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Electrically Biased NOx Sensing Elements with Coplanar
Electrodes
David L. West,* ,z Fred C. Montgomery, and
Timothy R. Armstrong *

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

Fabrication and characterization of electrically biased NOx sensing elements operative at 500–600°C are described. The sensing
elements were produced by screen-printing Pt and transition metal oxide electrodes on yttria-stabilized zirconia substrates. DC
electrical biasing greatly enhanced the response of the sensing elements to nitric oxide~NO!, with voltage changes on the order of
10% observed as the sensing response to 450 ppmv NO at 600°C and 7 vol % O2. Voltage and current biasing techniques were
employed with a sensing element using NiCr2O4 as the oxide, and the computed changes in resistance due to NO were nearly
identical, suggesting that the response mechanism of the elements is a change in dc electrical resistance. The sensing response was
minimally affected by O2 concentrations between 7 and 20 vol % at@NO# concentration levels from 0 to 1500 ppmv. These
sensing elements and techniques may be useful in sensors for measuring@NO# at temperatures near 600°C.
© 2005 The Electrochemical Society.@DOI: 10.1149/1.1901003# All rights reserved.
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Environmental stewardship is driving efforts to control emiss
from mobile power sources such as automobile and truck eng
The primary pollutants of concern~setting aside the greenhouse
CO2! are hydrocarbons, CO, NOx, and SOx. SOx can be ameliorate
by using low-sulfur fuel and hydrocarbons and CO can be rem
ated by oxidation on a catalyst. NOx, however, has so far prov
resistant to decomposition in excess oxygen, which is a barr
emissions control of the O2-rich exhausts from diesel and lean-b
gasoline engines.

If a lean NOx catalyst is not developed, technologies such
NOx traps or selective catalytic reduction~SCR! will be required for
NOx remediation. Both of these approaches will require on-b
NOx sensors, either to control regeneration of the NOx trap or re-
agent injection in SCR. A suitable sensor would be operativ
temperatures around 600–700°C, able to measure NOx in the range
10 ppmvø fNOxg ø 1000 ppmv, and would be relatively insen
tive to varying fO2g.1,2 It is important to recognize that the tw
dominant NOx species above room temperature are the mono
dioxide, NO and NO2. NO2 is favored thermodynamically at roo
temperature, but NO is the dominant equilibrium species a
about 500°C.3

Currently, two different compact and robust NOx sensors for mo
bile power applications have been described in the literature
amperometric2,4,5 sensor produced by NGK6 and a
mixed-potential7,8 sensor produced by Riken.9 Both sensors ar
based on yttria-stabilized zirconia~YSZ! and consist of several cav
ties. In the NGK design, the O2 in the exhaust gas is removed in
first cavity ~thus driving the NO/NO2 equilibrium toward NO!, and
the NO removed electrochemically in a subsequent cavity. The
rent measured during the electrochemical removal is linearly re
to the fNOxg of the exhaust. The Riken design is also multica
and one of the cavities contains an NO2 conversion electrode, whic
converts the NOx in the exhaust to NO2 before impingement on th
mixed-potential sensing electrode. The conversion is require
cause NO2 and NO typically induce voltages of opposite signs w
mixed-potential sensing elements.10 In both cases the voltage is p
portional to lnfNOxg.

In this work we are investigating the use of dc electrical bia
in NOx sensing elements. This was studied by Miuraet al.11 who
applied fixed dc voltages~in the range 0.1-0.5 V! to both tubula
and plate-shaped YSZ sensing elements consisting of one P
trode and one CdCr2O4-coated Pt electrode. In the tubular des
only the CdCr2O4-coated electrode was exposed to
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NOx-containing gas while in the plate design both electrodes
exposed to the NOx. The dc currentsId between the electrodes w
shown to be a measure of thefNOxg for both designs, and selectiv
for NO was demonstrated for the tubular design at 500°C. No
was reported at other temperatures.

Ho et al.12 applied dc voltages to a sensing element consistin
Nd2CuO4 and Pt electrodes on opposite sides of a YSZ disk. As
the case in the work of Miuraet al. at 500°C, the presence of Nx
produced an increase inI at 400°C. dc voltage biasing of eleme
similar to those described by Hoet al.was also explored by Grilliet
al.,13 except LaFeO3 was used as the oxide electrode. Again,
presence of NO2 increased the magnitude ofI ~at 450°C!. Finally,
Coillard et al.14 applied a dc voltage to a MgAl2O4-coated sensin
element consisting of interdigitated Pt electrodes on YSZ. In a
spheres with lowfO2g s800-1800 ppmd, NO produced an increa
in I between the electrodes at 700°C, but larger amounts of ox
s.1 vol %d led to no change being observed inI due to the pres
ence of NO.

The present investigation explores the use of both voltage
current biasing techniques with YSZ-based sensing elements. I
ticular, we were concerned with the effect of biasing sign and m
nitude on the NO and NO2 responses, the use of both fixed-volt
and current biasing, and the effect~s! of the oxygen contents typ
cally encountered in diesel engine exhausts~,5-20%15,16!. Severa
different oxides were employed in sensing elements of nomi
identical geometry in order to search for commonalities that m
guide rational sensing element design. The investigation was
fined to temperaturesù500°C, as this is at the low end of t
desired operating temperatures for the mobile power applica
cited previously, and we focused on sensing elements with cop
electrodes.

Experimental

Figure 1a shows schematically the sensing element geome
lected for the present investigation. The design was influenc
part by the work of Miuraet al.11 The YSZ~TZ-8Y, Tosoh! substrate
was produced by tape casting, laminating, and sintering at 14
for 2 h in air. These procedures yielded a sintered ceramic
r/rth ù 98%. A Pt ~Electroscience! layer, which comprised full
one electrode and the bottom layer of the other, was then sc
printed on one side of the YSZ disk, air-dried, and fired at 110
for 20 min in air. Finally, an oxide layer was screen-printed ov
portion of one of the Pt electrodes, air-dried, and fired at 900°C
15 min in air. Several different oxides were employed in the pr
type sensing elements and these are listed in Table I, along wi
identifications that are used throughout this document. The oxid
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Table I were all obtained commercially, except the NiFe2O4 which
was synthesized in-house by combustion synthesis.17

NOx sensing performance of the prototype elements was e
ated using the apparatus shown schematically in Fig. 1b. The
ing element was placed, centrally located, in a resistively he

Figure 1. Schematic of~a! sample geometry and~b! test fixture. The type-K
thermocouple shown in~b! was used strictly for monitoring, not temperat
control of the furnace.

Table I. Oxides employed as electrode materials and sensing
element identifications.

Oxide Source Element ID

NiCr2O4 Cerac NiCr2O4

NiFe2O4 Synthesized in house NiFe2O4

Ba0.08Cu1.92Cr2O5 Aldrich BCCr
CuWO4 Cerac CuWO4

La Ca CrO Praxair LCC
0.8 0.2 3
-

furnace.~The furnace temperature was controlled by a type K
mocouple placed next to the heating elements, not the thermoc
shown in Fig. 1b.! A commercial four-inlet gas mixer~Environics
4000, not shown! was used to mix N2, O2, and either NO or NO2
~5000 ppm in N2! at room temperature. These gas mixtures w
then presented to the electroded side of the sensing element,
chemiluminescent NOx meter~TEI 42C, also not shown! was used
to measure the NOx concentrations~at room temperature! in the gas
mixtures after exiting the furnace. A dc bias, either current or
age, was maintained across the element electrodes using e
Keithley 2400~current bias! or 6517~voltage bias!. In the case o
current biasing, the dc voltage between the electrodes was
tored while in the case of voltage biasing the dc current betwee
electrodes was monitored.

Five types of experiments were carried out, with the first b
preliminary in nature. This first experiment consisted of measu
the exit NOx concentrations as the total flow through the appa
was varied from 0.25 to 1.75 L/min at a furnace temperatur
600°C. This was done in order to characterize how the NOx con-
centrations in the test gas might be changing upon mixing at
temperature, flowing through the elevated temperature furnace
then subsequently cooling back to room temperature upon e
the furnace. No bias was applied to the sensing element durin
test.

The second and third types of tests were designed to stud
effect of biasing sign and magnitude on the NOx responses. Bia
sweeps were conducted~in which the current applied to the sens
element was stepped at discrete levels~e.g., −0.2,−0.1,0.0,+0.1
+0.2 mA! under atmospheres of 0 ppmv NOx and 450 ppmv NO o
NO2 ~7 vol % O2 in all cases!. The voltage readings were th
compared at each bias level to deduce a measure of the v
change caused by NO and NO2. In the second type of bias swe
the current was again stepped but the timing was synchronized
the gas mixing unit, and 450 ppmv pulses of NO or NO2 ~2 min in
duration! were applied during the 5 min spent at each bias le
These two types of tests consistently revealed the same gener
clusion for the effect of bias sign and magnitude on the NOx re-
sponses.

The final investigations described herein were conducted at
bias levels. First,fNOxg and fO2g were systematically varied at
constant dc bias, temperature, and flow rate. Finally, the effe
flow rate on the sensing response was investigated by varyin
flow rate at constantT, fO2g, and input@NO# as described prev
ously, but with a fixed current bias applied to the sensing elem

Results and Discussion

Effect of flow rate on exit NOx concentrations.—Figure 2
shows how the measured NOx concentrations~at the exit of the
furnace! varied with flow. Strongly flow-dependent decomposi
of NO2 ~to NO! was observed, whereas for the case of in
NO, the NOx measured in the exit stream was typically,90%
NO if the flow was greater than 0.5 L/min. The interpreta
adopted was that decomposition of NO2 to NO in the furnac
sT = 600°Cd was a more serious difficulty than formation
NO2 from NO and O2 in the room temperature lines lead
to and from the furnace. Given the data in Fig. 2 and the de
NOx concentrations in the test gass,10 to ,1000 ppmd relative
to the capabilities of the available mass flow controllers, 0.75 L
was selected as the flow rate for the following three port
of the investigation.

Effect of current bias on the NOx response.—The typical effec
of current-biasing sign and magnitude on the NOx responses of th
sensing elements is shown in Fig. 3 for data collected at 500°C
a sensing element made with Ba-modified Cu2Cr2O5 ~BCCr! as the
oxide. When the multilayered electrode in Fig. 1a was biased
tively with respect to the bare Pt electrodes−25 mAd, the introduc
tion of 450 ppmv NO or NO ~in 7 vol % O ! caused a decrease
2 2
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the magnitude of the measured dc voltage, indicating a decre
resistance. At small positive biases~“+10, +15 mA” !, the introduc
tion of 450 ppmv NO causes a decrease in the measured voltag
the introduction of the same concentration of NO2 causes an in
crease. As the bias is increased, the introduction of NO2 cause
smaller increases in the measured voltage and eventually lead
decrease, but of a smaller magnitude than that caused by NO~the
data labeled 25mA in Fig. 3!. Because the NO2 response is first a
increase inV at small positive biases and then a decrease at l
biases, there must be a bias at which the response is zero. F
BCCr sensing element in Fig. 3, this bias is about +20mA.

Figure 4 shows that the general behavior illustrated by the B
sensing element in Fig. 3 was exhibited by all the sensing elem
listed in Table I. Consistently the changes in voltagesDVd induced
by 450 ppmv NO2 were large and positive at negative biases,
increasing positive bias drivesDV450 ppmv NO2

to zero and eventual
negative. When NO is the input NOx species, 450 ppmv NO caus
a decrease inuVmeasu ~smaller than that observed for 450 ppmv N2!
at negative biases, and a decrease inVmeasat positive biases.

It is noteworthy that some of the voltage changes in Fig. 4
quite large on a percentage basis relative to the NOx concentration
apparently causing them. For example, the NiCr2O4 sensing ele
ment, at 600°C and +0.1 mA bias, showed a 26 mV voltage ch
when exposed to 450 ppmv NO~Fig. 4c!. This a 13% change rel
tive to the background voltage measured in the absence ofx
~,200 mV, Fig. 4d!. Therefore a component present in the at
sphere at a volume percentage of 0.045 is causing an approx
300-fold larger~in terms of percentage! change in the measur
voltage.

An attempt can be made to analyze the behavior observ
Figs. 3 and 4 by considering the possible electrochemical reac
involving NOx, O2, and the current carrying species in the Pt~elec-
trons! and the YSZ electrolyte~oxygen ions!. The possible NOx and
O2 reduction reactions with these species are

NO + 2e− → 1
2N2 + O2− f1g

Figure 2. Dependence of measured exitfNOxg on flow rate. The data show
were collected at a furnace temperature of 600°C with either 450 ppm
or NO2 as the input NOx in 7 vol % O2.
n

t

a

r
e

e

NO2 + 2e− → NO + O2− f2g
and

1
2O2 + 2e− → O2− f3g

while the possible oxidation reactions are

NO + O2− → NO2 + 2e− f4g
and

O2− → 1
2O2 + 2e− f5g

where all molecular species are gaseous and O2− represents an ox
gen ion in the YSZ solid electrolyte.

The directions of motion for the various current-carrying spe
~electrons and oxygen ions! are shown schematically under con
tions of positive and negative bias in Fig. 5. With negative bia
both NO2 and NO cause a drop in the magnitude ofV, indicating a
decrease in resistance, as less voltage is required to mainta
current. This would seem to indicate facile oxidation of NO~Eq. 4!
on the bare Pt electrode~as oxidation must occur on this electro
for current to flow! and reduction of NO2 ~Eq. 2! on the partially
oxide-covered Pt electrode.

With positive biases, the analysis is less straightforward.
decrease in voltage typically observed with NO can again be a
uted to oxidation of NO~Eq. 4!, this time on the oxide-covered

Figure 3. Measured NO and NO2 response traces~500°C, 7 vol % O2! at
different current biases. Data collected from the BCCr sensing elem
Table I.
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electrode. The increase in voltage~corresponding to an increase
resistance! observed at smaller positive biases with NO2 defies suc
a simple explanation. In the absence of NO2, for current to flow
oxygen must be oxidized~to O2 gas, Eq. 5! at the partially oxide
covered electrode and reduced~Eq. 3! at the bare Pt electrode. It
possible that NO2 absorbs competitively with O2 at the Pt electrod
and cannot undergo reduction. Another possibility, suggeste
Miura et al.,11 is that NO2 can still be reduced at the “anode”~the
oxide-covered electrode! at small positive biases, and this interfe
with the oxidation of oxygen ions. Perhaps the explanation off
by Miura et al. is more plausible, because as shown in Fig. 3 a
for sufficiently large positive biases, NO2 no longer causes an i
crease in the measured voltage, rather a small decrease.

The data in Fig. 4 show that for the NiCr2O4 sample the voltag
changes induced by 450 ppmv NOx are smaller at 600 than 500
~particularly on a percentage basis!. In general, it was always foun
for the sensing elements in Table I that increasing temperature
smaller responses, and the NiFe2O4 and BCCr elements in Fig. 4
and b showed virtually no NO response at 600°C. Although
decreasing response with temperature is unfortunate from the
point of the desired application, it does lend credence to the e
nation offered for the NO response, as the ability to oxidize N
NO2 should be increasingly difficult as the temperature incre
above 500°C.

Figure 6a and b shows the response of the LCC sensing el
~biased with +0.2 mA! as the input NO and then NO2 were varied a
constantfO2g s7 vol %d. The asymmetry in the NO and NO2 re-
sponse that was observed at 450 ppmv in Fig. 4c holds ove
concentration range 300 ppmvø fNOxg ø 1500 ppmv. Similar be
havior for the CuWO4 sensing element is shown over an even w
concentration range in Fig. 6c. Data such as that shown in F
suggest that it may be possible to design NO-selective sensin
ments, but we consider that just the strong NO response of
sensing elements is noteworthy. As mentioned earlier, a NOx senso
that is near commercialization9 employs a NO2 conversion electrod
to take advantage of the much stronger NO2 response of mixed
potential sensing elements.2 Because NO is the dominant equil
rium NOx species at temperatures above 500°C, sensor design
be simplified if sensing elements with a strong response to NO
employed. Therefore, here we report further only on characteriz
performed with NO as the input NOx and focus on the oxide
Table I that gave the strongest NO response: NiCr2O4.

Current vs. voltage biasing.—All the data reported above we
obtained with current-biased sensing elements. In order to asc
whether the method of biasing~current or voltage! affected sensin
element response, a NiCr2O4 sensing element was biased
+0.10 mA and subjected to systematic variations in@NO# at two
fixed O concentrations~7 and 13 vol %!. The same element w

Figure 5. Schematic of current@electronse−d and oxygen ionsO2−d# flow
with positive and negative biases.E represents a dc power supply.
Figure 4. Changes in measured voltagesDVd induced by 450 ppmv NOx
~7 vol % O2, balance N2! at ~a! 500 and~c! 600°C. Lines in~a! and ~c! are
drawn as an aid to the eye.~b and d! Show measuredV-I curves in 7 vol %
O2, balance N2 at 500 and 600°C, respectively. The lines drawn in~b! and
~d! are linear fits.
 2
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then voltage biased with the approximate voltage measure
7 vol % O2 and 0 ppmv NO under current biasings+0.19 Vd and
subjected to identical@NO# variations. The measured changes iV
~current biasing! and I ~voltage biasing! due to NO were then co
verted to changes in resistance using

DRsI biasd = sV8 − V0d/sV0d, DRsV biasd = sI0/I8d − 1 f6g

where V0 and I0 were the measured voltage and current at
0 ppmv NO, andV8 andI8 were the measured voltage and curren
any other@NO#.

The computed changes in resistance using Eq. 6 are sho
Fig. 7. It can be seen there that current and voltage biasing
similar results for the sensing response. Therefore, it would a
that biased sensing elements of the geometry shown in Fig. 1
resistive elements, and perhaps it would be misleading to re
them as potentiometric elements if current biased, or amperom
elements if voltage biased.

Figure 6. Comparison of NO and NO2 responses at 600°C~7 vol % O2! for
current-biased sensing elements.~a and b! Show the response traces w
input ~a! NO and~b! NO2 of a LCC sensing element biased with a dc cur
of +0.2 mA. The computed changes in voltage~DV, from Vmeaswith 0 ppmv
NOx! for a CuWO4 sensing element with +0.18 mA bias are shown in~c!.
The data in~a! and ~b! were background subtracted to eliminate drift
tween the@NO# and fNO2g variations, and the lines drawn in~c! are poly-
nomial fits.
t

r
e

Effect of varyingfO2g.—The data in Fig. 7 suggest thatfO2g has
little effect on the NiCr2O4 sensing element response over a w
NO concentration range. This is further borne out by the data in
8, which shows measured currents~with +0.2 V bias at 600°C! as a
function of fO2g s1-29 vol %d at fixed input@NO# levels of 0, 450
and 1500 ppmv. In general, varyingfO2g from 7 to 20 vol % had
little effect on the measured current, irrespective of@NO#, but de-
creasingfO2g below 7% did decrease the measured currents

Figure 7. Measured changes in resistance as a function of@NO# for a
NiCr2O4 sensing element with both voltage and current biasing. The
drawn are polynomial fits.

Figure 8. Measured currents with 0, 450, and 1500 ppmv input NO
function of fO2g for a voltage-biaseds+0.2 Vd NiCr2O4 sensing elemen
operating at 600°C. Lines are drawn as an aid to the eye.
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NO present. We should note that Miuraet al.11 and Ho et al.12

observed littlefO2g sensitivity for voltage-biased sensing eleme
operating at 500 and 400°C, respectively, whenfO2g was varied
between 5 and 40 vol %11 or 5-20 vol %.12

The fact that with 0 ppmv NO the current is little affected
fO2g bolsters the assertion by Miuraet al.11 that the incorporatio
~or liberation! of oxygen~Eq. 3 and 5! into ~from! the YSZ electro
lyte is the rate-limiting step for current flow in these sensing
ments. This would also be consistent with the presence of a
tively small amount of oxidizible~NO! or reduciblesNO2d species
causing a large change in the dc electrical resistance of the se
element.

Effect of flow rate on element response.—Figure 9 shows how
the measured voltage~600°C, +0.1 mA bias, 7 vol % O2, both 0
and 450 ppmv input NO! changed as a function of flow rate fo
sensing element constructed with NiCr2O4 as the oxide. The me
sured voltages with both 0 and 450 ppmv input NO were st
functions of flow rate, but the change in voltage induced by
sDV/V0 ppm NOd was only weakly dependent on flow rate. It was a
observed that the temperature recorded by the thermocouple i
1b varied by about 20°C as the flow was varied fr
0.25 to 1.75 L/min, with the lower flow rate corresponding to
higher temperature.~At a fixed flow rate of 0.75 L/min, the therm
couple in Fig. 1b consistently indicated a temperature about
lower than the set point of the furnace.!

In order to investigate further the furnace temperature
cooled from 630 to 570°C at 2°C/min with a constant +0.2 V b
a flow rate of 0.75 L/min, and 7 vol % O, 0 ppmv NO in the tes

Figure 9. Measured voltagessVmeasd with both 0 and 450 ppm NO as
function of flow rate for a NiCr2O4 sensing element with +0.1 mA curre
bias. Also shown is the computed change in voltagesDV/V0 ppm NOd due to
the presence of 450 ppmv NO. The line fit to the percent change in vo
is a linear fit.
2 x
-

g

.

gas. Converting the measured currents during the cooling to
tancessRd and fitting against the inverse temperature recorde
the thermocouplesTsampled in Fig. 1b yielded

RsVd = s9.693 10−4dexpfs1.293 104d/Tsampleg f7g

with Tsample in Kelvin. Figure 9 indicates that the resistance~with
0 ppmv NO! varied from about 3.0 kV at the highest flow rate em
ployed s1.75 L/mind to about 2.4 kV at the lowest flow rat
s0.25 L/mind. Writing Eq. 7 with each of these resistance values
solving for the temperature differencesDTd indicates that these r
sistance changes correspond to a temperature change ofca. −13 K.
Because this is close to the temperature difference that was rec
by the thermocouple in Fig. 1b, we attributed the changes inVmeas
with flow rate observed in Fig. 9 to variations in element temp
ture. Temperature variations may also account for the slight inc
in NO response with increasing flow rate seen in Fig. 9, becau
noted earlier the NO response of these sensing elements was
creasing function of temperature.

Conclusions
DC electrical biasing can greatly enhance the NO respon

YSZ-based sensing elements with the geometry shown in Fig
and this has potential for applications in NO sensing of engine
hausts. Large responses~,10% changes in element response w
450 ppmv NO at 600°C! can be achieved using either voltage
current biasing, affording flexibility in sensor design. The elem
response is little affected by variations infO2g between 7 an
20 vol %, which should be advantageous for applications in w
the ambientfO2g is varying with time between these limits, as mi
be the case with diesel engine exhausts.
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