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Fabrication and characterization of electrically biased, Ménsing 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 nitricN\@ideith voltage changes on the order of

10% observed as the sensing response to 450 ppmv NO at 600°C and 7 wl\idlt@ge and current biasing techniques were
employed with a sensing element using NGy 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 @ concentrations between 7 and 20 vol %[&] concentration levels from 0 to 1500 ppmv. These

sensing elements and techniques may be useful in sensors for medsl®hgt temperatures near 600°C.
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Environmental stewardship is driving efforts to control emissions NO,-containing gas while in the plate design both electrodes were
from mobile power sources such as automobile and truck enginesexposed to the N The dc currentl) between the electrodes was
The primary pollutants of concer(setting aside the greenhouse gas shown to be a measure of thiO,] for both designs, and selectivity
CO,) are hydrocarbons, CO, NPand SQ. SO, can be ameliorated  for NO was demonstrated for the tubular design at 500°C. No data
by using low-sulfur fuel and hydrocarbons and CO can be remedi-yas reported at other temperatures.
ated by oxidation on a catalyst. NOhowever, has so far proved  Ho et al!? applied dc voltages to a sensing element consisting of
resistant to decomposition in excess oxygen, which is a barrier tqNd,Cu0Q, and Pt electrodes on opposite sides of a YSZ disk. As was
emissions control of the £rich exhausts from diesel and lean-burn  the case in the work of Miurat al. at 500°C, the presence of NO
gasoline engines. produced an increase Inat 400°C. dc voltage biasing of elements

If a lean NQ, catalyst is not developed, technologies such assimilar to those described by Hai al.was also explored by Grilkt
NO, traps or selective catalytic reducti8CR will be required for alt® except LaFe@ was used as the oxide electrode. Again, the
NO, remediation. Both of these approaches will require on-boardpresence of N@increased the magnitude bf(at 450°Q. Finally,

NO, sensors, either to control regeneration of the,N@p or re- Coillard et al** applied a dc voltage to a MgéD,-coated sensing
agent injection in SCR. A suitable sensor would be operative atelement consisting of interdigitated Pt electrodes on YSZ. In atmo-
temperatures around 600-700°C, able to measurgif@e range  spheres with low O,] (800-1800 ppry NO produced an increase
10 ppmv= [NO,] =< 1000 ppmv, and would be relatively insensi- in | between the electrodes at 700°C, but larger amounts of oxygen
tive to varying[O,].1 It is important to recognize that the two (>1 vol %) led to no change being observedlimlue to the pres-
dominant NQ species above room temperature are the mono- andence of NO.

dioxide, NO and NQ. NO, is favored thermodynamically at room The present investigation explores the use of both voltage and
temperature, but NO is the dominant equilibrium species abovecurrent biasing techniques with YSZ-based sensing elements. In par-
about 500°C ticular, we were concerned with the effect of biasing sign and mag-

Currently, two different compact and robust N€ensors for mo-  nitude on the NO and N©responses, the use of both fixed-voltage
bile power aéjflications have been described in the literature: arand current biasing, and the effetof the oxygen contents typi-
amperometri S sensor produced by NGK and a cally encountered in diesel engine exhaust$-20%°19. Several
mixed-potential® sensor produced by RikénBoth sensors are different oxides were employed in sensing elements of nominally
based on yttria-stabilized zirconf&SZz) and consist of several cavi- identical geometry in order to search for commonalities that might
ties. In the NGK design, the {n the exhaust gas is removed in the guide rational sensing element design. The investigation was con-
first cavity (thus driving the NO/N@ equilibrium toward NQ, and fined to temperatures=500°C, as this is at the low end of the
the NO removed electrochemically in a subsequent cavity. The curdesired operating temperatures for the mobile power applications
rent measured during the electrochemical removal is linearly relatectited previously, and we focused on sensing elements with coplanar
to the[NO,] of the exhaust. The Riken design is also multicavity electrodes.
and one of the cavities contains an Néonversion electrode, which
converts the NQin the exhaust to N@before impingement on the
mixed-potential sensing electrode. The conversion is required be-
cause NQ@ and NO typically induce voltages of opposite signs with  Figure 1a shows schematically the sensing element geometry se-
mixed-potential sensing elemerfan both cases the voltage is pro- lected for the present investigation. The design was influenced in
portional to IfNO,]. part by the work of Miuraet alThe YSZ(TZ-8Y, Tosoh substrate

In this work we are investigating the use of dc electrical biasing was produced by tape casting, laminating, and sintering at 1400°C
in NO, sensing elements. This was studied by Mietaal who for 2 h in air. These procedures yielded a sintered ceramic with
applied fixed dc voltageéin the range 0.1-0.5 Vto both tubular  p/py, = 98%. A Pt (Electroscience layer, which comprised fully
and plate-shaped YSZ sensing elements consisting of one Pt eleene electrode and the bottom layer of the other, was then screen-
trode and one Cd@D,-coated Pt electrode. In the tubular design printed on one side of the YSZ disk, air-dried, and fired at 1100°C
only the CdCsO4-coated electrode was exposed to the for 20 min in air. Finally, an oxide layer was screen-printed over a

portion of one of the Pt electrodes, air-dried, and fired at 900°C for

15 min in air. Several different oxides were employed in the proto-
* Electrochemical Society Active Member. type sensing elements and these are listed in Table I, along with the
2 E-mail: westdi@ornl.gov identifications that are used throughout this document. The oxides in
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Figure 1. Schematic ofa) sample geometry an() test fixture. The type-K
thermocouple shown itb) was used strictly for monitoring, not temperature

control of the furnace.
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Table | were all obtained commercially, except the NiBgwhich
was synthesized in-house by combustion synt

NO, sensing performance of the prototype elements was eval
ated using the apparatus shown schematically in Fig. 1b. The sen
ing element was placed, centrally located, in a resistively heate

Sis.

Table I. Oxides employed as electrode materials and sensing

element identifications.

Oxide Source Element ID
NiCr,0, Cerac NiCr,0,
NiFe, O, Synthesized in house NiFe, O,
Bag ogC Uy 9Lr,05 Aldrich BCCr
Cuwo, Cerac Cuwo,
Lay {Cay ,CrO; Praxair LCC

ui\joz from NO and Q in the room temperature lines leading

furnace.(The furnace temperature was controlled by a type K ther-
mocouple placed next to the heating elements, not the thermocouple
shown in Fig. 1h. A commercial four-inlet gas mixefEnvironics
4000, not showhwas used to mix Bl O,, and either NO or N©
(5000 ppm in N) at room temperature. These gas mixtures were
then presented to the electroded side of the sensing element, and a
chemiluminescent NOmeter(TEI 42C, also not shownwas used

to measure the NQconcentrationgat room temperatujen the gas
mixtures after exiting the furnace. A dc bias, either current or volt-
age, was maintained across the element electrodes using either a
Keithley 2400(current biag or 6517 (voltage bias In the case of
current biasing, the dc voltage between the electrodes was moni-
tored while in the case of voltage biasing the dc current between the
electrodes was monitored.

Five types of experiments were carried out, with the first being
preliminary in nature. This first experiment consisted of measuring
the exit NQ, concentrations as the total flow through the apparatus
was varied from 0.25to 1.75 L/min at a furnace temperature of
600°C. This was done in order to characterize how the, N@n-
centrations in the test gas might be changing upon mixing at room
temperature, flowing through the elevated temperature furnace, and
then subsequently cooling back to room temperature upon exiting
the furnace. No bias was applied to the sensing element during this
test.

The second and third types of tests were designed to study the
effect of biasing sign and magnitude on the Nf@sponses. Bias
sweeps were conductéih which the current applied to the sensing
element was stepped at discrete lev@dsy, -0.2,-0.1,0.0,+0.1,
+0.2 mA) under atmospheres of 0 ppmv N@nd 450 ppmv NO or
NO, (7 vol % O, in all caseg The voltage readings were then
compared at each bias level to deduce a measure of the voltage
change caused by NO and NOn the second type of bias sweep,
the current was again stepped but the timing was synchronized with
the gas mixing unit, and 450 ppmv pulses of NO or N@ min in
duration were applied during the 5 min spent at each bias level.
These two types of tests consistently revealed the same general con-
clusion for the effect of bias sign and magnitude on the,N&
sponses.

The final investigations described herein were conducted at fixed
bias levels. FirstfNO,] and[O,] were systematically varied at a
constant dc bias, temperature, and flow rate. Finally, the effect of
flow rate on the sensing response was investigated by varying the
flow rate at constanT, [O,], and input[NO] as described previ-
ously, but with a fixed current bias applied to the sensing element.

Results and Discussion

Effect of flow rate on exit NO concentrations—Figure 2
shows how the measured N@oncentrationgat the exit of the
furnace varied with flow. Strongly flow-dependent decomposition
of NO, (to NO) was observed, whereas for the case of input
NO, the NQ measured in the exit stream was typicaty90%
NO if the flow was greater than 0.5 L/min. The interpretation
adopted was that decomposition of M@ NO in the furnace
(T=600°Q was a more serious difficulty than formation of

o and from the furnace. Given the data in Fig. 2 and the desired
O, concentrations in the test g&s-10 to ~1000 ppm relative

to the capabilities of the available mass flow controllers, 0.75 L/min

was selected as the flow rate for the following three portions

of the investigation.

Effect of current bias on the NOesponse—The typical effect
of current-biasing sign and magnitude on the N@&sponses of the
sensing elements is shown in Fig. 3 for data collected at 500°C from
a sensing element made with Ba-modified,CyOs (BCCr) as the
oxide. When the multilayered electrode in Fig. 1a was biased nega-
tively with respect to the bare Pt electroge25 wA), the introduc-
tion of 450 ppmv NQ or NO (in 7 vol % O,) caused a decrease in
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Figure 2. Dependence of measured exXitO,] on flow rate. The data shown
were collected at a furnace temperature of 600°C with either 450 ppmv NO
or NO, as the input NQin 7 vol % O,. -01

the magnitude of the measured dc voltage, indicating a decrease i
resistance. At small positive biasés 10, +15uwA"), the introduc- -0.2 T T N S
tion of 450 ppmv NO causes a decrease in the measured voltage, b -2 0 2 4
the introduction of the same concentration of N€auses an in-
crease. As the bias is increased, the introduction of, N@uses t (min.)
smaller increases in the measured voltage and eventually leads to a
decrease, but of a smaller magnitude than that caused byttNO  Figure 3. Measured NO and NQresponse trace§00°C, 7 vol % Q) at
data labeled 25.A in Fig. 3). Because the NOresponse is first an  different current biases. Data collected from the BCCr sensing element of
increase inV at small positive biases and then a decrease at largefable I.
biases, there must be a bias at which the response is zero. For the
BCCr sensing element in Fig. 3, this bias is about +2Q

Figure 4 shows that the general behavior illustrated by the BCCr _ _
sensing element in Fig. 3 was exhibited by all the sensing elements NO, + 26 — NO + O (2]
listed in Table I. Consistently the changes in voltdd®/) induced and
by 450 ppmv NQ were large and positive at negative biases, and 1 _ o
increasing positive bias driveVssq ppmy ng to zero and eventually 30.+2¢ — O (3]
negative. When NO is the input NGpecies, 450 ppmv NO causes while the possible oxidation reactions are
a decrease ifVmead (smaller than that observed for 450 ppmv NO

at negative biases, and a decreas¥ jp,sat positive biases. NO + 0" — NO, + 2¢ [4]
It is noteworthy that some of the voltage changes in Fig. 4 areand
quite large on a percentage basis relative to thg Bléhcentrations o _, %02 + 26 5]

apparently causing them. For example, the N@rsensing ele-

ment, at 600°C and +0.1 mA bias, showed a 26 mV voltage changavhere all molecular species are gaseous afidr€presents an oxy-

when exposed to 450 ppmv N@ig. 49. This a 13% change rela- gen ion in the YSZ solid electrolyte.

tive to the background voltage measured in the absence gf NO The directions of motion for the various current-carrying species

(~200 mV, Fig. 4d. Therefore a component present in the atmo- (electrons and oxygen iongare shown schematically under condi-

sphere at a volume percentage of 0.045 is causing an approximat#ns of positive and negative bias in Fig. 5. With negative biases,

300-fold larger(in terms of percentagechange in the measured both NG, and NO cause a drop in the magnitudeVpfindicating a

voltage. decrease in resistance, as less voltage is required to maintain the

An attempt can be made to analyze the behavior observed ircurrent. This would seem to indicate facile oxidation of X&g. 4

Figs. 3 and 4 by considering the possible electrochemical reactionsn the bare Pt electrod@s oxidation must occur on this electrode

involving NO,, O,, and the current carrying species in the(€lec- for current to flow and reduction of N@ (Eqg. 2 on the partially

trons and the YSZ electrolytéoxygen iong. The possible NQand oxide-covered Pt electrode.

O, reduction reactions with these species are With positive biases, the analysis is less straightforward. The

. - decrease in voltage typically observed with NO can again be attrib-

NO +2€e — 5N+ O (1] uted to oxidation of NOEQq. 4, this time on the oxide-covered Pt
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Figure 4. Changes in measured voltagAV) induced by 450 ppmv NQ
(7 vol % O,, balance M) at (a) 500 and(c) 600°C. Lines in(a) and(c) are
drawn as an aid to the eyé and d Show measured-I curves in 7 vol %
0,, balance M at 500 and 600°C, respectively. The lines drawrithand
(d) are linear fits.
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Figure 5. Schematic of currenfielectron(e”) and oxygen ion(0O%7)] flow
with positive and negative biaseS.represents a dc power supply.

electrode. The increase in voltageorresponding to an increase in
resistancgobserved at smaller positive biases with Nd&fies such

a simple explanation. In the absence of N@r current to flow
oxygen must be oxidize@o O, gas, Eq. % at the partially oxide-
covered electrode and reducggl). 3 at the bare Pt electrode. It is
possible that N@absorbs competitively with Oat the Pt electrode
and cannot undergo reduction. Another possibility, suggested by
Miura et al,' is that NG, can still be reduced at the “anodéhe
oxide-covered electrogl@t small positive biases, and this interferes
with the oxidation of oxygen ions. Perhaps the explanation offered
by Miura et al. is more plausible, because as shown in Fig. 3 and 4
for sufficiently large positive biases, NOo longer causes an in-
crease in the measured voltage, rather a small decrease.

The data in Fig. 4 show that for the Nigty, sample the voltage
changes induced by 450 ppmv N@re smaller at 600 than 500°C
(particularly on a percentage basik general, it was always found
for the sensing elements in Table | that increasing temperature led to
smaller responses, and the Njbg and BCCr elements in Fig. 4a
and b showed virtually no NO response at 600°C. Although this
decreasing response with temperature is unfortunate from the stand-
point of the desired application, it does lend credence to the expla-
nation offered for the NO response, as the ability to oxidize NO to
NO, should be increasingly difficult as the temperature increases
above 500°C.

Figure 6a and b shows the response of the LCC sensing element
(biased with +0.2 mAas the input NO and then NQvere varied at
constant{ O,] (7 vol %). The asymmetry in the NO and NQe-
sponse that was observed at 450 ppmv in Fig. 4c holds over the
concentration range 300 ppmv [NO,] < 1500 ppmv. Similar be-
havior for the CuWQ sensing element is shown over an even wider
concentration range in Fig. 6¢c. Data such as that shown in Fig. 6
suggest that it may be possible to design NO-selective sensing ele-
ments, but we consider that just the strong NO response of these
sensing elements is noteworthy. As mentioned earlier, g $&@sor
that is near commercializati?)lemploys a NQ conversion electrode
to take advantage of the much stronger Ni@sponse of mixed-
potential sensing elemerftBecause NO is the dominant equilib-
rium NO, species at temperatures above 500°C, sensor design could
be simplified if sensing elements with a strong response to NO were
employed. Therefore, here we report further only on characterization
performed with NO as the input NCand focus on the oxide in
Table | that gave the strongest NO response: MGr

Current vs. voltage biasing-All the data reported above were
obtained with current-biased sensing elements. In order to ascertain
whether the method of biasirgurrent or voltaggaffected sensing
element response, a N, sensing element was biased at
+0.10 mA and subjected to systematic variationdN©O] at two
fixed O, concentrationg7 and 13 vol %. The same element was
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Figure 6. Comparison of NO and NOresponses at 600°@ vol % O,) for
current-biased sensing elements.and B Show the response traces with
input (a) NO and(b) NO, of a LCC sensing element biased with a dc current
of +0.2 mA. The computed changes in volta@e/, from V,e,swith 0 ppmv
NO,) for a CuWQ sensing element with +0.18 mA bias are showr{dn
The data in(a and (b) were background subtracted to eliminate drift be-
tween thelNO] and[NO,] variations, and the lines drawn i) are poly-
nomial fits.

then voltage biased with the approximate voltage measured a

7 vol % O, and 0 ppmv NO under current biasirig0.19 V) and
subjected to identicdINO] variations. The measured changesvin
(current biasingand| (voltage biasingdue to NO were then con-
verted to changes in resistance using

AR( biag = (V' = Vo)/(Vy), ARV biag = (Io/l") =1 [6]

where Vo and |, were the measured voltage and current at and
0 ppmv NO, and/’ andl’” were the measured voltage and current at
any other{NQO].

The computed changes in resistance using Eq. 6 are shown ii
Fig. 7. It can be seen there that current and voltage biasing yielc
similar results for the sensing response. Therefore, it would appea
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Figure 7. Measured changes in resistance as a functiofN#| for a
NiCr,0O, sensing element with both voltage and current biasing. The lines

drawn are polynomial fits.

Effect of varying O,].—The data in Fig. 7 suggest tHad,| has
little effect on the NiCyO, sensing element response over a wide
NO concentration range. This is further borne out by the data in Fig.
8, which shows measured curregth +0.2 V bias at 600°Cas a
function of[O,] (1-29 vol % at fixed input{NO] levels of 0, 450,
and 1500 ppmv. In general, varyin®,] from 7 to 20 vol % had
little effect on the measured current, irrespectiveg[ O], but de-
creasing[ O,] below 7% did decrease the measured currents with
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2 [ e o
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that biased sensing elements of the geometry shown in Fig. 1a are

resistive elements, and perhaps it would be misleading to refer tqrigure 8. Measured currents with 0, 450, and 1500 ppmv input NO as a
them as potentiometric elements if current biased, or amperometrigunction of [O,] for a voltage-biased+0.2 V) NiCr,0, sensing element

elements if voltage biased.

operating at 600°C. Lines are drawn as an aid to the eye.
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gas. Converting the measured currents during the cooling to resis-
tances(R) and fitting against the inverse temperature recorded by
the thermocoupl€Tsampid in Fig. 1b yielded

R(Q) = (9.69 X 10%)exd (1.29 X 10%)/Tsampid [7]

with Tsampiein Kelvin. Figure 9 indicates that the resistan@eéth

0 ppmv NO varied from about 3.0 at the highest flow rate em-
ployed (1.75 L/min to about 2.4 K} at the lowest flow rate
(0.25 L/min. Writing Eq. 7 with each of these resistance values and
solving for the temperature differen¢AT) indicates that these re-
sistance changes correspond to a temperature charge 13 K.
Because this is close to the temperature difference that was recorded
by the thermocouple in Fig. 1b, we attributed the changeg,jgss

with flow rate observed in Fig. 9 to variations in element tempera-
ture. Temperature variations may also account for the slight increase
in NO response with increasing flow rate seen in Fig. 9, because as

noted earlier the NO response of these sensing elements was a de-
creasing function of temperature.

Conclusions

DC electrical biasing can greatly enhance the NO response of
YSZ-based sensing elements with the geometry shown in Fig. 1a,
and this has potential for applications in NO sensing of engine ex-
hausts. Large responsés 10% changes in element response with
450 ppmv NO at 600°Ccan be achieved using either voltage or
current biasing, affording flexibility in sensor design. The element
response is little affected by variations [i©,] between 7 and
20 vol %, which should be advantageous for applications in which
dhe ambienfO,] is varying with time between these limits, as might
be the case with diesel engine exhausts.
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