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“NO-selective” NOx sensing elements for combustion exhausts
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Abstract

Fabrication and characterization of NOx sensing elements using co-planar oxide and Pt electrodes is described. The sensing elements, based
on yttria-stabilized zirconia substrates, could be current-biased to a “NO-selective” sensing condition (for NOx in the concentration range
50–1500 ppmV) if the oxide was an alkaline earth-modified lanthanum chromite. Simple variations in electrode geometry (interdigitation of
the electrodes or increase of the oxide electrode surface area relative to the Pt electrode) did not affect the magnitude of the NO response or
the recovery from exposure to NO. The main effects of temperature appeared to be a decrease in the response magnitude with increasingT
and an increase of the recovery time (from NO exposure) with decreasingT.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

The three main pollutants (excluding CO2) in combustion
xhausts from low-sulfur fuels are carbon monoxide (CO),
ydrocarbons (HC), and oxides of nitrogen (NOx, a mixture
f NO and NO2). Currently, for the exhausts from fuel-

njected, spark-ignited engines, a three-way catalyst (TWC)
s employed that greatly reduces the levels of all three pollu-
ants (CO, HC, and NOx). The TWC is only effective within
narrow range of O2 concentrations in the exhaust[1], losing

ts effectiveness for NOx removal at higher [O2]. Therefore,
he presently used TWC cannot be employed for NOx remedi-
tion of exhausts from diesel and lean-burn gasoline engines,
s these tend to be O2-rich.

If a suitable “lean NOx” catalyst is not developed, diesel
nd lean-burn gasoline exhausts will require on-board NOx

emediation with techniques such as selective catalytic reduc-
ion (SCR) or lean NOx traps (LNT). Both of these techniques
ill require on-board NOx sensors, to control either reagent

njection (SCR) or trap regeneration (LNT). Broadly speak-
ng, a suitable NOx sensor for these applications would be

◦

It is important to realize that at these elevated temp
tures (∼600◦C) the dominant equilibrium NOx species is th
monoxide (NO)[4], and thus the focus of this work is
develop sensing elements that can respond to NO at te
atures near 600◦C. The technique employed is “biasing”,
which a dc electrical signal is applied to the sensing elem
This technique has previously been employed for NOx sens
ing by Ho et al.[5], who applied DC voltages to a sens
element consisting of Nd2CuO4 and Pt electrodes on oppos
sides of a yttria-stabilized zirconia (YSZ) disk. The prese
of NOx produced an increase in DC current (I) at 400◦C. DC
voltage biasing of elements similar to those described b
et al. was also reported by Grilli et al.[6], except the oxid
electrode was LaFeO3 and testing was carried out at 450◦C.

Miura et al. [7] applied DC voltages (in the ran
0.1–0.5 V) to YSZ-based sensing elements consisting o
Pt electrode and one CdCr2O4-coated Pt electrode. Tw
designs were presented, the first was a tubular desi
which only the CdCr2O4-coated electrode was exposed
the NOx-containing gas. In the second design, the electr
were co-planar and both were exposed to the NOx. The DC
perative at temperatures near 600C and able to measure
NOx] in the concentration range 10–1000 ppmV [2,3].

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

current between the electrodes was shown to be proportional
to [NOx] for both designs, and the tubular design could be
biased to a “NO-selective” condition at 500◦C.

In this study we are attempting to extend and build upon
this prior work by increasing the operating temperature above
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500◦C, and systematically examining the effects of vary-
ing both electrode materials and electrode geometry. We also
explore the use of constant current (as opposed to constant
voltage) biasing, and focus on sensing elements with co-
planar electrodes.

2. Experimental procedure

The geometries of the sensing elements prepared for the
present investigation are shown inFig. 1a. All geometries
consisted of co-planar oxide and Pt electrodes on a YSZ sub-
strate. Most of the sensing elements prepared had the “semi-
circular” (SC) geometry, the other two geometries (“inter-
digitated” (ID) and “asymmetric” (AS)) were considered

F
r

Table 1
Electrode materials and firing conditions

Material Vendor FiringT, t (◦C, h)

Pt Electroscience 1100, 0.3
NiO J.T. Baker 1100, 1.0
ZnO Alfa Aesar 1100, 1.0
La0.80Sr0.20FeO3−δ (LSF) Praxair 900, 1.0
La0.85Sr0.15CrO3 (LSC) Praxair 900, 1.0
La0.85Ba0.15CrO3 (LBC) Praxair 900, 1.0

variations on the SC geometry with approximately the same
total area. The YSZ (8 mol% Y2O3, Tosoh) substrate was pro-
duced by tape casting, laminating, and sintering (1400◦C, 2 h,
air) to produce disks about 16 mm in diameter and 1 mm in
thickness. The electrodes were applied by first screen printing
and firing (1100◦C, 0.3 h, air) the Pt (Electroscience) elec-
trode and then screen printing and firing the oxide electrode
for one hr. in air. The Pt was obtained as a dispersion ready
for screen printing and the screen-printing dispersions for the
oxides were produced in-house.

Several different oxides were employed as electrode mate-
rials, and these are listed inTable 1. These were selected
either for their reported usefulness as semiconducting gas
sensor materials (ZnO and NiO[8]), or materials with high
electrical conductivity (LSF, LSC and LBC[9]). The firing
temperatures of the oxide electrodes are listed inTable 1, it
can be seen there that the perovskite (LSC, LBC, and LSF)
electrodes were fired at lower temperature than the binary
oxide (NiO and ZnO) electrodes. This was done in order to
avoid reaction between the La-containing perovskites and the
YSZ, as described by Yamamoto et al.[10].

Fig. 1b shows schematically the apparatus used to charac-
terize NOx sensing performance. The elements were placed,
centrally located, in a resistively heated furnace and pres-
sure contacts to the elements were made with Pt wire. An
Environics 4000 gas mixing unit (not shown inFig. 1b) was
u
a ide of
t e K
t lec-
t nsing
ig. 1. Schematic view of sensing element geometries (a) and the test appa-
atus for evaluating NOx sensing performance (b).

e ther-
m d
b just
o indi-
c with
a eith-
l ltage
d asure-
m ed in
p

lu-
a and a
c ge
t f
t (e.g.,
sed to mix N2, O2, and NOx (5000 ppm NO or NO2 in N2)
nd these mixtures were presented to the electroded s

he sensing elements at a flow rate of 0.75 l/min. A typ
hermocouple was placed approximately 1 cm from the e
roded element surface and was used to monitor the se
lement temperature. The temperature indicated by this
ocouple typically was about 3–5◦ lower than that indicate
y the furnace control thermocouple, which was located
utside the resistive heating elements of the furnace. As
ated inFig. 1b, voltage measurements were made both
nd without bias. For measurements without bias, a K

ey 617 electrometer was used to measure the DC vo
eveloped across the element electrodes, and for me
ents with bias, a Keithley 2400 source meter was plac
arallel with the electrometer.

Primarily, two types of NOx sensing performance eva
tions were carried out, both at constant temperature
onstant [O2] of 7 vol.%. In the first type, intended to gau
he effect of different current biases on the NOx response o
he elements, the bias was stepped at discrete levels
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−16, −8, 0, 8, 16�A for 5 min each) and a brief (2 min)
450 ppmV pulse of either NO or NO2 was applied at each
bias level. This enabled a rapid assessment of the changes
induced in the measured voltage by NO or NO2 at different
current bias levels. In the second type of test, the current bias
was set at a fixed level (some tests were carried out with no
bias, and we consider this to be a case of fixed bias with
Ibias= 0.0), and the input [NOx] (either NO or NO2) was var-
ied systematically between 20 and 1500 ppmV.

Subsequent to evaluation of NOx sensing performance,
the elements were carbon-coated in an evaporator and the
surface microstructure examined with an SEM (Hitachi S-
800, 5 kV accelerating voltage, secondary electron mode).
Elements were also cross-sectioned, polished, and examined
with light optical microscopy in order to gain a measure of
the fired electrode thickness.

3. Results and discussion

3.1. Electrode microstructure

Fig. 2 shows plan views of the electrode microstructures
post-test. All the electrodes appear porous, which should be
a desirable characteristic for gas sensing. The Pt electrode
seems to feature a bimodal particle size distribution, while
a o
c LSF

electrodes contain primarily sintered agglomerates but the
agglomerates consist of coarser primary particles in the ZnO
electrode. The two chromite electrodes (La0.85Sr0.15CrO3
(LSC) and La0.85Ba0.15CrO3 (LBC)) appear very similar to
each other, and do not display the distinct faceting observed
in the NiO electrode. Cross-sectioning and metallographic
examination indicated that typical electrode thicknesses were
about 20�m for the Pt electrodes and about 30�m for the
oxide electrodes.

3.2. Sensing performance without bias

Some typical results of the sensing performance observed
without current bias are shown inFig. 3. The elements
responded very strongly to NO2, and over the range
20–200 ppmV the response was well described by a loga-
rithmic expression. All the oxides inTable 1(which include
both n (ZnO[11]) and p (e.g., LSC[9]) type) yielded the
same algebraic sign for the NO2 response. This differs from
the behavior reported by Di Bartolomeo et al.[12], who
tested sensing elements made with two co-planar interdigi-
tated Pt electrodes, one of which was partially covered with an
oxide. WO3 (an n-type oxide) and LSF (a p-type oxide) were
reported to yield NO2 responses of different sign, and this
was attributed to a “differential electrode equilibria” sensing
mechanism. Whether the differences in element geometry
e r the
d

F
(

ll the oxides except the La0.80Sr0.20FeO3−δ (LSF) appear t
onsist of a narrower range of particle sizes. The ZnO and
ig. 2. Electrode microstructures in plan view is: (a) Pt, (b) NiO, (c) ZnO, (d) L0.85B
LSC). Secondary electron images at 5 kV accelerating voltage, Hitachi S-80
mployed here and by Di Bartolomeo et al. account fo
iffering observations remains to be resolved.
aa0.15CrO3 (LSC), (e) La0.80Sr0.20FeO3−δ (LSF), and (f) La0.85Sra0.15CrO3

0.
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Fig. 3. NOx sensing performance with no bias current shows: (a) the mea-
sured voltage as the input [NO2] was varied (600◦C, 7 vol.% O2) with a
sensing element constructed using LSC and Pt (semicircular geometry); (b)
the measured voltages as a function of [NOx] for semicircular sensing ele-
ments using ZnO and NiO with Pt at 700◦C (also 7 vol.% O2). The lines
drawn are logarithmic fits.

As seen inFig. 3b, the sensing response to NO was much
weaker (and opposite in sign) than that to NO2, and this is
in agreement with observations by other workers on non-
Nernstian solid-electrolyte NOx sensing elements[3]. Thus,
employment of these sensing elements for exhausts at tem-
peratures near 600◦C (a temperature at which much of the
NOx is predicted to be NO) would require either a mechanism
for conversion of the NOx to NO2 as described by Kunimoto
et al.[13] or equilibration of the NOx-containing mixture at
a temperature below that of the sensing element as described
by Szabo and Dutta[14]. The approach adopted here was to
employ DC electrical biasing to enhance the NO response,
as detailed in the immediately following section.

3.3. Effect of electrical biasing on the NOx response

Fig. 4a shows the measured voltage (with a LSC/Pt sensing
element, semicircular geometry, 600◦C, 7 vol.% O2) dur-
ing 450 ppmV pulses of NOx at different current biases, and
Fig. 4b shows the derived changes in voltage (�V, computed
as indicated inFig. 4a) due to 450 ppmV NO2 for this sensing
element over the bias range−40 to 40�A. At negative biases
(negative bias corresponding to the oxide electrode inFig. 1a
being biased negatively with respect to the Pt electrode), the

Fig. 4. Measured voltages during pulses of 450 ppmV NOx at different bias
current levels (a) and the computed changes in voltage due to 450 ppmV

NOx as a function of current bias (b). The method of estimating the voltage
changes due to the NOx (�VNO2 and�VNO) plotted in (b) are shown in (a).

introduction of 450 ppmV NO2 causes a large positive change
(�VNO2) in Vmeas, whereas 450 ppmV NO causes a smaller
positive change (�VNO). With no or small positive current
bias,�VNO2 is positive and�VNO is negative. As the current
bias is increased further,�VNO2 is eventually driven to zero
(at ∼16�A) and at higher positive biases both�VNO2 and
�VNO are negative.

The behavior observed inFig. 4can bepartially rational-
ized by considering that first, the current source will vary the
output voltage to keep the dc current constant, and second,
that the current carrying species in the Pt wire are electrons
and in the YSZ substrate the current carrying species are oxy-
gen ions.Fig. 5 shows schematically the direction of travel
for each of these species under conditions of both negative
and forward bias. With negative bias, in order for current to
flow, one or more of the following oxidation reactions must
take place at the Pt electrode:

NO + O2− → NO2 + 2e− (1)

or

O2− → 1
2O2 + 2e− (2)
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Fig. 5. Schematic of current flow in a biased sensing element. O2− represents
an oxygen ion in the YSZ substrate.

Similarly, for current to flow with negative bias one or more
of the following reduction reactions must take place at the
oxide electrode:

NO + 2e− → 1
2N2 + O2− (3)

or

NO2 + 2e− → NO + O2− (4)

or

1
2O2 + 2e− → O2− (5)

In Eqs.(1)–(5) all molecular species are gaseous and O2−
represents an oxygen ion in the YSZ solid electrolyte.

Referring toFig. 4b, the introduction of 450 ppm NO or
NO2 causes a decrease in|Vmeas| at negative bias, indicating
that the apparent element resistance has decreased (as les
voltage is required to maintain the current). With negative
bias, NO can be oxidized (via Eq.(1)) at the Pt electrode and
NO2 can be reduced (via Eq.(4)) at the oxide electrode. This
will effectively lower the resistance of the sensing element
and thus lead to a decrease in the magnitude of the voltage
(|Vmeas|) required to maintain a given current. Similar con-
siderations regarding oxidation of NO at the oxide electrode
may account for the consistent decrease inVmeaswith NO
that is seen at positive biases inFig. 4, and the decrease seen

with NO2 at sufficiently large current biases (>16�A) may
be due to reduction of this species at the Pt electrode.

The behavior observed with NO2 at smaller negative and
positive biases inFig. 4 is more difficult to explain. First
considering the small negative bias regime,Fig. 4a indicates
that in the presence of 450 ppmV NO2 an applied voltage of
∼+50 mV is required to maintain a current of−8�A. This
could be interpreted as the current source having to “work
against” the voltage generated by the presence of NO2. (As
shown inFig. 3a, with no bias current, NO2 induces a positive
voltage on the LSC electrode relative to the Pt electrode, and
Fig. 4shows that this voltage is about 75 mV with 450 ppmV
NO2.) This interpretation is difficult to verify as it requires
one to compare the voltage measured with no current flowing
to the voltage measured with−8�A of current. The increase
in Vmeasseen with 450 ppmV NO2 at +8�A bias is similarly
difficult to explain, as is the fact that at +16�A the introduc-
tion of NO2 causes little change inVmeas.

Although the details of the mechanism are not as yet fully
understood, the data inFig. 4 indicate that at approximately
16�A bias the sensing element does not respond strongly
to 450 ppmV NO2 but responds strongly to 450 ppmV NO.
Thus, it is “NO-selective”, and asFig. 6shows this “selectiv-
ity” was preserved (at 14�A bias) over a wide concentration
range, from 1500 ppmV NOx down to concentrations on the
order of 50 ppm (it can be seen inFig. 6 that at low [NO]
( u-
r ents
o here
i f
u O
m O is
d

3

r
7 m all
t t).

F sense in
7

ig. 6. Measured voltage during [NOx] variations at 600◦C for a LSC/Pt
vol.% O2.
s

V x

<∼50 ppmV) the response to NO2 is becoming commens
ate with that to NO). Therefore, DC-biased sensing elem
f the type described here could be useful in situations w

t is desired to measure [NO] in NOx-containing mixtures o
nknown [NO]/[NO2], or in sensor designs where the Nx
ixture is equilibrated at a high temperature such that N
ominant.

.4. Effect of electrode materials and geometry

Testing of the type illustrated inFig. 4 (at either 600 o
00◦C) was conducted with sensing elements made fro

he oxides inTable 1(semicircular geometry, paired with P

element (semicircular geometry) with +14�A current bias. Data collected
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Of these materials, only LBC displayed behavior quantita-
tively similar to that shown inFig. 4, and the response of this
material (on a percentage basis relative to the background)
was only about half of that displayed by LSC. For the other
oxides the behavior varied considerably from that shown in
Fig. 4b. ZnO and NiO produced a very large response to NO2
at negative bias (particularly NiO), but this response could not
be driven to zero at positive bias as was the case for LSC and
LBC, and the response to NO generally was weak. The ele-
ment prepared with LSF displayed very interesting behavior,
featuring a large positive response to NO2 and a large neg-
ative response to NO at positive bias. Since the focus of the
investigation was optimizing the NO response of the sensing
elements, further study was confined to the materials combi-
nation that produced the best NO response (LSC and Pt).

To study the effects of electrode geometry, elements with
the two “variant” geometries shown inFig. 1a (interdigitated
(ID) and asymmetric (AS)) were constructed using LSC and
Pt. Similar testing as shown inFig. 4was carried out to iden-
tify the bias level for “NO-selectivity” at 600◦C, 7 vol.%
O2, and 450 ppmV NOx (this differed for the two sensing ele-
ments). The bias was then fixed at this level and the input [NO]
varied systematically as was done during the generation of
the data shown inFig. 6b. The changes in voltage due to NO
(plotted as the percent change from the voltage with 0 ppmV
NO) are shown inFig. 7. It can be seen there that the geometry
c onal
f r-
h tric”
g sens-
i ed by
a

3

per-
f e
L t

Fig. 7. Changes in voltage due to NO for LSC/Pt sense elements with each of
the geometries shown inFig. 1a. The bias current during the measurements
is given in the legend. Data collected at 600◦C and in 7 vol.% O2.

bias for “NO-selectivity” was determined to be 1.5 and 60�A
at 500 and 700◦C, respectively.Fig. 8a shows how the mea-
sured voltage varied with input [NO] with the “NO-selective”
bias at each of these temperatures, along with the data that was
presented earlier inFig. 6a. Increasing the temperature dras-
tically reduces the response to NO, which is unfortunate for
the intended application but is consistent with the supposition
made earlier that the sensing response to NO involves oxi-
dation of this species to NO2. This oxidation should become
more difficult as the temperature increases above 500◦C.

Fig. 8b shows that as [NO] decreases, the�Vversus [NO]
characteristic displays a linear regime, the extent of which
decreases with decreasingT. This behavior, combined with
the observation earlier that at low NOx the response to NO2
was commensurate with that to NO (when 450 ppmV NOx

was used to estimate the bias for “NO-selectivity”), could
have ramifications for the use of these types of sensing ele-

F d 700◦C for “NO-
s O] ≤ 19
hanges did not appear to dramatically affect the functi
orm of the�V versus NOx characteristic, but there is pe
aps some diminution of response with the “asymme
eometry. The tentative conclusion drawn was that the

ng element response magnitude was not strongly affect
dopting the variant geometries depicted inFig. 1a.

.5. Effects of temperature

In order to study the effect of temperature on sensing
ormance testing as illustrated inFig. 4was carried out on th
SC/Pt semicircular element at 500 and 700◦C. The curren

ig. 8. (a) Measured voltages during [NO] variations at 500, 600, an
elective”. (b) The computed changes inVmeasdue to NO for 20 ppmV ≤ [N
a LSC/Pt sense element (semicircular geometry) current-biased to
0 ppmV at these same temperatures. Data collected in 7 vol.% O2.
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Fig. 9. Recovery from exposure to 450 ppm NO for sensing elements with
the geometries shown inFig. 1a. Data collected in 7 vol.% O2.

ments at low NOx levels. Finally, it can be seen fromFig. 8a
that the recovery from 450 ppmV NO exposure is much more
sluggish at 500◦C than at 700◦C. In order to investigate
whether the sample geometry had any effect on this behav-
ior, the recovery from 450 ppmV NO was examined at various
temperatures for each of the element geometries inFig. 1a.
As shown inFig. 9, there did not appear to be any systematic
effect of electrode geometry on the recovery behavior. This
combined with the observations presented earlier led to the
conclusion that the simple geometry variations inFig. 1a had
minimal impact on the response characteristics of the sensing
elements prepared for the present investigation.

4. Conclusions

Use of DC current biasing enabled “NO-selective” sens-
ing behavior at∼600◦C for YSZ-based sensing elements
with co-planar oxide and Pt electrodes if the oxide was an
alkaline-earth modified lanthanum chromite. Proper selec-
tion of the current bias led to selective enhancement of the
NO response (relative to the NO2 response) over a wide range
of [NOx], from ∼50 ppmV to 1500 ppmV. The effect was
not observed in another alkaline-earth modified lanthanum
perovskite (La0.8Sr0.2FeO3−δ) nor in the binary oxides NiO
and ZnO. Operating temperature had a strong effect on the
N ding
t overy
t t DC
c odi-
fi ul for
N
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