonstration of Response Sensitivity to

meanin®Re ERQF Bhs 4 Righbi ©sR8O MR an bR erfddfRNSRsor based on NOx reduction.
characteristics of the sensor to NO and NO were

[0069] The catalytic effect of NO or NO, is present as long as NOx is adsorbed, as shown in

Figure 4 and Figure 5. In Figure 4, while the sensor is operating at an applied voltage of 0.4

volts, 100 ppm of NO is added to the gas stream, causing an increase in current. The current

changes slightly when the oxygen level is adjusted, but is not dramatically affected when NO is

removed. However, when carbon dioxide is added to the feed, NO is observed to desorb from

the sensor, and the current drops (see Figure 5). In an actual hydrocarbon combustion exhaust,

CO, always will be present, allowing the sensor to recover quickly from an exposure to NOx.
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eval uated, and experinents were conducted to
denonstrate that the sensing nechanismis effective
wormp/1e887(ange of applied voltage, exhaust gas PCT/US2009/035494
at nospheres, and tenperatures, and is effective for NO
and NO2. A sensor was fabricated as described in
Exanple 1. The sensor was then | oaded into a test
Additiogaﬁgtl)rgé%gcgﬁegisérgﬁ{%%&grgplﬁkftﬁ%%gﬁﬁg\e a{ﬁirecé)t%%(l%ﬁ gl%gtﬁ%c%s tdg %ot need to
responsi veness of the sensor at 425C to varying .
be sealeglifrais gae prasheyt angdoph plgctagsiss cedd\pelckpeyed to gleg%aﬂng pensed.
Figure 6, in the formof Tafel plots. Two different
Examplb 8s dddnmensgas@sofitasgorese densigdity arNOkhese tests: (1) the
| =1.2 gas contained 3.3 vol % @2, 11.3 vol % CO2, 2 vol %
[0070] H2[n thishaableatieaedponsgcharcianBtits ¢fabe §NR9r to N@ hnd N, lwere
=1.7 gas contained 8.3 vol% 2, 8.1 vol% CO2, 2 vol %

evaluatd® Ghd ERridRhANGGe e tcANo UBRAbAstARSthaMNRS sens[HdGdddhafio is
each baseline gas, the effect of NO (100 and 1000

e B0k A S GAE D, LIS ORI LR, anas
. red ion rrent over e ranpge, of .appl i,ed voltages
ctectivh it OhgPd Nfrars FHEOHI P APOTG Tof G FOAR ERSRLRd - HyPe sensor was
changi ng the conposition of the baseline gas. This
then loaqggl ¢go o %%édfaémbef sughsthatdiotiueleeipdst WA RGP dhe/sasB0ne
and | ower, although the baseline currents at about
environ2@00 Gnlileis oneigurghinb ittei resgloysivevess off thasespaitet25°C to varying
nmeasurenents. [0072] Experinents were al so conducted
atmosplic@escit aakyiid y/applied keltale Weshs@nSh Figard §, iffthd foem SE MM plos. Two
NO and NO2. A sensor was fabricated as described in

differenEX ATRhE odse @ QEreEAhaRIGH, fRle deltS: el ative sensitivity
to NO a%d NO2. In this experinent, sensors were placed

' as, bl endin nmher t hr h [ [ .
L8 7™ o B RAVRPE 4 B 'y e 315 batance veing
H2Qn i@t pRINM2, bal ance N2) was introduced at a

constant flow rate of 200 seem NO and NO2 test gases

B rRe £2¢l seR3hAIRNK. DLeBLed, 8.1te1% ®),925 084 T the@Mhnce being

the resulting anperonetric sensor output
an inert gas (N»).

[0071]  For each baseline gas, the effect of NO (100 and 1000 ppm), was examined. As can
be observed in Figures 6 and 7, the presence of NO increases the oxygen reduction current over
the range of applied voltages much more than the difference in current caused by changing the
composition of the baseline gas. This holds true for tests conducted at approximately 550°C and
lower, although the baseline currents at about 200°C become prohibitively low for accurate
measurements.

[0072]  Experiments were also conducted to quantify the relative sensitivity of the sensor to
NO and NO,. A sensor was fabricated as described in Example 1 and evaluated for its relative

sensitivity to NO and NO,. In this experiment, sensors were placed in a gas blending chamber
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was neasured in the previously described test
configuration. As shown in Figure 8, the response of

wQ bwogesszor i s i ndependent of whether NO c i s PCI/USN09/035494
formof NO or NO2. In the presence of oxygen, it is
likely that NO and NO2 form i nterchangeably on the
el ectrode surface As Figure 8 illustrates, the sensor

di spl ays sensi tivit d 0
troughiyEh SN e laines el S ey aPr S da 10 pom
t he nechan!sntthat t he adsorbed NO and NO2 on the
NO,, badangs oY) was idioducestdh pyoestary dlogsdniret! 208deeni MY asbliPp &t gases
In contrast, sensor technol ogi es based on reduci ng NO2
were eagln sepl@ttly bAdedhht©hegias pircayn, sed dietriesltiyg aropdi@Retrigrensor output
times greater than to NO Figure 8 also shows the

was me@NukddBih@Re prel TduSI§ IS T be e SR OLHEi ghif20idh 1 A sRRGWH o B IS response
changes in NO ¢ concentration, denonstrating the

of the séHsBPR rlﬁdé%@l?&ént: ¥f @ﬁetﬁcﬂq\l @% SiA'thd FPRAFIO Y ﬁbfzt I fheWrd@nce of

range Exanpl e 4: Denonstration of Effect of Pronoter
oxygen 1g1s It fltoNac%ﬁH otrrln\{rlltteychg 007 r]thc Ql Strode anJace’ As Flgure 8
ensor resp Naracteristics

addltlon of. pro ter_to th ele trode wer e exa ed
illustratss dhs-peBror i BT aeisi Y GO A0 GPEBREGHAL AN n1
el ectrodes of the sensor were then infiltrated with an
and NOa geaksu dhisdrithen suppertst the gigkhanison thas thegdeibedhOpindd¥ O, on the
wet ness approach. The infiltrated sensor was then
sensor dirfiaedcasigzeaths eay e, redietivh ngpcdoi Bpwnaed, easdracghina®gies based on
within the el ectrode (approxinmately 5 percent of the

reducin®NeF,tan@ O BY NWBADOL Hisp RS sSh@VItyl tB N Iwoirfes drBfer than to NO.

ceria-infiltrated sensor denonstrated hi gher current
Fire {280 LR APFL HEERERRL 820 IR0, BBSRS ipgecsin O

concen Qi RS b TRl A AT Emi S Y e
per given eIectrode area, and a |arger change in
Examp 6 4% .:-l.ﬂ.” 3 L Gl HHO of K N & 2 OOt dl LN 'A\AO QCRYh avit

correspondlng S|gnal strength for a gi ven el ectrode
[0073] ar bethBexappte, ge:ctoenefiibe seasprosponsRelspntesstiSewint ddditiop of a
to Anmonia [0074] In this exanple, the response
promoterhariaect étiogt wese @fantitkel. SerEBDr tvas fabrionediasdeseribed in Example 1.
eval uated. A sensor was fabricated and tested, as

The ele8lesiel bbad sbikoExarathen hfilA8d R aAfaqAdBTR BERu@Asir A&l 88 6kion using

an incipient wetness approach. The infiltrated sensor was then dried and annealed, leaving a
dispersed ceria phase within the electrode (approximately 5 percent of the electrode by weight).
As shown in Figure 9, the ceria-infiltrated sensor demonstrated higher current density and a
larger response to NO, than a sensor without the infiltration when tested at 425°C and 0.25 volts
in a simulated exhaust stream. The infiltrated sensor, therefore, has the advantage of higher
current per given electrode area, and a larger change in current during exposure to NOx,

improving the corresponding signal strength for a given electrode area.
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to each of the background gas formul ati ons, and the
response was neasured. Figure 10 shows the
WO e®paossiveness of the sensor at 425C to varyi PGI/US2009/035494
at nospheres at varying applied voltages, shown in the
formof Tafel plots. As can be observed in Figure 10,
the presence of NH3 increases the oxygen reduction
e, range of .appljed voltages nuch nore
sk beSROISS Sensituify toAmmon %y changi ng the
basellne gas. This holds true for tests conducted at
[0074] apBhissxoEe! Tc'eaﬁv& EpRETe characksiiges ftihe HAsY tP RERRNE whteevaluated.
at about 2000C becone prohibitivel |OMIf0r accurate
A sensoipes liteivaiet end rstednpradeserdredtio ERpigaleel . 1100gipownet arhmpnia fveas added
rel ati ve response of the sensor to NO ¢ and NH3 is
to each dethe eelgroand gk dovinllitage, addhé teepdmsapes ateasi@edf Figure 10 shows
operation. At |ower tenperatures and hi gher voltages,

the respoR@vé¥Ss SAROXIBEr RLASTER G- @Ak &imdsPRsted A8/ aATHP H}b;ﬁled voltages,
response at eqU|vaIent condi tions. Therefore,

shown ﬁr[g% Q)Wnrl)q "I%’gliﬂ(ﬂé %9 rO%Sé?‘{/C(fjll fffﬁ o ript gpe%%l?cle%rf ?\?H3 increases

or voltages or al ternatlng t

e sensor i ned .NCc,.and_.anmoni 3 sen
the oxy B G R GHEA 6078 L DR G TSSO AP fifference in
Figure 12. In this experinent, NH3 was introduced in
current ew%hy ehanggesthe Brgling 2 draiphalds wee fop testsTvedugersyrabout 550°C
exhi bited a strong cross-sensitivity to amoni a under
and lowlei, ghtboughathp basatioe evraamts dtaheut 20000 bexdmeoirpkidgively low for accurate
conditions (4250C, 0.1 volts), but displayed

measur&héis. f A @afphiisdnQo@liguse NS klidwy thyt B rdl aRIredppAResfahel sesor to NOx
and hi gher applied voltage conditions (3500C, 0.4

and NH%@ de@%nde‘ﬁ& orp ﬁle%ﬂh%é i tﬁ@%ﬂie?at%'lﬁ m&)ér\é’u@)ﬂ/. ABR ARk f@gieratures

rcent of the esponse to NO at the 425
ond tion;

and highe i e etzr1] %esaiihe WV < C %cnoér?etss R (r)fpa eréﬁj nt@% ?‘%u to(r)l aorrf]:ggq[nﬁe at equlvalent
operating conditiaons thraough the se sor's electronlcs
Condlt%mT?eqefOé? byrmrloyiag muthiiRie senerse gitteyent PrappriiHica api/phvoltages.
respect to the NOc response could enabl e both the NCc
or alterptig e haavd@ge eha piagleopsor.a dsentdesddN Qi ned anmagiasiengrgould be
sensor . Exanpl e 6: Denonstration of NOx Sensitivity in
envisiofidde Presence of SOx [0076] In the targeted diese
exhaust application, a NO ¢ sensor nmay be exposed to a

[0075] I aTER c@flcept is illustrated in Figure 12. In this experiment, NH; was introduced in

S dQ

concentrations ranging from 0 to 30 ppm. The sensor exhibited a strong cross-sensitivity to
ammonia under higher temperature and lower applied voltage conditions (425°C, 0.1 volts), but
displayed significantly lower sensitivity at lower temperature and higher applied voltage
conditions (350°C, 0.4 volts). At 30 ppm, the ammonia sensitivity was almost 30 percent of the
response to 100ppm NO at the 425 °C condition; however, the response dropped to only 11
percent at the 350°C condition. By manipulating these operating conditions through the sensor’s
electronics controller, this variable sensitivity to ammonia with respect to the NOx response

could enable both the NOx and NHj; concentrations to be determined in a single sensor.
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SCc | evels, continuously or intermttently. In this

exanple, the sensitivity of the sensor to SCc was
werabnessed. Sensors were fabricated as descri bBCT/HS2009/035494

Exanple 1 and tested for sensitivity to SOc by

injecting 1lppm SO into a sinulated exhaust stream As

Figure 13 shows, 20 percent degradation in

r .nsiveness 5 opserved.oMg 15 ho 5 however, by
Hereas gt HeXtemre PR e e 8068 LorpEet e reversal

of this degradati on was observed. This allows the

[0076] ¢| Bthe Geeted giesql srhavshanpliceian: & & QxoseReerdBdy Jnaosid g agange of
periodi c excursion to an el evated tenperature as a

SOx levesapentigiondly prymtarpgftantie. &f fhecexapfpledre wnsitinigy eieths gensor to SOx
response. In the ideal configuration, this excursion

was evahmitddd Redsorsegeit febriva@t iandesribelimBeanplandind ested for sensitivity to
therefore take place nuch faster. Exanple 7:

SOx by PEERN I Fth 80, %hto ReSREARA eXhdBi sthdB! 7As Fidubei 3Sshows, 20 percent
exanpl'e, the response tinme of the sensor to detect hﬁﬁ

de grada\gﬁg Inﬁ }ée (Hmv%geés Ryl e %\e@%@&%} 1§t115§1fa> g%cg{lev%f, g)gqgcl:srkgﬁl g the

ynanomet er . sensor was rca

escr | in |l e 1, .and then cl anped bet n ee
rempersE 5 AL gomBe T Bl o 10 ety B R DrREeh o MG the
t hree-way catal yst exhaust, equi pped with a gas heater
electronigs of |t/ sensortdesice khheidesigngd Withhprsriedisy excugiongo ap gleysgd
0C. The engine was stabilized at exhaust conditions
temperatwmtaai meags 8f Bitpetive fite efRcarfd @, oh thesoent regi@hse. N thadleal
NO2 were injected frombottled gas cylinders directly
configuidiiod, thhexexRrustousd heasiuijdlsdatib@s Fiiraade, ald ¢died BRASOE take place
at concentrations ranging from1 to 100 ppm As shown
much fdsRrFi gure 14, response tinmes of approximtely 180 nS
were observed, determned as tinme to reach 60 percent
of, the sensor' stabi li.zed output. A conmercial NO c
Example 7 ﬂ]e’onptl nofSRe '[ll Insul ators, was tested in
th ame manner, and the response of thi ensor al so, .
[0077) § ofrghiitarRleei e @Onse v al PESHES B datsht NP e eled in the
sensor was on the order of 2-3 seconds, an order o
exhaustsfragry of & gawliap shgine dyzamarneicrdj A stnygeyasiahgerted mgaserghed in
the response tine of the disclosed sensor is nuch
Examplt ds bt thehalmptt betwanp etcelmedshers aad thopotednt achipstréarn of the post
technol ogies reported in the literature.
three-way catalyst exhaust, equipped with a gas heater to elevate the exhaust gas temperature to

400 to 450 °C. The engine was stabilized at exhaust conditions containing 8.9 percent O, and
8.7 percent CO,. NO and NO, were injected from bottled gas cylinders directly into the exhaust
stream, just upstream of the sensor at concentrations ranging from 1 to 100 ppm. As shown in
Figure 14, response times of approximately 180 mS were observed, determined as time to reach
60 percent of the sensor’s stabilized output. A commercial NOx sensor, manufactured by NGK
Insulators, was tested in the same manner, and the response of this sensor also is shown in Figure

14. The response time of the NGK sensor was on the order of 2-3 seconds, an order of
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Exanpl e 8: Pl anar sensor wth electrodes printed on

sane side of GDC electrolyte [0078] For i nproved
woremafiesstur abi lity, sensors were built w th boR¢T/US2009/035494

el ectrodes printed on one face of the electrolyte

substrate. In this exanple, two LSCF el ectrodes were

printed ont o one face of a GDC ceram c electrolyte

| ness o xi mately. 0.3 . .
magninie o Ko bt Ehor o Fp B s R B Y, Q&A%Ped sensor is
I n shape mnth a gap between them of approximtely
much fasfer thag| iheRagPEFEREtinG At RAICHIPIRCHC t?ﬁhnq%%gltssepoetdel@tth%h@rature
pattern to facilitate current collection. For testing,
Examplel3e Bamns senswawith ekceodds priatediomshoie edlefai €1DC ekentrdiyes el
exhaust at nosphere, heated to 3500C with furnace heat,
[0078] anHominposstdandnuieitdralgiéityokerapprvaece bailtekih Doth ekelrbdesvaimted on
applied to the cell. Voltage was neasured across a 100

one facOBMhe B1eBtrol ?%Séuﬁgtﬁfte InNthB%hBpIeMW LSO ei%@ﬁ§&55awér9 erted onto
determ ne the current passing through the cel

one fac{zgﬁpéf)te%e%m{] ml&tr%mg Qisc EQXHB%?H{I ﬂe?poﬁ]a}H?&?Mtei 3 mm. As

oW ng -a repeat ep change response

ane, .inter itated
shown ig AP S RE SRHG1Ss AEToiTHIEFR 1 EIR OF GHESA t07es tﬁﬁm of
this exanple, further desi gn nodi fications vvere
approxigiptsly B3t &ad pigs thep bews tqméomﬁﬁlﬁm@mttqdwammtt%éamhtaw
sensor design. In this exanple, a thick film(~ 0.050
current pphldachpic klforge stERCthaasnsor ivat phicahing sumulatedrfuelntean diesel exhaust
stabilized zirconia (8 nol%Y O or YSZ) substrate
atmospie@Mearst a8 RI°¢ Witd BN Hehy, 8KJ a adrtasit Holefee df hepragingitdly 0.1 volts
the GC electrolyte film LSCF el ectrodes were printed
was apﬂi@dtt@ﬁle‘%fellt hf%h%%%!&h@é&&éd‘ 448 a"JmO 'oﬁhleéh%&‘eh%ﬁ qn series with the

el ectrode patt as shown in Fi gure

sensor, ]Ehc?et rl nthe current Es1 of htrohe e']_.le Ctrersggnese%?%lﬂ gr}lsg
e curr e o} sens

was pI ced in. a SI Iat ed fuel -1 ean di esel exhaust
Conﬁguéﬂtlﬁﬁébﬁw infgired %‘ngﬂftétﬁdeﬂﬁt?ﬁ? SR SRR EEPONse g 90 ppm NO.
const ant potential of approxi rrately 0.1 volts was
n1Saste planet herdiglithted leictrods RAISUrHNgR wH fHorad £
shunt resistor, in series W|th thesensor to determ ne
[0079] t hin thisraxemplep Astiendesi qir muodjlficathmns celré madh everré?sqampkES @f improve
this sensor configuration is shown in Figure 18,
the marﬁl\lltg@vurwtgh@ sfepeainad ®sighe P Ghaagenpl€ SARRE Eilh e~ DAF0RRM thick) of

GDC was printed onto an yttrium stabilized zirconia (8 mol% Y103 or YSZ) substrate
(approximately 0.150 mm thick) and sintered to densify the GDC electrolyte film. LSCF
electrodes were printed on top of the GDC thick film in an interdigitated electrode pattern, as
shown in Figure 17. Gold was then printed on top of the LSCF electrode pattern to facilitate
current collection. For testing, the sensor was placed in a simulated fuel-lean diesel exhaust
atmosphere, heated to 350°C with furnace heat, and a constant potential of approximately 0.1

volts was applied to the cell. Voltage was measured across a shunt resistor, in series with the
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Exanpl e 10: Interdigitated el ectrode configuration

wWth integrated heater [0080] In this exanple, further
worewpMossat i ons were nade to the sensor desi gn BUEDS2009/035494

Exanple 9, for ease of use in an exhaust environnent

(Figure 19). In this design, a thick filmof GOCis

applied, over a length of approximately 10 to 15 nm

end of a YSZ subst nom nal nMensi ons
ensor S 000 BRI SRR AL, B PRTLEL gnz\fw?
~in an interdigitated el ectrode pattern over the GDC
configugitiontis shomen igditgrre 48 appMined jepcatile slepehanse resperwerta 1P@ ppm NO.
carry the signal back to the data acquisition system
ExamplA 18e phateial @ tateeledlentroids configucdtes with tnitdgsatedheiterg el enent
to enable the sensor tenperature to be controlled to
[0080] t hin tharegemplzp Errdict MY difeapersatert eadEhe theasnsi dygghedt &xample 9,
is made fromPt or other precious netal alloy and is

for easeBdIRisé Bfharf &hakt BhHkd ik Xk ele 19Y bRt thatRsigh, 4 MEckSAREf GDC is
nom nal di mensions as the YSZ conponent. The heater is

apphed a(;\;eﬁﬁ lj]e%%t d(ﬁfeag)E?ox\{rﬁ%ﬂ o ngrl%%linvﬂ(;rﬁ ffe %;gggﬁ 4 ?gﬁ%{lﬁ]stt o of

ram c atively, ayers co
| aced with a OXI ng the nsor

nommaﬁﬁ FaRes! GeBmoHehY SR b ﬂgcﬁc?bﬁﬂ? e e ARRIEGB AL

An optional porous prot ect | ve coating could be applied
interdigjtated ﬁ@p@e@e Rastereves PRy mivdi e erldbimapeliad ia lﬁlllea&a@le IDE pattern

matter. Exanple 11: Sensor Packaging for Symmetrically
to carryEhesignd deck @l thedata SeqsgtiolEhwmnt 4 sepO8E]hedthr 5 agacheplte this

descri bes a packagi ng approach for utilizing

sensing @eMieRt td @ablethek@cb oaperatLa s Hdcamkioediosthé abgdt ©pé@tng
as described in Exanple 1. A drawi ng of the packagi ng

tempera(#@f%' q¥e kéls%tQQYi@atéﬂs Rl QE ESnf Bt orfoRit: pRICRAR %@ﬁl%ll()g qHd {efplied to

for assenbl Yy of the sensor. Two pl ces of alum

an alumiiinf §xi3g sifGafl? o‘fsf n{ OorkilS RERSIY s ﬁo?szTcBr% gr%nttmﬁle
prece COﬂ al ns or exposure e sensi

, |nvvh|cha, eof alumnafelt

heater %Pt&’&g%‘{ otfie P& fonRongN ‘wﬁw ﬁléhtterﬁﬁ?ré?lfea‘?er%rﬂlétadb?Sé‘(Fent s
the sensor from bei ng crushed when the al um na pi eces

Alternagiyedy lih ¥Sddayess enrdd nespirsed Withealeramgoy oxida pawing thheamsor and
pl aced on the alum na felt. The coupon consists of a

heater conlpoapitatdie a@ermanoditléc tompyrtent. Wwhh bpedmet poiode provaetieachating
side. Metallic (e.g., gold or platinum) pads are

could be applied to protect active sensing region from particulate matter.

Example 11: Sensor Packaging for Symmetrically Electroded Planar Sensor Elements

[0081]  This example describes a packaging approach for utilizing symmetrically electroded
sensing elements fabricated as described in Example 1. A drawing of the packaging design is
shown in Figure 20. Four pieces are required for assembly of the sensor. Two pieces of alumina
serve as the housing for the sensor coupon. The bottom piece contains a hole for exposure to the
sensing gas, and a recess in which a piece of alumina felt is placed. The felt is a compliant
material that prevents the sensor from being crushed when the alumina pieces are adhered to one

another. The sensor coupon is then placed on the alumina felt. The coupon consists of a solid
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pai nted on each el ectrode, with the pad on the bottom

of the sensor leading to a hole in the electrol yte.
wab@ohedszo is filled with netallic ink to estabPCBHS2009/035494

contact of the bottomelectrode to the sane side of

the coupon as the top electrode. The top al um na piece

is attached to the bottompiece with a bonding agent,

ceram c cengent t al. um n
planar CEE% SelEryieh SEnpn camerite-ofteisdfisg tabEnHTHTE pacs ar
pi ece contains a channel (or hole) that al | ows
painted @W@@hel%rqﬁig Wuhﬂ@cpafi@ntth%\botéqr@ ef thegensopleadingpe a helgdn the
el ectrical pads nay be painted on the top or bottom of
electrolytee The pokl is fidlad withenwallit inkpaiestabldshorentaeeof thp potemiekectrode to the
Figure 20, then the top piece would require hol es that
same sidOuit te beugoinlak @k t0h klectiedeaal THeCtop Blumihfpiebd B attached to the bottom
configuration, the coupon would be mechanically
piece WﬁB ta%ﬁ@iﬂ ﬁtageﬁt h§1CB QP cAh M Qgndht BRLLIKEaILREN L BRIhInG ¥ee Figure 21
| eads. have the advant age of preventlng t he
ensor, hin the recess

for placament sz}t)r?{ldm% a&oan OHbedtoP Rigee f:%ntallnea ganglgb oa 11118162 It}lgt a]tlows oxygen
| ect tact ld be.lo
being Pme%hﬁo it e@%gogﬁfﬁ?esgtn%&ahsﬁfegﬂ&%ﬁpﬂgn rﬁ%ygtﬁﬁanﬁig o g top or

| eads are placed on the bottomof the top alum na

bottom pf ieéop Mpmina Hecs. dbpdingd ratthoiept #van Fegrde 26 rihermte depupiees would
and the leads on the alumna are electrically

require holen ehat eduldbetfilkdtwittembaticdak.| in thomatipedtion hige coupon would be
advantage of this approach is that there is no

mechanmgly afhdRl td Bebp AAmPKLRKcANS tHeQASR G0 Had €t Thik RBuld have the
spring constant of the felt keeps the two contacts

advantagg BP@%@&HI REVENES totnﬁﬁact rd%ﬁﬂ 'El?a%&éé? but t‘qe dilsa]dvadntage would

anta es In the e COUpOI’] cou

d | b b
be thar {5 T3 O BeiBae B SRt Sl Sttt b RORSTY ¢ or
over time_if the felt spring constant chan [ 0083
[0082] | nIngthe gepfiguafangipyanie ﬁlguas 1%19 dheleadsoue gl as%c? s dattem o the top

one or both faces of the sensor. A synnetrlca
aluminageentWVith ¢clos Fehfedusdiobehe e sooths corra mdskelbads eths @lumina are
assenbly is placed on the opposite side of the heater.

electricdlii Snaedtbd] bat hathddbanidsilbddnAgetéd ETIxeqBanta@dldbPtls apprdadk is that
detection of alternative species, such as ammoni a. The

there is %@ 'ﬁ%&fl&tﬁ&l?‘&m @ heRndasske WohED 1R spRhELShstA of the felt keeps the
furtherprotection. The bottom of the sensor woul d

two contaets &%nch{Ed.oltIovthVeerstﬂ sealpgro%nl‘fl hlls t%g d}sgdvalﬂ?aggg f%he %ac?lthat the

coupon could slide around more and possible break, or vibrations may cause a loss of electrical
connection momentarily (or over time if the felt spring constant changes).

[0083] In either configuration, a heater would be placed on one or both faces of the sensor. A
symmetrical assembly could also be envisions were a second sensor assembly is placed on the
opposite side of the heater. This could allow for doubling the sensor output or for detection of

alternative species, such as ammonia. The sensor(s) would be placed within a shield for further
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connections. A sealant at the bottom woul d bond the
sensor elenent to the shield and keep exhaust gases

WO e@pilesstepi ng, as i s done in conmercial oxygerCT/US2009/035494
sensors. Exanple 12: Sensor with el ectrodes deposited
on opposite sides of thick filmelectrolyte I ayer
[0084] In this exanpl e, an aIternative sensor

.confj guratiop. was deS| with el
proteetig ShObiRin SEiniaEnGF Sighudodiot eI LALTR PP fe Scuica
| ayer (Figure 22). In thIS deS|gn, t he counter
ConneCte?UéctAr wakant af t@eb@&m w@ulsitagd heysspsaf phappgng e thg shiglshanddieep
di mensi ons of 6mm wi de by 50mm I ong. A thick fil m of
exhaust@&s(fequp eoepimgt &l iy dOne2id comnier&i@hony ges sapptsi ed over the
counter electrode. An LSCF sensing electrode is
ExamplaR! iSeflsopweth dldteroGEd e dpokifd, ontdppogit) dddsSof Apk FiRfl eR¥@6lyte layer
the LSCF to carry the signal back to the data

[0084] aC fth dxhRipleS ¥i$ bR atWetsBndo kn i up At de@t%ned Rewith electrodes
separati on between el ectrodes (dictated by the

printed E)E oﬁﬁ&ﬁgglgg lt W o%}fé&tgorl)%&: ﬁhﬁﬁgmg%gﬁ_p{neﬂ]f%@mgn the

whi ch case en el ctrodes
Counteﬂefeﬁtr%edm@ﬁpt% A 8Bi5aby R R RO GG Gheroh g wide by
as screen or _ink jet pr|nt|ng of el ectrode inks.
S0mm IAH$> oAdhtlgk diim{ofi (ARG (appgradmaigh @20 tos0.pRram) derppdied aver|the counter
under the counter electrode to allow the reconbi ned
electrodex ygelnS @B senypigadaedtode ismpphied ovdnehes@R€oprirfty aogh gohdbis applied over
counter electrode. Alternatively, the electrolyte

the LSOy the Ot ehickeloahd dagaecqidiitich Hetede SWitheasis\bifiguration, the
sufficrent porosity to allow for venting of the

separatl[gﬁ lﬁgt%i},en ERUSofs! ﬁ'ﬂc&?éd' tg&h& hecnredyfRE Giotea ?@ﬁ iOMidiflized

separate heat IS attached to thi's sensing
compargy RSl ief 4R bl BN RL A EREPRCh B bBish Sasepg sacing
h

betweelpgo staﬁﬁﬁépﬁﬁx @egbtﬂ%ﬂlga of Gt FFsHeBR g 3 Screen or ink
~_ substrate of the same nom nal dinmensions as the YSZ
jet printgiigngfeiestiode Tike. ReRarews erdugitive gireentiebistipdudedAliegihp undatthe

with a high tenperature ceram c adhesive.
counterAldcapdatol allelythe tdvem¥Sedloay gersgas audleleudes tb eplt dced@dnwdrtfiom the

al um num

counter electrode. Alternatively, the electrolyte layer or counter electrode could be designed

with sufficient porosity to allow for venting of the oxygen, thus eliminating the need for the gas
outlet.

[0085] A separate heater is attached to this sensing element to enable the sensor temperature
to be controlled to the target operating temperature. The resistive heater is made from Pt or other
precious metal alloy and is applied to an aluminum oxide substrate of the same nominal
dimensions as the YSZ component. The heater is attached to the YSZ component with a high
temperature ceramic adhesive. Alternatively, the YSZ layers could be replaced with aluminum

oxide, allowing the sensor and heater components to be one monolithic component. An optional
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oxi de, allowi ng the sensor and heater conponents to be

one nonolithic conponent. An optional porous protective
w@eompiesg7coul d be applied to protect active SePSI/H§R009/035494

region fromparticulate matter. [0086] This exanple

describes a variation in the el ectrode conposition

that exhibits response to nitrogen oxides. A sensor

wa repared i he configur.ation and cedur

porous Pt RiE EGER eyl and Bk dey Seigsasoung "reiB BEE T foutare
printing LSCF el ectrodes on the sensor, a conposite of

matter. 50 wt % of (LaO 60Sro 40)(Zno i oFeo 90)0 3 (LSZF) and
50 wt% of GDC, with a | -w % addition of palladiumas a

[0086] pr dhivtesamplnalesquibent eariaivngn theeelGDOIE compositiamthat exhibits response
interdigitized pattern. Gold | eads were printed on the

to nitrogdnesxide’ d @Ssenk®ifwisgsépaid intthe s SRNSIfiguasiop ha€ pebcedurato that
simul ated fuel -1ean di esel exhaust atnosphere, heated

describddin 1% t Ho{veidraeSe st priftiid Lasd:foél\%t?dates Ql‘i’ﬁﬁsrbtehﬁjlr a
of approximately 0.1 volts was "applied to the cel

Vo re tor .
compostgof S8R (R Yandans e olbar b TRttt 8%{3DC with a
passi ng through the cell. The response of this sensor
1-wt% @c@mgqftgaap\dlp@ as RARpmpisT, pyaglp(r@tegig)nt@ ﬂ)@ﬁﬂag fgm in an interdigitized
repeat abl e step change response to 100 ppm NO. [0087]
pattern. THelddpelsivdre piihted sh itlat ¢lensdan dF@rixodi nthatensdewas plbew in a
herein are exenplary only in nature and are not
simulatédfu@PRaf die@elRfhhisihimd3ph, HebRd itd 38670 With 6ehideaRab)¥nd a constant
the clains. Further enbodi nents and exanples, and the

potentu@[‘r d?ﬂig?%ﬁﬁtélf?rl%flts ﬁx)g's la}tg}%lté% 1B RRALAN tVJlﬁng R&s Heasured across a

ski in view of

cflcatlo nd are within. t co of. t cl.aj,me
shunt X REE SRR ARG iubtrafine e GRBBF pffeink frofilifieg. The
el ectrochem cal cell, conmprising an electrolyte |ayer,
responsg of His feHEPIEIoBIPLFHAR 19 hpwin, In BHara 2 ohov i PR REeD change
| ayer, wherein the cell is operable in an oxidizing
“ﬁpmmaﬂnﬁ§bhgnéﬂbnd under an applied bias to exhibit
enhanced reducti on of oxygen nol ecul es at the sensing
[0087] el €hé spedificiiNudtheopy asdtdohean deerib&bhiceinidid ©g@iplary only in
oxi des (NO c) and/or ammonia (NH3) and a resulting

nature dnfQFERR EntbRA4Y 96 Mndi®R b HX ifVRhOsDM (138 bG®hd claims. Further

embodiments and examples, and the advantages thereof, will be apparent to one of ordinary skill

in the art in view of this specification and are within the scope of the claimed invention.
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2. The electrochem cal cell of claim1, wherein the
cell is operable to exhibit the enhanced reduction of
wo009ae88n| ecul es at the sensing el ectrode in BEEUS2009/035494
presence of one or nore nitrogen oxides and a
resulting increase in oxygen ion flux through the cel
in a tenperature range of about 200 to 550Q0C, or nore
.specifically, in a tenperature range of about 250 to
Yﬂmﬁﬁ%@&ﬁgLQSCOC 3. The el ectrochenical cell of claimi1,
wherein the constant lied bias is.in a range of
L. ApsmperPmetiie cefppif © ict%ﬁ%mlcalrce#o%n%rﬁ%g 1 @aﬁr%lytrﬂ ARY§!, a sensing
range of about 0.1 to about 0.4 volt. 4. The
electrodg|laysr randreaviunigl eleetr¢dediyas] wharein, thewrdl igioperahle ig eh oxidézing
operabl e to exhibit the enhanced reduction of oxygen
atmosplitoé eelilekr at apgied denso Bghiblteahdnoeeradoctidneofpixgganaeleotiles at the
one or nore nitrogen oxides and a resulting increase

sensinglefbcBYYIRNhE PRsédcE %t bR Sgbret Hi®o &l dxidedd (ROPd/bO4ntBnid (NH;)
concentration of nitrogen oxides in the oxidizing

o SYREPRSE S P00 PS5 BERST onsor omr 1
AR SR RSTERn O Rl D SR cnances

eqU|I|br|un1response to the presence of nltro en

reductiog@iceeyepm modaeyles t#h theowsasing fleckodoin the PESSERRECIITangaAr|myore nitrogen
in less than one second, or nore specifically in less

oxides advha r@&@Qting inbfesm:bndzsygeﬁ.ioﬁ\mluartpmug}mher icell cepapinperature range of
el ectrochem cal cell, conprising: an electrolyte |ayer

about 206@ T I0SCNG rﬁo@qF&diﬁmmimeﬁemi@t&é réngkiof sbour@bekd @out 450°C.
which is ionically conducting at an operating

3. ﬁ“ﬁ%ﬁE@&&feﬁn&ﬁ c@ll?%'f'tcla%gol t@héémﬁ‘e @o&%ﬂﬂtagﬁh&i ﬁiﬁg §Of€a range of

I ayer conprising a contlnuous netmor second
te I, which is ele tr caII @Q ct at, an
about Oggg raégeu% 1 VOtlt % morq speel 18%1 a]bou - at% {3%85 bout 8 4 volt.
ensj n ectro yer co r13|ng contl uous
4. R ﬁlsff%ofilﬁméfa% ﬁgfafL e wPCig bR <L it ?&%F’flvblt the enhanced
conductive at an operating tenperature of about 200 to
reducti@s5@0Byewh inshecsten i Hiy sshelag elsdodsingpe paaskecet o atirbnere nitrogen
i ncreased charge transfer in the presence of one or
oxides nmd ea trasudixig increase in oxygen ion flux through the cell in proportion to a

concentration of nitrogen oxides in the oxidizing atmosphere.

5. An electrochemical sensor comprising the electrochemical cell of claim 1.

6. The electrochemical sensor of claim 5, wherein the sensor is operable to exhibit at least
sixty percent of its equilibrium response to the presence of nitrogen oxides in less than one
minute, or more specifically in less than one second, or more specifically in less than 200
milliseconds.

7. An amperometric ceramic electrochemical cell, comprising:

an electrolyte layer comprising a continuous network of a first material which is ionically

conducting at an operating temperature of about 200 to 550°C;
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gas species. 8. The electrochem cal cell of claim?7,

wherein the electrolyte | ayer prevents physical
w@wpaess7bet ween the counter el ectrode | ayer ap@I/usz09/035494

sensing el ectrode | ayer, and wherein the cell is

operable to exhibit conductivity to oxygen ions at an

operating tenperature of about 200 to 5500C and

a countgf, %ﬁ%ﬁg&% rlé’}[%?cg‘f}{pggg@?a&g@hg@@gf’@%@% 0F PL&R80 %Radlial which is
_electrochem cal sensor conprising the el ectrochem ca

electricgll] gongpctisedt At pperatyes gBIPerafHe gbaqua 280 ¥ ectd cal
signal as a function of target gas concentration in an

a sensing ygentrodeniagém comgpigasg st ceaimuous rtehveoribserac ¢higf material which is
addi ti onal sensing el ectrodes or oxygen punping

electricgllr komitivd Qi a'ﬁhgpeﬁhtﬁfgt fcoejeearueabl aebit 260 @&n550fC, which sensing
claims 1-4, 7 and 8, wherein the electrode |ayers are

electrocﬁ%g]zggwabféatbleychﬁ)@tpiﬂél%gsehcbhgfk% ARREREE 1RpRaGRe St @8e 8f more target
the electrolyte |layer, whereby oxygen ion current

asse&]&ms through a thickness of the electrolyte. 11. The

835 SPe@tect rochem cal cell of any of clainms 1-4, 7 and 8,

erein the electrode [ayers are laterally spaced on a )

8 f@% fostrgeliemied G541 phelane t WBeigine thea§lerirolifiet ygnprevents physical
uncoated area of the surface of the electrolyte | ayer

contact jpefweee the ¢pantsi gtecirodielayenandghe sensingrpdectiode tayo hadindigrein the cell
cell of claim11l, wherein the electrode |ayers are

is operdbiid er eidlse dondncfivityntcaoxygeh doh gi dnadpedatong temiperabue lof about 200 to
desi gn of electrodes of opposite polarity while

550°C ARl McpdaRed @r AebieRiciBlesi@lafd (PER PrRthck &FUhB one or more target gas
t her ebet ween. 13. The el ectrochem cal cell of any of

claims 1-4, 7 and 8, wherein the electrolyte | ayer has

a hol | ow tubul ar configuration, and the el ectrode

lLayer e applied internal nd/ oy ext.er nal to.the

0. ARl TuRREyasst e b s hUSER fiaks Tadgerable o
of clains 1-4, 7 and 8, the electrolyte |ayer o

generate giplertsieal siengbroBinebomohiaret SHEopFaEiRHPS Iy 2t )ean-containing gas
contact between the el ectrode | ayers.

stream, in the absence of additional sensing electrodes or oxygen pumping currents.

species.

10. The electrochemical cell of any of claims 1-4, 7 and 8, wherein the electrode layers are
symmetrically opposed to one another on each side of the electrolyte layer, whereby oxygen ion
current flows through a thickness of the electrolyte.

11. The electrochemical cell of any of claims 1-4, 7 and 8, wherein the electrode layers are
laterally spaced on a single surface of the electrolyte layer, with an uncoated area of the surface
of the electrolyte layer between the electrode layers.

12. The electrochemical cell of claim 11, wherein the electrode layers are interspaced to form
an interdigitated or interlocking design of electrodes of opposite polarity while maintaining a

minimal electrode path length therebetween.
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15. The el ectrochem cal sensor of any of clainms 5, 6,

or 9, further conprising a substrate for the
webm@onosstheni cal cell, the substrate conpri si nBCT/US2009/035494

insulating ceramic or a netal or cernet materia

coated with an insulator. 16. The el ectrochem ca

sensor of claim 15, further conprising an electrica

13 SR REhBeRERLE PRE I coaf b 0 S PRE LG leelsglyte laver has a

| ayers and the electrolyte |layer of the

hollow &b@@{r corfigrnié. apehe elacrodyyyesy ¥e ppligdeinfesaallyswddyexternally to
of any of clains 5, 6, or 9, further conprising a

the elecpphteloyéive | ayer of a porous nmaterial. 18. An
el ectrochem cal cell for the anperonetric detection of

14.  DRE€eclettrdtdEmi@Selb PLEMESS clGdiPI-UST Afd 8NtheMdctidlyltyy layer comprises a
conducting el ectrol yte nenbrane, a sensing el ectrode

and a
oo SRR R PR R Ay

15. dllecr:tcr)% e%lcgaaerﬂsogli ? ang/ g F():(learl %BBT %r p\g'grgheé lj:ngntSm% a substrate for
red ctlo ygen at the sensing el ectrode,
the elegfgATISH o 5 g RO HSEREN S| SSEARIB] §t &, Mefply or cermet

reconblnatlon of oxygen ions at the counter el ectrode

materia} eppgad witlgan figelatdirect r ocheri cal cel | of claim 18,
wherein the sensing electrode is operable to exhibit

16.  Vhe yleagoahaiiday sérso0df dxiygéf fughkratoingmising danheedoried dnating element
of NO ¢, NH3, CO CO, and/or SCc.20. The

applied &b %@teh%ﬂm Bithe GEbdtra®f, eflcicly &ol WEEFBIN tHeNGe®@BS 1Y@ rs and the
electrode is operable fo exhibit reversible adsor ption

cctrolfe 1”@&%?15?%@2%@&%5@@ N b0 ooe, “andror Soc .
i%e E]g[:]t? eCt %%rﬂsgp g Ialla RE Jé'lilrg ? 5%%&1 n‘félrth(are%onéprlsmg a protective

catal ytic or el ectrocatal ytic pronoter.
layer of a porous material.

17.

18. An electrochemical cell for the amperometric detection of one or more gas species,
comprising

an ionically conducting electrolyte membrane,

a sensing electrode comprising an electrically conducting ceramic,

and a counter electrode comprising an electrically conducting ceramic, cermet or metal,

wherein the electrochemical cell is operable to pass current by reduction of oxygen at the sensing
electrode, transport of oxygen ions through the electrolyte, and recombination of oxygen ions at
the counter electrode layer.

19. The electrochemical cell of claim 18, wherein the sensing electrode is operable to exhibit

varying catalysis of oxygen reduction in the presence of NOx, NH3, CO, CO,, and/or SOx.
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22. The el ectrochem cal cell of claim?21l, wherein the
catal ytic or electrocatal ytic pronoter conprises
w@2000ae8s8or doped cerium oxi de. 23. The el ect r cRCIETE2989/035494
cell of any one of clains 18-20, wherein the sensing
el ectrode includes a catalytic or electrocatal ytic
pronpbter to enhance a capacity or rate of adsorption
.and/or. N 4. The ctroch i cal. cel |, of _
20 BhePlussneyidl 600 At B atreie T Chr BE FRE R Fhpab o exhibi
pronoter conprises a material that oxjdizes NOto NO2.
reverSIbifs adsprpgiog] AN P seANPcHId YN GRtabIsHi Th X3 gerwifepeian inHee presence
catalytic or electrocatal ytic pronoter conprises an
of NOxaNKal COnE0Oalandfor §0xal kal i ne earth netal. 26. The
el ectrochem cal cell of claim 23, wherein the
21.  Thé @lettrbchediic| @t 606 @y tdfCclPhBMDE-20, GhBRIN HRS s@Rihg electrode
or nore of K, Na, Li, My, Ca, Sr, Ba, Co, Pt and Fe.

1ncludes’23 cat;ﬁ@'ﬁc 6} ﬁ@&tf&%&%mcgﬁ!)mﬁ%kl of any one of clains
wherei n the sensing el ectrode |ncludes an

gases ehgctrical e nce
22. Ce? fé):ctro%hﬁmlc S?fe:lgce t %( thlehe atal ’tS o8 rr SIeRtT troca aéy(tlc promoter

.cell  of cIa|n127 whe e|n the |nh|b|tor conprlses one
comprisss CeFyiR OpfoRsd Ceﬁumr{m Na, Ca, La, Sr, My and Li.
29. The electrochenlcal ceII of any one of clains

23.  Tbe zipctroghenutal qelleols amsiong of| daimsod® 20 nwhaiges the sensing electrode
catalytic or electrocatal ytic pronoter to catal yze the
includeoxicdatyt@norodlecteshtd ik yrdinoea td enlsanc€d, capid3ty @l reoft adsorption of

carbon, or other reductants in the gas stream
NO, N@JWWQ&[NHSSIgna| selectivity in the presence of NO and
NO . 30. The el ectrochem cal cell of claim29, wherein

24. THE e foBt An¥hi& 11 9%11 ek iﬁﬁﬁ%atvvglg}/etﬁh?heo{a‘?W% br gﬁg@%tc‘ﬁ%lc promoter

one or nore O

comy s o Gy 0 aha N . The

25. "\IMI;IG? E:l%lct?octhlg:r?ncsa? r(lglllrg cl(:)alln%%t?)r %v%%rem the catalytic or electrocatalytic promoter
comprises an alkali metal or an alkaline earth metal.

26. The electrochemical cell of claim 23, wherein the catalytic or electrocatalytic promoter
comprises one or more of K, Na, Li, Mg, Ca, Sr, Ba, Co, Pt and Fe.

27. The electrochemical cell of any one of claims 18-20, wherein the sensing electrode
includes an inhibitor which decreases electrical resistance of the cell in the absence of NOx.

28. The electrochemical cell of claim 27, wherein the inhibitor comprises one or more of Cl,
F, K, Ba, Na, Ca, La, Sr, Mg and Li.

29. The electrochemical cell of any one of claims 18-20, wherein the sensing electrode

includes a catalytic or electrocatalytic promoter to catalyze the oxidation of residual
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includes a catalytic or electrocatalytic pronoter to
enhance selectivity to SCc, NH3, or other gaseous
WG pweness70 32. An el ectrochem cal cell for the PCT/US2009/035494
anperonetric detection of gas species, conprising an
ionically conducting electrolyte conprising cerium
oxi de doped with Ca, Sr, Sc, Y, Pr, Nd, Pm Sm Eu,
hydroca%q,nég?%’ql %ﬁ%%@%ﬁ%gﬂ%{ Edrcélt%érwgerdu% IT‘c‘s étnut s gtag?s‘[rgam improving
m xture thereof; bisnmuth oxide doped wi t h Y, V, Cu, FEr
signal sglectiyity ig ¢y Rresenes 6oNO @€ N@nt hanum gal | i um oxi de doped
with Sr, My, Zn, Co, Fe or a mxture thereof; a
30. $bn s]en@oélleemaﬂ odi of @Iﬂ]imi 29, wdhelean theagntd gticran g]antircbcetalytic promoter
perovskite material, doped with Ca, Sr, Ba, Fe, Co,
compridds on&ds méFe ofVljg 0Ku, PP IR, dr, INIEF€ afu, Shakt RANCHEW, Mo, U, Zn, Mn,
ferrite perovsﬁite material, doped with Ca, Sr, Ba,
Crand NB; Co, N, Cu, Zn, My or a mixture thereof; _
[ ant hani de cobaltite per OVSkI te material, doped Wi th

31. fﬁe eE:c ro? '\4] ce'lz Of an olne rof crialm'\s/géi—ﬁg)ewﬂ]eliem theI sensing electrode

ereo anl ate perov
oped with Ca, Sr
includeqyA GaiaG %F%mocawyt}cawmrd@ f‘gﬁﬁ% %%16;98?16%%%@ NH;, or other
material, doped with Ca, Sr, Ba, M, Fe, Co, N, or a
gaseousyipReiny- e t her eof ; and a counter el ectrode conpr i si ng
| ant hani de mangani te perovskite material, doped with
32.  @acleStrociBmicHeell Ga, thdhmp&ame#it, deldgtion ofigad spbeie€ comprising
t her eof ;
an ionically conducting electrolyte comprising
cerium oxide doped with Ca, Sr, Sc, Y, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,
La, or a mixture thereof;
zirconium oxide doped with Ca, Mg, Sc, Y, Ce, or a mixture thereof;
bismuth oxide doped with Y, V, Cu, Er or a mixture thereof; or
lanthanum gallium oxide doped with Sr, Mg, Zn, Co, Fe or a mixture thereof;
a sensing electrode comprising
lanthanide manganite perovskite material, doped with Ca, Sr, Ba, Fe, Co, Ni, Cu, Zn, Mg
or a mixture thereof;
lanthanide ferrite perovskite material, doped with Ca, Sr, Ba, Mn, Co, Ni, Cu, Zn, Mg or
a mixture thereof;

lanthanide cobaltite perovskite material, doped with Ca, Sr, Ba, Mn, Fe, Ni, Cu, Zn, Mg

or a mixture thereof;
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| ant hani de ferrite perovskite material, doped with Ca,
Sr, Ba, M, Co, Ni, Cu, Zn, My or a m xture thereof;

wo 200vhessrdde cobaltite perovskite material, dopRdI/ub10n9/035494

Ca, Sr, Ba, M, Fe, N, Cu, Zn, My or a m xture
t hereof; | anthani de nickel ate perovskite materi al,
doped with Ca, Sr, Ba, M, Fe, Co, Cu, Zn, My or a

i xture thereof: |anthanid upr at erovskite
Frathapidgmicglsfsaperoy fie atptersy, doga Sih G B, Mg Fe. Go. Gu. Zn, M
m xture thereof; or a netal material conprising N,
fea mexfuregperegfyor pd Pt, or Ir, or an alloy or a cernet
t hereof. 33. The el ectrochem cal cell of claim 32,
lehtneida dqupste|pesivsiatey mateciohptopsé svittoflac k| Ba,ceimdiiet Clog Ni, or a
cerium oxi de doped with Ca, Sr, Sc, Y, Pr, Nd, Pm Sm
ik tufedherddf; ahdy, Ho, Er, Tm Yb, La or a m xture
thereof; the sensing el ectrode material conprises

a countdr¥MRBE Bsmpglind t € perovskite material doped with Ca,
Sr, Ba, M, Co,” N

33.

Ni, Cu, Zn, My or a mxture thereof,
%gl‘fhla%?ifehagll,gglf%e?}%%g\%skké ,?na erl,ra ,V r?tﬁé:(i/g/itgiﬁag Ian%(at, g’g,g @9, IW, 6?1, Zn, Mg
t hereof ; andthe counter el ectrode material conprises
Pl edﬁa? ‘rite perovskite material doped with Ca,

Sr, Ba, Mh, Co, N, Cu, Zn, Ng or a mxture thereof,
laathanidaifereite ptyayskite engienadvdped evithet e Sraba.ddpedoyiNt, Ku, Zn, Mg or
Ca, Sr, Ba, M, Fe, N, Cu, Zn, My or a m xture

4 hexweof thelevf;a metal material conprising Ni, Fe, Cu,

Ag, Au, Pd, Pt, or Ir, or an alloy or cernet thereof.
Bdihatide cebagier ReHRRIE tlattRl, |dopbd &lidi M, 33, BV EF Niheu, Zn, Mg
el ectrolyte is ionically conducting and conpri ses

?ﬁgﬁgg%&n%ﬁgopoped with Y, Nd, Sm Cd, La or m xtures

ere e sensing electrode is ionically and
BB ey nE ST b S S TR 83 B0 M 2 co. cu. 2. e
or a mixture thereof;
lanthanide cuprate perovskite material, doped with Ca, Sr, Ba, Mn, Fe, Co, Ni, or a
mixture thereof; or
a metal material comprising Ni, Fe, Cu, Ag, Au, Pd, Pt, or Ir, or an alloy or a cermet
thereof.

The electrochemical cell of claim 32, wherein

the electrolyte comprises ionically conducting cerium oxide doped with Ca, Sr, Sc, Y, Pr, Nd,

Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, La or a mixture thereof;

the sensing electrode material comprises lanthanide ferrite perovskite material doped with Ca, Sr,

Ba, Mn, Co, Ni, Cu, Zn, Mg or a mixture thereof, or lanthanide cobaltite perovskite material

doped with Ca, Sr, Ba, Mn, Fe, Ni, Cu, Zn, Mg or a mixture thereof; and
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the counter electrode is electronically conducting.

35. The el ectrochem cal cell of claim33, wherein the
web@onessioyte i s ionically conducting and conprPGEES2009/035494

Sm doped cerium oxi de el ectrolyte; the sensing

electrode is ionically and el ectronically conducting

and conprises Lant hanum Strontium Cobalt Ferrite, and

the counter electrode is an.electrically conductjn .

the countiels e Rasenl SRR HaEHhidk e eEAIterBRFTldopdwith Ca, S
An anperonetric ceram c el ectrochem cal cell, ) )

Ba, Mngaphi: §1ungnaMl2edr aichixgyup tlereqfy lapthapidg saalttg neraskitomaterial doped
| ayer, and a counter electrode |ayer, wherein the cel

with Ca, §1,d3»e MablFe, Nn Gn Zox M ariangixaurasisipérd| e amdtalimdeariahcomprising Ni,
first applied bias to exhibit enhanced reduction of

Fe, Cu, %Y 9RNPARteaUL &S adtallb6r &emsi tgreef.ect rode in the
presence of one or nore nitrogen oxides (NO c¢c) and a

34, TRSEkbhQDeGl €AP S E1Rin0%Y S8 RerkANhE leléétr&lgfeoi%' hitds &Bbbcting and
and is operable in the oxidizing atnosphere and under

compriy S8 R a0 SPEGEEL ST A5 ks gPSBtf iecos

L. the sensing el ectrode in the presence of NH3 and )

i fonic{llyand GGG 8 SQRCH S RYERMPEISS 5 ARY CIr<bRgh I PEIde Ferrite, and
cell. 37. An anperonetric ceram c el ectrochem ca

the counter ¢lectragaps ¢le¢trrgicatly sbeductiogyt e | ayer, a first
el ectrode |l ayer, and a second el ectrode | ayer, wherein

35. Theeleetdchemicapedi bl cdaiimd 3awheredidithzichgtratytos phec Al yaroaducting and
under a first applied bias to exhibit enhanced

compride€ SHEERA cOfiuMekarReIsRloBGM RS sehkfnB@1dkirb&d is@bBEdIyoMa i n
the presence of one or nore nitrogen oxides (NO c) and

electron;‘_i:‘cealﬁl?%glﬁ%icﬁg g L R¢ Eg@?ﬁse!s T‘aﬁtﬁx&ﬁﬂ. ('alfaﬁuﬁﬁl Wophfl 'Fgﬁg?,eaﬂlgﬁh counter

i sToper e In the oxidizing atnosp
omt he

nder a second lied bias.diggfrent f fi .

etectrodf T o RR AR SouRBinening e Sty Y BB o mic

nol ecul es at the_second el ectrode in the presence of )
36, NAIMPSEPRACtHe sePmiglestiRchernisal ¢ehl. 6xpEHNg A clertiglyte layer, a sensing

through the cell. 38. An anperonetric el ectrochem ca
electrodeelager ,and onpeurgemglecirdder kyeranperanghe icellcieraperable in an oxidizing

el ectrochem cal cell conprising an electrolyte |ayer,
atmospleers @nd ufidkr a first applied bias to exhibit enhanced reduction of oxygen molecules at
the sensing electrode in the presence of one or more nitrogen oxides (NOx) and a resulting
increase in oxygen ion flux through the cell and is operable in the oxidizing atmosphere and
under a second applied bias different from the first applied bias to exhibit enhanced reduction of
oxygen molecules at the sensing electrode in the presence of NH; and a resulting increase in
oxygen ion flux through the cell.
37. An amperometric ceramic electrochemical cell, comprising an electrolyte layer, a first

electrode layer, and a second electrode layer, wherein the cell is operable in an oxidizing

atmosphere and under a first applied bias to exhibit enhanced reduction of oxygen molecules at
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el ectrode |layer, and a counter electrode |ayer,
wherein the cell is operable in an oxidi zi ng
w@rewosgiser e and under a first applied bias to BXHURID9/035494
enhanced reducti on of oxygen nol ecul es at the sensing
el ectrode in the presence of one or nore nitrogen
oxides (NO c¢c) and a resulting increase in oxygen ion

the first e&%@b&é?&%hpé%ﬁgggecge%ﬁ%d%ﬁg @ﬂ%%% E’o!xez:de:sj EI?IQE;E (a:rcl)ci( !1 (rjflzs121 urr‘l% increase
el ectrochem cal cell conprising an electrolyte |ayer,
in oxyggn demdunghequabtthe gall 1ag év opaiablean dhe prihiziag aipesphgre and under a
| ayer, wherein the cell is operable under a second
second ampieﬂéﬁiasbiiﬁfsredi fromrtba first mpphadhead toreschibatpgmhpectd bedistibo of oxygen
exhi bit enhanced reduction of oxygen nol ecules at the
molecul2€BsihRGe@indldcddee imthereRh@SSNNH; ahd Mir&uiig ificrease in oxygen ion
resulting increase in oxygen ion flux through the
ﬂuxﬂu&gﬁhheégl The el ectrochem cal sensor of claim 38,
urther conpr|3|ng a substrate for the el ectrochem ca
stiate:conmris i.nsul ating ceram c or
38. gl’l an% fOl’nC%I’lC glectr C%C Cea.r aSOI'C(C)OaI'gBI' Sl%t h an | nsul at or .
40 The electrochen1 cell of claim 2, erein the
a first @@P?romgtrgp%qr%ic elﬁetr%i‘lﬁﬁntﬁal Pl EogmhanEet! Fleatielyicoliyss a sensing
gen nol ecul es at the sensing electrode in the
electrodgr éy@rn @ad gf cowgerpelegtnds laves (y@@qelg)@h@] eell gig ppgrable in an oxidizing
resulting increase in oxygen ion flux through the cel
atmosphete pnd poddriadfiirst gppied birs e texhibit@nhaicediréduogem odHxx yhea maelecules at
t he oxi di zi ng at nosphere. 41. The el ectrochem cal cel

the sen§hg @ltBUSI: (N BFeBétetdieo! SC oA Wit gbRYRidek SNOx) and a resulting
|on|cally conducting and conprises cerium oxi de doped

1ncreasé’\f g ilegﬁ’ﬂu%'ﬁl 8%]{' Hetefl: nmlsx nﬂ‘é?a%? fnh[ﬁé g%hlzlﬁiﬁmosphere; and

en3| ectro ayer isio
ectronlcall congyctl

and ri.ses Sr _and .
o seconfl gRBMTEHERAFAGES FEFFIE G ded ﬁg%@BEﬂH%eaP ABR B dyer. @ sensing
| ayer is electronically conducting and conErlses Sr )
electrodgﬁwewn&mn}egﬁ]pﬁtéqqedéyefrewmrp@ thg oell tpppperable under a second applied
el ectrochem cal cell of claim4l, wherein the
bias difédrentfran yhefifsappplicidnps iseshilgadoiinnedmdddiedotenjgan molecules at
(GDC) or Samarium doped ceria (SDC).
the sensing electrode in the presence of NHj and a resulting increase in oxygen ion flux through
the cell.
39. The electrochemical sensor of claim 38, further comprising a substrate for the
electrochemical cells, the substrate comprising insulating ceramic or a metal or cermet material
coated with an insulator.
40. The electrochemical cell of claim 2, wherein the cell is operable to exhibit the enhanced
reduction of oxygen molecules at the sensing electrode in the presence of one or more nitrogen

oxides and a resulting increase in oxygen ion flux through the cell in proportion to a

concentration of nitrogen oxides in the oxidizing atmosphere.
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43. An el ectrochem cal sensor conprising the

el ectrochem cal cell of claim4 1 fabricated on a
wQeaopfressvdoped zirconi a, al um num oxi de (Al 20 BCT/US2009/035494

magnesi um oxi de (MgO, or magnesi um al um nate

(MyAl 24) substrate. 44. The el ectrochem cal sensor of

claim43, further conprising an electrical heating

s DR oelPRY MLl i ToRTERen LRl ales Pi S Sonigay conducing

the electrolyte layer, 45. The el ectrochem cal cell of )
and corgprisesyca3umypidee dapddhwit ehsNAgS B £tk Adde Mivetpige dergof; the sensing
catalytic or electrocatal ytic pronoter.
electrodel NgENNATIY GBI 646N e@ttrdiBcally conducting and comprises Sr and Co doped
lanthanide ferrite, and the counter electrode layer is electronically conducting and comprises Sr
and Co doped lanthanide ferrite.
42. The electrochemical cell of claim 41, wherein the electrolyte layer comprises
Gadolinium-doped ceria (GDC) or Samarium-doped ceria (SDC).
43. An electrochemical sensor comprising the electrochemical cell of claim 41 fabricated on
a yttrium-doped zirconia, aluminum oxide (Al,Os), magnesium oxide (MgQO), or magnesium
aluminate (MgAl,O,) substrate.
44. The electrochemical sensor of claim 43, further comprising an electrical heating element
applied to or embedded in the substrate, electrically isolated from the electrode layers and the
electrolyte layer.

45. The electrochemical cell of claim 43, wherein the sensing electrode includes a catalytic or

electrocatalytic promoter.

43

CINCINNATI/153616 v.01



