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Use of La0.85Sr0.15CrO3 in high-temperature NOx sensing elements
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Abstract

This work focuses on use of the electronically-conducting oxide La0.85Sr0.15CrO3 (LSC) in solid electrolyte-based NOx sensing elements
intended for operation atT ∼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 NO2 and an enhancement of the NO response, although the NO2 response 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 second
investigation. The measured NOx sensing performance of these elements was commensurate with that of the elements fabricated in the first
phase of the investigation (e.g., 450 ppmv NO2 in 7 vol% O2 produced∼50 mV at 600◦C) and the response/recovery times for NO2 sensing
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ere improved. The results indicate that LSC could be useful in these types of sensing elements, both as a substitute for, and in c
ith, Pt.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Oxides of nitrogen (“NOx”, a mixture of primarily NO
nd NO2) are formed during combustion processes and are
onsidered pollutants if exhausted to the atmosphere. These
ollutants are typically removed from large-scale, fixed in-
tallations by selective catalytic reduction (SCR) and other
echnologies[1]. Currently, NOx is removed from spark-
gnited, passenger-car engine exhausts with a three-way cat-
lyst (TWC), but the TWC is only effective for NOx removal

f the oxygen level in the exhaust is controlled within narrow
imits [2]. Therefore, the current TWC cannot be applied to
xhaust treatment for diesel engines and “lean-burn” gasoline
ngines, as the exhaust from these engines is too oxygen-rich

or effective operation of the TWC.
If a TWC suitable for use in oxygen-rich exhausts is not

eveloped, then some type of on-board remediation scheme
ust be employed to reduce the NOx levels. Many of the
n-board remediation techniques under investigation (such

∗ Corresponding author. Tel.: +1 865 576 2264; fax: +1 865 574 4357.

as SCR with urea) require the injection of species that th
selves would be considered pollutants (or decompose
pollutants) if exhausted or “slipped” into the atmosph
Thus, it is essential to develop compact and accurate
sors that can measure NOx levels in oxygen-rich exhausts
aid in the precise dispensation of reducing agents. The
sensor would be operative at temperatures around 700◦C, ca-
pable of sensing NOx levels in the range of 100–1000 pp
and relatively insensitive to [O2] variations in the exhaust g
[3].

Two approaches to NOx sensing at “high temperatur
(T∼700◦C) using electroceramics have appeared in th
erature: “amperometric” or “limiting-current” methods[4,5]
and “mixed-potential” methods[6,7]. Amperometric tech
niques rely on measuring the oxygen-ion current gene
by electrochemical decomposition of NOx. The major chal
lenge for this technique is separating the current due t
decomposition of NOx from that due to the decompositi
of O2. One approach[8] which has been commercially a
plied, employs sequential chambers (reaction zones), th
zone for removal of O2 and the second for electrochemi
E-mail address:westdl@ornl.gov (D.L. West). decomposition of NOx (specifically, nitric oxide (NO)).
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“Mixed-potential” sensing typically involves measuring
the potential developed between two different electrodes. A
mixed potential[9,10] arises when cathodic (reduction) and
anodic (oxidation) reactions involving NOx and O2 occur
simultaneously on an electrode. Each of the reactions has a
definedV–I characteristic. If the net current (Icathodic+ Ianodic)
across the electrode is held at zero, then there will be a unique
voltage at which|Icathodic| = |Ianodic| for a given [NOx] and
[O2]. The mixed potential is an example of a “non-Nernstian”
or “non-equilibrium” phenomenon[5], wherein the potential
developed between two electrodes on an oxygen-ion conduct-
ing electrolyte is not governed strictly by the partial pressure
of O2 over each electrode.

The present investigation explores the application of
the electronically-conducting oxide La0.85Sr0.15CrO3 (LSC)
[11,12] in non-Nernstian NOx sensing elements. First, LSC
was employed as a direct substitute for Pt. Pt is costly and can
be catalytic for oxidation and other electrochemical phenom-
ena. Therefore, such a substitution could lower the materials
cost of the elements, afford more opportunity to engineer
the element microstructure, and allow (through composition
modification of the electronically-conducting oxide) one to
tailor the electrochemical and catalytic behavior of the ele-
ments. The general approach for this phase of the investiga-
tion was to fabricate sensing elements differing only in the
material used as the electronic conductor (LSC or Pt).
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Table 1
Specimens prepared to investigate the substitution of La0.85Sr0.15CrO3

(LSC) for Pt

Sample ID SE material RE/CC material

NC2/Pt NiCr2O4
a Ptb

NC2/LSC NiCr2O4 La0.85Sr0.15CrO3
c

LSCF/Pt La0.6Sr0.4Co0.2Fe0.8O3
d Pt

LSCF/LSC La0.6Sr0.4Co0.2Fe0.8O3 La0.85Sr0.15CrO3

The RE/CC and SE are defined inFig. 1. For all electrode materials other
than Pt, screen-printing inks were fabricated in-house from the listed oxides.

a Cerac (Milwaukee, WI) #N-1086.
b Electroscience (King of Prussia, PA) #5547-1F-P.
c Praxair Specialty Ceramics (Woodinville, WA) #03-P3286.
d Praxair #03-P4065.

sintered at 1350◦C for 2 h in air to produce disk-shaped forms
about 1.6 cm in diameter and 0.1 cm in thickness.

A patterned layer of either LSC or Pt, comprising the ref-
erence electrode (RE) and current collector (CC) (Fig. 1),
was screen-printed onto one broad face of the YSZ disks, air-
dried, and fired at 1100◦C for 0.3 h in air. A second screen-
printed layer, the sensing electrode (SE), was then patterned
over a portion of the CC as shown inFig. 1, air-dried, and
fired at 1100◦C for 1 h in air.

The effect of substituting an electronically-conducting ox-
ide (LSC) for Pt was studied by fabricating two pairs of sens-
ing elements with nominally identical SE materials. The ele-
ments prepared are listed inTable 1and consisted of NiCr2O4
(NC2) SE layers and La0.8Sr0.2Co0.4Fe0.6O3 (LSCF) SE lay-
ers on both Pt and LSC RE/CC’s.

Element geometries for the second phase of the investiga-
tion are shown inFig. 2. These LSC|YSZ|Pt elements also
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
consisted of semicircular electrodes on opposite halves of
one face of the YSZ substrate while the other consisted of
interdigitated LSC and Pt electrodes.

The response of the prototype devices was measured with
the apparatus shown inFig. 3. A four-inlet gas-mixing unit
(Environics (Tolland, CT) 4000) was used to mix N2, O2,
a
i t gas
m
3

F meter
a wn in
F

For the second phase of the investigation, sensing elem
ith co-planar LSC and Pt electrodes were fabricated.
aterial combination has been used previously for pote
etric NOx sensing devices[13], but the present investigati
iffers in that a co-planar design without an air reference
mployed.

. Experimental procedure

Fig. 1shows the multi-layered sensing element geom
or the first phase of the investigation (substitution of L
or Pt). The substrate for the sensing elements was y
tabilized zirconia (YSZ) (8 mol% Y2O3–substituted ZrO2,
Z–8Y, Tosoh, NJ). The YSZ was tape cast, laminated,

ig. 1. Sensing element geometry for investigating the substitution of
or Pt. The element consists of two screen-printed layers on a yttria-stab
irconia (YSZ) substrate.
nd NOx (either NO (7000 ppmv in N2) or NO2 (5000 ppmv
n N2)) at room temperature. The composition of the tes

ixtures was typically in the range 7 vol%≤ [O2] ≤ 20 vol%,
00 ppmv ≤ [NOx] ≤ 1500 ppmv, with the balance being N2.

ig. 2. Sensing elements with co-planar LSC and Pt electrodes. The dia
nd thickness of the YSZ substrate are identical to the element sho
ig. 1.
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Fig. 3. Schematic setup of apparatus for gas handling, sensor response mea-
surement, and NOx monitoring.

(These concentrations were felt to be representative of fairly
NOx-rich exhausts, as might be encountered with a lean-burn
gasoline engine[3].) The gas mixtures were presented (at
a flow rate of 750 sccm) to the electroded side of the sens-
ing elements. Local heating of the sensor was not employed,
rather as shown inFig. 3 the sensor was centrally located
in a ∼2.5 cm diameter Al2O3 tube placed horizontally in a
resistively-heated furnace.

The voltage developed between the SE/CC and RE (for
the element geometry shown inFig. 1), or between the LSC
and Pt (for the element geometries shown inFig. 2) was mea-
sured with a Keithley (Cleveland, OH) 617 electrometer and a
chemiluminescent NOx meter (TEI, Franklin, MA, 42CHL)
was used to independently measure the NOx levels in the
gas mixtures exiting the furnace. The sample temperature
was monitored using a type K thermocouple placed∼0.5 cm
from the electroded surface of the specimen, and was typi-
cally found to be within± 5◦C of the furnace temperature.

Most testing in the present investigation was conducted in
an isothermal manner, with the specimen being subjected to
either sequential changes in input [NOx] at a fixed O2 concen-
tration (7 vol%) or sequential changes in O2 concentration at
a fixed input [NOx] (450 or 1500 ppmv). Some sample re-
sponse traces are shown inFig. 4. In all cases, for the tests

conducted as shown inFig. 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 response” (�V)
as a function of input [NOx] and [O2] was then determined by
subtracting “Vmeas” at a given input [NOx] and [O2] from the
(typically small, seeFig. 4) measured voltage “Vo” at 0 ppmv
input NOx and 7 vol% O2:

�V (X[NOx], 7 vol% O2) ≡ VX[NOx], 7 vol% O2
meas − Vo,

�V (input[NOx], Y vol% O2) ≡ V
input[NOx],Y vol% O2
meas − Vo,

Vo = V
0 ppmvNOx,7 vol% O2
meas (1)

Electrode microstructures were characterized by exam-
ining screen-printed and fired electrode surfaces (post-test)
with a Hitachi S-800 SEM operating at 5 kV accelerating
voltage. The samples were coated with C in an evaporator
before examination in the SEM.

3. Results and discussion

3.1. Electrode microstructures

Fig. 5shows electrode microstructures (post-test, from el-
e l
c tment
h hich
a he Pt
R size
d RE
( rm-
s
a r
p lish-
i pre-

F CF/LS d
( variatio
v inally
ig. 4. Sample response traces. The response of the LSCF/Pt and LS
c) while the response of the interdigitated and NC2/LSC samples to
ariations for (a) and (c), and the [O2] variations for (b) and (d) were nom
ments with the geometry shown inFig. 1) in plan view. In al
ases, the screen-printing and subsequent thermal trea
ad produced porous layers of the electrode materials, w
re desirable for the intended gas-sensing application. T
E (Fig. 5a) features somewhat of a bi-modal particle
istribution with larger fissures or cracks while the LSC
Fig. 5b) is a weakly sintered assemblage of nearly unifo
ized particles. The LSCF and NiCr2O4 SE’s (Fig. 5c and d)
re comprised of sintered agglomerates, with the NiC2O4
articles exhibiting distinct facets. Cross-sectioning, po

ng, and examination with optical microscopy of samples

C samples to variations in input [NO2] at fixed [O2] (7 vol%) are shown in (a) an
ns in input [O2] at fixed [NO2] (450 ppmv) are shown in (b) and (d). The [NO2]

identical.
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Fig. 5. Electrode microstructures: (a) Pt, (b) La0.85Sr0.15CrO3 (LSC), (c) La0.8Sr0.2Co0.2Fe0.8O3 (LSCF), and (d) NiCr2O4 (NC2). Secondary electron images
at 5 kV (Hitachi S-800).

pared in similar fashion to those inFig. 5 indicated that the
dried and fired thickness of the electrode layers was typically
∼20�m.

3.2. Substitution of LSC for Pt-sensing performance

The sensing responses (calculated using Eq. (1)) to NO2
at 7 vol% O2 for the samples listed inTable 1are shown
in Fig. 6a. The response of the samples to changes in input
[NO2] were fit to a logarithmic expression:

�V (mV) = m log10[input NO2 (ppmv)] + b, (2)

and the resulting correlation coefficients (R2) were all≥0.92.
This indicates that the response of both the LSC and Pt-
containing samples to NO2 (at 7 vol% O2) was in accord with
a model posited by Miura for mixed-potential sensing of sev-
eral reducing gas species (e.g., CO[14], H2S [15], and H2
[16]). Miura’s model, which assumes a Butler–Volmer type

[17] relation between current density (j) and potential (V),
and a power-law dependence ofj on concentration, predicts
for the measured voltage as a function of concentration:

Vmeas= C1 + C2 ln[Re] (fixed [O2]),

Vmeas= C3 + C4 ln[O2] (fixed [Re]), (3)

where C1, C2, C3, and C4 are constants and Re indicates a
reducing gas.

It is apparent fromFig. 6a that the substitution of LSC for
Pt has not systematically affected the magnitude of the NO2
responses. However, the sensing elements with LSC as the
RE/CC material consistently displayed less sensitivity to NO2
(i.e., the slopemresulting from the fit of�Vversus log[NO2]
was smaller, and the voltage change induced by 300 ppmv
NO2 was nearly equal to that induced by 1500 ppmv NO2).
This indicates that sensing elements with LSC as the RE/CC
might be best suited for detection of very low levels of NO2.
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Fig. 6. Sensing performance of the multi-layered elements inTable 1. The response to input NO2 and NO (both at 7 vol% O2) are shown in (a) and (b),
respectively while (c) shows the [O2] dependence of the response to 450 ppmv NO2. 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
(Fig. 6b) was opposite in sign to, and more difficult to in-
terpret, than the response to input NO2. Using only NO in
the test gas mixtures, virtually no response was observed at
700◦C, irrespective of the RE/CC material (LSC or Pt). How-
ever, the response of the LSC-containing samples to input NO
was much stronger than that of the Pt-containing samples at
600◦C.

In general, the small magnitude of the sensing responses
in Fig. 6b, combined with their tendency to either plateau or
inflect at larger [NO], indicate that these sensing elements
are not well-suited for the sensing of NO at temperatures
near 600◦C. Use of these sensing elements for [NOx] deter-
mination at this temperature would seemingly require either
equilibration of the NO/NO2 ratio at a temperature lower
than the sensing element temperature (as described by Sz-
abo and Dutta[18]) or electrochemical conversion to NO2
(as described by Kunimoto et al.[19]). Since in either of
these sensor designs the NO2 response is most important,
further characterization of sensing element response focused
on NO2.

Eq. (3) predicts that the response of these sensing elements
is a logarithmic function of [O2] at fixed [NO2]. Fig. 6c shows
the measured [O2] dependence of the sensor response at an
input [NO2] of 450 ppmv. (The nature of the O2 dependence
was similar for higher input [NO2] (1500 ppmv).) The log-
arithmic dependence predicted by Eq. (3) was observed for
both the LSC- and Pt-containing samples. The regressions on
(�V) versus log[O2] produced correlation coefficients≥0.98
in all instances. In contrast to the NO2 sensitivity discussed
above, there was not a systematic trend in the effect of LSC
substitution on the [O2] dependence of the NO2 response.

A pronounced response/recovery asymmetry (to introduc-
tion/removal of 450 ppmv NO2 (in 7 vol% O2)) was observed
for the sensing elements ofTable 1. This is illustrated inFig. 7,
which shows the response of the sensing elements to the in-
troduction of 450 ppmv NO2 (Fig. 7a) and the removal of
450 ppmv NO2 (Fig. 7b). For the introduction of NO2, the
90% response time of all the elements at 600 and 700◦C
is about 5 s, which is the temporal resolution of the experi-
ment. The recovery upon removal of NO2 is much less rapid,
particularly for the LSC-containing samples at 600◦C.

F NO2 (a
a

ig. 7. Response of the samples inTable 1to the introduction of 450 ppmv
re drawn as an aid to the eye.
) and the removal of 450 ppmv NO2 (b). Data collected in 7 vol% O2. Lines
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Lundstr̈om[20] has discussed the adsorption and desorp-
tion processes that might govern the response and recovery
rates of solid-state gas sensors operating at∼500◦C. Al-
though the sensing mechanism of the solid-state sensors de-
scribed in[20] is thought to be quite different than that of
the sensing elements investigated here, similar considerations
may govern the response/recovery kinetics. As mentioned
previously, the NO2 step response times of the multi-layered
sensing elements (Fig. 7a) was on the order of the experi-
mental resolution and thus could not be analyzed further, but
the more sluggish step recoveries (Fig. 7b) were fit to the
expressions proposed in[20]:

V = Vs exp(−t/τr) (first-order desorption), (4a)

V = Vs/(1 + 2Vst/τr) (second-order desorption), (4b)

whereVs is the steady-state sensor response andτr is the
inverse of the desorption rate. For the sensing elements in
Fig. 7b), it was found that the recovery from NO2 expo-
sure was typically better described by Eq.(4b) than Eq.(4a),
with both fits yielding nearly identical values ofτr (∼50 and
∼15 s for the LSC- and Pt-containing samples, respectively
at 600◦C and∼5 s for all the sensing elements at 700◦C).

Fig. 6a and b shows that at 600◦C the substitution of LSC
for Pt as the RE/CC material changed the sign of the NOx

response for the LSCF samples, but not that of the NC2 sam-
p

ls in
N ls in
N be-
h -
t with

the construction LSC|YSZ|Pt as shown inFig. 2. These inves-
tigations are described in the immediately following section.

3.3. LSC|YSZ|Pt-sensing elements—sensing
performance

Fig. 8 shows the measured NOx sensing performance of
the LSC|YSZ|Pt-sensing elements (Fig. 2). As was the case
with the multi-layered elements (Fig. 6), the response to NO2
(Fig. 8a) was much stronger than that to NO (Fig. 8b), and the
two different NOx species produced signals that were oppo-
site in sign. The semicircular geometry yielded both higher
signals and higher sensitivity to NO2, but the [O2] depen-
dence of the NO2 response was similar for both geometries
(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 NO2 response and sensitiv-
ity of the semicircular geometry reflect electrode geometry
factors or simply element-to-element variability.

The NO2 response (in 7 vol% O2) (Fig. 8a) and the [O2]
dependence of the 450 ppmv NO2 response (Fig. 8c) for both
electrode geometries inFig. 2 were well described by loga-
rithmic functions in most instances, but deviations from this
behavior were observed for the NO2 response of both ge-
ometries at 700◦C. At this temperature the measured NO2 re-
s cond-
o
p g el-
e
i n-
l
O tion
( the
b d.

pm
N ved
w ries.
R

F he resp ),
w e lines ll
o

les:

�V
LSCF/Pt
NO2

, �V
LSCF/LSC
NO , �V

NC2/Pt
NO2

, �V
NC2/LSC
NO2

> 0, and

�V
LSCF/Pt
NO , �V

LSCF/LSC
NO2

, �V
NC2/Pt
NO , �V

NC2/LSC
NO < 0

(5)

Further, LSCF/Pt produced the largest positive signa
O2 and LSCF/LSC produced the largest negative signa
O2 (Fig. 6a). This pointed to different electrochemical
aviors of LSC and Pt in the NOx and O2 containing gas mix

ures and prompted the investigation of sensing elements

ig. 8. Sensing response of the elements shown schematically inFig. 2. T
hile (c) shows the [O2] dependence of the response to 450 ppmv NO2. Th
ther lines drawn correspond to second-order polynomial fits.
ponses for both geometries were nearly linear, with a se
rder polynomial providing the best fit. Garzon et al.[7] re-
orted linear responses for a mixed-potential CO sensin
ment (with the construction Pt|Ce0.8Gd0.2O1.9|Au) operat-

ng at 600◦C and attributed the linear behavior to diffusio
imited behavior of the anodic reaction (CO⇒ CO2) and

hmic (low overpotential) behavior of the cathodic reac
O2 (g)⇒ O2−). Whether similar considerations apply to
ehavior observed here at 700◦C remains to be determine

The step response/recovery asymmetry (with 450 pv
O2 in 7 vol% O2) described previously was also obser
ith both the semicircular and interdigitated geomet
epresentative data are shown inFig. 9, which illustrates

onses to input NO2 and NO (both in 7 vol% O2) are shown in (a) and (b
drawn in (a) (except for the data at 700◦C) and (c) are logarithmic fits, a
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Fig. 9. Response of the samples inFig. 2 to introduction of 450 ppmv NO2 (a), and removal of 450 ppmv NO2 (b), both in 7 vol% O2. Lines are drawn as an
aid to the eye.

that the response time is temperature and geometry inde-
pendent (within the resolution of the experiment (∼5 s))
over the temperature range 500–700◦C, while the recovery
time is independent of geometry but dependent on tempera-
ture.

In general, the recovery of the sensing elements inFig. 9
from exposure to NO2 was better described by Eq.(4b) than
Eq. (4a), and the values ofτr obtained from the fits (∼30,
∼5, and∼1 s for 500, 600, and 700◦C, respectively) in-
dicated that the recovery of these elements was faster than
that of the multi-layered element geometry shown inFig. 1.
This is also evident from a visual comparison ofFigs. 7b and
9b.

4. Conclusions

Direct substitution of LSC for Pt has been investigated
with multi-layered sensing elements of the geometry shown
in Fig. 1. Systematically, the substitution of LSC for Pt ap-
peared to lower the NO2 sensitivity, increase the magnitude
of the NO response and lead to long recovery times (from ex-
posure to NO2) at 600◦C. Sensing elements with co-planar
LSC–Pt electrodes (Fig. 2) could be suitable as NO2 sens-
ing elements at 600–700◦C, and appear to offer improved
r d ge-
o

A

the
Y ro-
d ance
w ltis
o ) for
c idge
N for
t 05-
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