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Abstract

This work focuses on use of the electronically-conducting oxidgdS, 1sCrOs (LSC) in solid electrolyte-based N@ensing elements
intended for operation &t ~650°C. Two different investigations are described, in the first LSC was used as a direct substitute for Pt. The
substitution led to decreased sensitivity to N&did an enhancement of the NO response, although the®iponse was still much larger in
magnitude and opposite in sign. Fabrication and evaluation of sensing elements with co-planar LSC and Pt electrodes comprised the secol
investigation. The measured N®ensing performance of these elements was commensurate with that of the elements fabricated in the first
phase of the investigation (e.g., 450 ppND, in 7 vol% O, produced~50 mV at 600°C) and the response/recovery times for \&&nsing
were improved. The results indicate that LSC could be useful in these types of sensing elements, both as a substitute for, and in combinatic
with, Pt.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction as SCR with urea) require the injection of species that them-
selves would be considered pollutants (or decompose into
Oxides of nitrogen (“N&’, a mixture of primarily NO pollutants) if exhausted or “slipped” into the atmosphere.
and NQ) are formed during combustion processes and are Thus, it is essential to develop compact and accurate sen-
considered pollutants if exhausted to the atmosphere. Thesesors that can measure M@vels in oxygen-rich exhausts to
pollutants are typically removed from large-scale, fixed in- aid in the precise dispensation of reducing agents. The ideal
stallations by selective catalytic reduction (SCR) and other sensor would be operative at temperatures aroundCp¢a-
technologieg[1]. Currently, NQ is removed from spark-  pable of sensing NQlevels in the range of 100—1000 ppm,
ignited, passenger-car engine exhausts with a three-way catand relatively insensitive to [f)variations in the exhaust gas
alyst (TWC), but the TWC is only effective for NOemoval [3].
if the oxygen level in the exhaust is controlled within narrow Two approaches to NQOsensing at “high temperature”
limits [2]. Therefore, the current TWC cannot be applied to (T ~700°C) using electroceramics have appeared in the lit-
exhausttreatment for diesel engines and “lean-burn” gasolineerature: “amperometric” or “limiting-current” metho{# 5]
engines, as the exhaust from these engines is too oxygen-rictand “mixed-potential” methodgs,7]. Amperometric tech-
for effective operation of the TWC. nigues rely on measuring the oxygen-ion current generated
If a TWC suitable for use in oxygen-rich exhausts is not by electrochemical decomposition of NO'he major chal-
developed, then some type of on-board remediation schemdenge for this technique is separating the current due to the
must be employed to reduce the N@vels. Many of the decomposition of NQfrom that due to the decomposition
on-board remediation techniques under investigation (suchof O,. One approack8] which has been commercially ap-
plied, employs sequential chambers (reaction zones), the first
* Corresponding author. Tel.: +1 865 576 2264; fax: +1 865 574 4357.  zone for removal of @ and the second for electrochemical
E-mail addresswestdi@ornl.gov (D.L. West). decomposition of NQ(specifically, nitric oxide (NO)).
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“Mixed-potential” sensing typically involves measuring Table 1 _ _ o
the potential developed between two different electrodes. A Specimens prepared to investigate the substitution @fgd®0.15CrOs

mixed potentia[9,10] arises when cathodic (reduction) and (LSC) for Pt

anodic (oxidation) reactions involving NCand @ occur Sample ID SE material RE/CC material
simultaneously on an electrode. Each of the reactions has aNC2/Pt NiCpO,4? P

definedv characteristic. If the net curredt4nodic+ | anodid NC2/LSC NiCpO4 Lag g5S0.15CrOs"

) . . d
across the electrode is held at zero, then there will be a unlquetgngtsc tggg:gigggzi:zgi E;o St 16Cr0s

V0|tage at Wthh“cathoc_iid : Ilanodid for a g|V(:::n [NQ(] and. , The RE/CC and SE are definedfig. 1 For all electrode materials other
[Oz]. The mixed potential is an example of a “non-Nernstian than Pt, screen-printing inks were fabricated in-house from the listed oxides.
or “non-equilibrium” phenomenofb], wherein the potential a Cerac (Milwaukee, WI) #N-1086.
developed between two electrodes on an oxygen-ion conduct- ° Electroscience (King of Prussia, PA) #5547-1F-P.
ing electrolyte is not governed strictly by the partial pressure | Praxair Specialty Ceramics (Woodinville, WA) #03-P3286.
of O, over each electrode. Praxair #03-P4065.
The present investigation explores the application of
the electronically-conducting oxide b.8sSto.15CrOs (LSC) sintered at 1350C for 2 hin air to produce disk-shaped forms
[11,12]in non-Nernstian NQsensing elements. First, LSC about 1.6 cm in diameter and 0.1 cm in thickness.
was employed as a direct substitute for Pt. Ptis costlyand can A patterned layer of either LSC or Pt, comprising the ref-
be catalytic for oxidation and other electrochemical phenom- erence electrode (RE) and current collector (CEp( 1),
ena. Therefore, such a substitution could lower the materialswas screen-printed onto one broad face of the YSZ disks, air-
cost of the elements, afford more opportunity to engineer dried, and fired at 1100C for 0.3 h in air. A second screen-
the element microstructure, and allow (through composition printed layer, the sensing electrode (SE), was then patterned
modification of the electronically-conducting oxide) one to over a portion of the CC as shown Fig. 1, air-dried, and
tailor the electrochemical and catalytic behavior of the ele- fired at 1100C for 1 h in air.
ments. The general approach for this phase of the investiga- The effect of substituting an electronically-conducting ox-
tion was to fabricate sensing elements differing only in the ide (LSC) for Ptwas studied by fabricating two pairs of sens-
material used as the electronic conductor (LSC or Pt). ing elements with nominally identical SE materials. The ele-
Forthe second phase of the investigation, sensing elementgnents prepared are listedTable 1and consisted of NiGO4
with co-planar LSC and Pt electrodes were fabricated. This (NC2) SE layers and LgsSro.2C0o.4F€.603 (LSCF) SE lay-
material combination has been used previously for potentio- €rs on both Pt and LSC RE/CC's.

metric NO, sensing deviced 3], butthe presentinvestigation ~ Element geometries for the second phase of the investiga-
differs in that a co-planar design without an air reference was tion are shown irFig. 2 These LSCYSZ|Pt elements also
employed. were based on a YSZ substrate and consisted of co-planar

LSC and Pt electrodes prepared by screen printing and ther-

mal treatment as described above. One element geometry
2. Experimental procedure consisted of semicircular electrodes on opposite halves of

one face of the YSZ substrate while the other consisted of

Fig. 1shows the multi-layered sensing element geometry interdigitated LSC and Pt electrodes.
for the first phase of the investigation (substitution of LSC ~ The response of the prototype devices was measured with
for Pt). The substrate for the sensing elements was yttria- the apparatus shown Ifig. 3. A four-inlet gas-mixing unit
stabilized zirconia (YSZ) (8 mol% Oz—substituted Zr@), (Environics (Tolland, CT) 4000) was used to mix,NDy,

TZ-8Y, Tosoh, NJ). The YSZ was tape cast, laminated, and and NG (either NO (7000 ppmin N2) or NO;, (5000 ppry
in N2)) at room temperature. The composition of the test gas

1 mm mixtures was typically in the range 7 vol%[O5] < 20 vol%,
R 300 ppm < [NOy] < 1500 ppmy, with the balance being N
T |<— 16 mm —bl

“Reference “Current "semicircular" "interdigitated"

Electrode” Collector”

(RE) (CC)

Pt YSZ Pt
“Sensing Electrode” (SE)  YSZ (a) (b)

Fig. 1. Sensing element geometry for investigating the substitution of LSC Fig. 2. Sensing elements with co-planar LSC and Ptelectrodes. The diameter
for Pt. The element consists of two screen-printed layers on a yttria-stabilized and thickness of the YSZ substrate are identical to the element shown in
zirconia (YSZ) substrate. Fig. L
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conducted as shown Fig. 4, the average of the voltage read-
ings over the last minute at each test gas condition was taken
as ‘Vmeas for that condition. The “sensing responsetY)

as a function of input [N¢J and [O;] was then determined by
subtracting ¥meas at a given input [NQJ and [G;] from the
(typically small, sed-ig. 4 measured voltage/," at 0 ppm,

input NGO, and 7 vol% Q:

VX[NOX], 7vol% O
meas

AV (X[NO,], 7v0l% Op) = Vo,

input[NO,],Y vol% O,
Vmgas[ d — Vo,

0 ppmyNO,,7 vol% O
Vo = Vmeas t (1)

(These concentrations were felt to be representative of fairly

NOy-rich exhausts, as might be encountered with a lean-burn

Electrode microstructures were characterized by exam-

gasoline enging3].) The gas mixtures were presented (at ining screen-printed and fired electrode surfaces (post-test)
a flow rate of 750 sccm) to the electroded side of the sens-with a Hitachi S-800 SEM operating at 5kV accelerating
ing elements. Local heating of the sensor was not employed,voltage. The samples were coated with C in an evaporator
rather as shown ifrig. 3 the sensor was centrally located before examination in the SEM.

in a~2.5cm diameter AlO3 tube placed horizontally in a
resistively-heated furnace.

The voltage developed between the SE/CC and RE (for 3. Results and discussion

the element geometry shownlhiig. 1), or between the LSC
and Pt (for the element geometries showRii. 2) was mea-

3.1. Electrode microstructures

sured with a Keithley (Cleveland, OH) 617 electrometer and a

chemiluminescent NOmeter (TEI, Franklin, MA, 42CHL)
was used to independently measure thexN&Yels in the

Fig. 5shows electrode microstructures (post-test, from el-
ements with the geometry shownfig. 1) in plan view. In all

gas mixtures exiting the furnace. The sample temperaturecases, the screen-printing and subsequent thermal treatment

was monitored using a type K thermocouple plac&d5 cm

had produced porous layers of the electrode materials, which

from the electroded surface of the specimen, and was typi-are desirable for the intended gas-sensing application. The Pt

cally found to be withint 5°C of the furnace temperature.

RE (Fig. 5a) features somewhat of a bi-modal particle size

Most testing in the present investigation was conducted in distribution with larger fissures or cracks while the LSC RE
an isothermal manner, with the specimen being subjected to(Fig. 5b) is a weakly sintered assemblage of nearly uniform-

either sequential changes in input [N@t a fixed G concen-

tration (7 vol%) or sequential changes ia Ebncentration at
a fixed input [NQ] (450 or 1500 pprj). Some sample re-
sponse traces are shownHig. 4. In all cases, for the tests

sized particles. The LSCF and Nk, SE’s Fig. 5c and d)
are comprised of sintered agglomerates, with the pigr
particles exhibiting distinct facets. Cross-sectioning, polish-
ing, and examination with optical microscopy of samples pre-
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Fig. 4. Sample response traces. The response of the LSCF/Pt and LSCF/LSC samples to variations in ihptfige® [O;] (7 vol%) are shown in (a) and
(c) while the response of the interdigitated and NC2/LSC samples to variations in infjut[fixed [NO;] (450 ppmy) are shown in (b) and (d). The [NO
variations for (a) and (c), and the §Pvariations for (b) and (d) were nominally identical.



D.L. West et al. / Sensors and Actuators B 106 (2005) 758-765 761

Fig. 5. Electrode microstructures: (a) Pt, (bplggSrp.15CrOs (LSC), () La gSr.2C0p 2Fen 803 (LSCF), and (d) NiCsO4 (NC2). Secondary electron images
at 5kV (Hitachi S-800).

pared in similar fashion to those Fig. 5indicated that the  [17] relation between current density) @nd potential Y),
dried and fired thickness of the electrode layers was typically and a power-law dependencejain concentration, predicts

~20pm. for the measured voltage as a function of concentration:
3.2. Substitution of LSC for Pt-sensing performance Vmeas= C1 + CzIn[Re] (fixed [G;]),
Vmeas= Cz + C4In[O2] (fixed [Re]), 3)

The sensing responses (calculated using Eq. (1)) te NO
at 7vol% G for the samples listed iffable 1are shown
in Fig. 6a. The response of the samples to changes in input
[NO2] were fit to a logarithmic expression:

where G, Cy, Cs, and G are constants and Re indicates a
reducing gas.
Itis apparent fronfrig. 6a that the substitution of LSC for

AV (mV) = mlog,g[input NG, (ppm,)] + b, 2) Pt has not systematically affected the magnitude of the NO
responses. However, the sensing elements with LSC as the
and the resulting correlation coefficienB) were all>0.92. RE/CC material consistently displayed less sensitivity ta NO

This indicates that the response of both the LSC and Pt-(i.e., the slopenresulting from the fit oAV versus log[NQ]
containing samples to N(fat 7 vol% Q) was inaccord with  was smaller, and the voltage change induced by 30Qppm
a model posited by Miura for mixed-potential sensing of sev- NO, was nearly equal to that induced by 1500 gaROy).

eral reducing gas species (e.g., €], HS [15], and b This indicates that sensing elements with LSC as the RE/CC
[16]). Miura’s model, which assumes a Butler—Volmer type might be best suited for detection of very low levels of NO
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Fig. 6. Sensing performance of the multi-layered elemenfBalsle 1 The response to input NCand NO (both at 7 vol% &) are shown in (a) and (b),
respectively while (c) shows the fPpdependence of the response to 450 ppD,. The lines drawn in (a) and (c) correspond to logarithmic fits and those
drawn in (b) correspond to (second-order) polynomial fits.

The response of the multi-layered samples to input NO  Eg. (3) predicts that the response of these sensing elements
(Fig. 8b) was opposite in sign to, and more difficult to in- is alogarithmic function of [@] at fixed [NO,]. Fig. 6c shows
terpret, than the response to input N@sing only NO in the measured [&) dependence of the sensor response at an
the test gas mixtures, virtually no response was observed ainput [NO,] of 450 ppmy. (The nature of the @dependence
700°C, irrespective of the RE/CC material (LSC or Pt). How- was similar for higher input [Ng] (1500 ppm).) The log-
ever, the response of the LSC-containing samplesto input NOarithmic dependence predicted by Eq. (3) was observed for
was much stronger than that of the Pt-containing samples atboth the LSC- and Pt-containing samples. The regressions on
600°C. (AV) versus log[Q] produced correlation coefficients).98

In general, the small magnitude of the sensing responsesn all instances. In contrast to the N®ensitivity discussed
in Fig. 8b, combined with their tendency to either plateau or above, there was not a systematic trend in the effect of LSC
inflect at larger [NQ], indicate that these sensing elements substitution on the [¢] dependence of the NOresponse.
are not well-suited for the sensing of NO at temperatures A pronounced response/recovery asymmetry (to introduc-
near 600C. Use of these sensing elements for [jl@eter- tion/removal of 450 ppNO2 (in 7 vol% O)) was observed
mination at this temperature would seemingly require either forthe sensing elements®ble 1 Thisisillustrated irFig. 7,
equilibration of the NO/NQ@ ratio at a temperature lower which shows the response of the sensing elements to the in-
than the sensing element temperature (as described by Sztroduction of 450 ppm NO, (Fig. 7a) and the removal of
abo and Duttd18]) or electrochemical conversion to NO 450 ppmy NO; (Fig. 7). For the introduction of Ng the
(as described by Kunimoto et dL9]). Since in either of 90% response time of all the elements at 600 and°@0
these sensor designs the N@&sponse is most important, is about 5s, which is the temporal resolution of the experi-
further characterization of sensing element response focusednent. The recovery upon removal of N much less rapid,

on NO,. particularly for the LSC-containing samples at 6@0

A LSCF/Pt 600 °C < LSCF/LSC 600 °C NC2/Pt 600 °C ©NC2/LSC 600 °C
A LSCF/Pt 700 °C # LSCF/LSC 700 °C ¥'NC2/Pt 700 °C ®NC2/LSC 700 °C

1 [ V' o p- 450 = 0 ppmy, NO, «

5 | 5

g 05 g 05

< <

g o

= = = 4

3 s [ *

3 0 = 450 ppm,, NO, 1 3 r /

N 1 r H

£-05 1 S-05¢f 7

£ £

2 2

aL LR Sn o = = 1 e ]
-20 -10 0 10 20 30 40 50 -20 -10 0 10 20 30 40 50

() t(s) (b) t(s)

Fig. 7. Response of the samplesTable 1to the introduction of 450 pppiNO; (a) and the removal of 450 ppNO; (b). Data collected in 7 vol% © Lines
are drawn as an aid to the eye.
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Lundstbm [20] has discussed the adsorption and desorp- the construction LS{Y SZ|Pt as shown iifrig. 2 These inves-
tion processes that might govern the response and recoveryigations are described in the immediately following section.
rates of solid-state gas sensors operating-a00°C. Al-
though the sensing mechanism of the solid-state sensors de3_3_ LSQYSZPt-sensing elements—sensing
scribed in[20] is thought to be quite different than that of performance
the sensing elements investigated here, similar considerations
may govern the response/recovery kinetics. As mentioned Fig. 8 shows the measured N@ensing performance of
previ_ously, the NQgtep response times of the multi-layergd the LSQYSZ|Pt-sensing element§ig. 2). As was the case
sensing elements=(g. 7a) was on the order of the experi- \\ith the multi-layered element§ig. 6), the response to NO
mental resolution and thus could not be analyzed further, bUt(Fig_ 8a) was much stronger than that to N, &), and the
the more sluggish step recoveridsd. ) were fit to the 4 different NG, species produced signals that were oppo-
expressions proposed [20]: site in sign. The semicircular geometry yielded both higher
V = Vsexp(~t/z) (first-order desorption) (4a) signals and higher sensitivity to NObut the [Q] depen-

dence of the N@response was similar for both geometries
V = Vs/(1+ 2Vst/) (second-order desorptian)  (4b) (Fig. 8a and c). Since only a single element of each geometry
(semicircular and interdigitated) was fabricated and tested,
it is not clear whether the larger N@esponse and sensitiv-
ity of the semicircular geometry reflect electrode geometry
factors or simply element-to-element variability.

The NG response (in 7 vol% &) (Fig. 8a) and the [Q]

where Vs is the steady-state sensor response anid the
inverse of the desorption rate. For the sensing elements in
Fig. 7), it was found that the recovery from N@xpo-
sure was typically better described by E4p)than Eq(4a),

with both fits yielding nearly identical values of (~50 and ;
~15s for the LSC- and Pt-containing samples, respectively dependence of the 450 ppiNO; responseRig. &) for both

at 600°C and~5 s for all the sensing elements at 7@). electrode geometries frig. 2 were well described by loga-

Fig. 6aand b shows that at 60 the substitution of LSC rithmic functions in most instances, but deviations from this
for Pt as the RE/CC material changed the sign of thgg NO behavior were observed for the M@esponse of both ge-

response for the LSCF samples, but not that of the NC2 sam-ometries at 700C. Atthis tgmperature the rneasurgdﬁ.l@
ples: sponses for both geometries were nearly linear, with a second-

order polynomial providing the best fit. Garzon et[@l. re-

AVII\]SSF/ PUAVGSETESE, Av,[‘\‘gf/ Pt AV,Z‘SZZ/ LSC . 0, and  ported linear responses for a mixed-potential CO sensing el-
ement (with the construction [Rey sGdy 2O1.9|Au) operat-
ing at 600°C and attributed the linear behavior to diffusion-
limited behavior of the anodic reaction (CG®CO,) and
Ohmic (low overpotential) behavior of the cathodic reaction
(02 (g)= O?"). Whether similar considerations apply to the

Further, LSCF/Pt produced the largest positive signals in behavior observed here at 70D remains to be determined.
NO, and LSCF/LSC produced the largest negative signalsin  The step response/recovery asymmetry (with 450,ppm
NO; (Fig. 6a). This pointed to different electrochemical be- NO; in 7 vol% O,) described previously was also observed
haviors of LSC and Ptin the N@&nd G containing gas mix-  with both the semicircular and interdigitated geometries.
tures and prompted the investigation of sensing elements withRepresentative data are shownFig. 9, which illustrates

AVI’\]gCF/Pt’ AVII\IS(ZEF/LSC’ AV,L\ISZ/Pt’ AV,\’]'SZ/LSC -0

®)

“semicircular 500 °C ~semicircular 600 °C ~Tsemicircular 700 °C
®interdigitated 500°C *+interdigitated 600°C &interdigitated 700°C

140 10 120,
120

100 -

S 80 S 20 s
E E E
Z 60 = -30 0,.‘ 2

40 401 S L

20 50 20+

0 &k L L .60 N A 0 e ok

0 04 08 12 186 0 04 08 12 16 5 10 15 20 25
(a) input [NO,] (ppmy) (*10%)  (b) input [NO] (ppmy,) 10 (c) input [O,] (vol %)

Fig. 8. Sensing response of the elements shown schematicdllg.i2 The responses to input N@nd NO (both in 7 vol% ©) are shown in (a) and (b),
while (c) shows the [@] dependence of the response to 450 piD,. The lines drawn in (a) (except for the data at 730 and (c) are logarithmic fits, all
other lines drawn correspond to second-order polynomial fits.
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Fig. 9. Response of the sampledHig. 2to introduction of 450 ppgNO, (a), and removal of 450 ppyNO; (b), both in 7 vol% Q. Lines are drawn as an
aid to the eye.
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