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Abstract Sensors that detect NO, by a change in imped-
ance were fabricated with gold wire electrodes and YSZ
electrolyte. The effects of temperature, NO, species, flow
rate, and cross sensitivity to O, were quantified and
evaluated. The largest phase angle shift due to NO,
was found at the lowest temperature investigated
(600 °C). Linear relationships existed between the shift
in phase angle and NO, quantity up to 100 ppm. NO,
evoked a larger response than NO at 650 °C. A reversible
poisoning effect was observed following exposure to NO,.
The sensing impedance signal at 10 Hz was invariant to total
flow rate. Cross sensitivity to O, was noted. Although O,
evoked a much smaller response than NO,, the larger quantity
of O, of lean exhaust necessitated compensation.
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Introduction

Diesel engines operate more efficiently than gasoline
engines on account of the larger compression ratio, however,
diesels tend to emit more particulates and nitrogen oxides
(NO,) [1]. The particulates result from poor mixing
and incomplete, non-stoichiometric combustion and the
attendant slower flame velocities. The lower flame temper-
atures of diesels due to dilution in excess air result in less NO,.
than with gasoline engines, however, the three-way catalytic
converter is ineffective at reducing NO, in the presence of
excess air [2, 3]. Selective catalytic reduction [4] and NO,
adsorption are means to clean up NO, emissions [5].

The US Environmental Protection Agency has proposed
regulations requiring that a NO, sensor monitor the opera-
tion of the NO, cleanup unit of heavy duty diesel vehicles
[6]. Commercial NO, sensors for diesel exhaust analysis
consist of multiple electrochemical cells in series: the first
amperometric cell removes O, so that a subsequent one can
detect NO, concentration indirectly. This occurs by dissoci-
ating the NO, into O and N, and measuring the pumping
current resulting from oxygen [7]. Automobile manufac-
turers have expressed the concern that commercially avail-
able NO, sensors do not detect accurately enough at the
single parts per million (ppm) level to comply with pro-
posed regulations [8].

Impedancemetric gas sensors for NO, detection [9-24]
have shown promise for accurate NO, detection at the single
ppm level [12, 14, 19]. They operate on the principle that
certain gases influence the impedance of an electrochemical
cell at low frequencies (<100 Hz). Select gases participate
in electrochemical reactions in which electron transfer alters
the conductivity of the sensor. An impedance measurement
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detects this electron transfer and can be correlated to the
concentration of gaseous analyte species. A recent review
paper summarizes work on impedance-type sensors [25].

Impedance-based detection takes place by applying an
alternating voltage at a specific frequency and then record-
ing the resulting current signal. Impedance is calculated as
the ratio of small signal voltage over current. By sweeping a
range of frequencies and plotting the impedances on a
Nyquist plot, the arcs that result reveal information about
the electrochemical system and about species concentration.
The phase angle characterizes the lag or the lead between
the voltage and current signals. Exposure to reactive gases
evokes changes in the magnitude (modulus) and phase angle
of the impedance at low frequencies (f<1 kHz). Studies
have shown the modulus to be less sensitive than the phase
angle [14, 26].

The noble metals Pt and Ag are generally unsuitable
electrode materials for NO, detection because NO, does
not evoke changes in their impedance spectra at low fre-
quencies [18, 27]. No low-frequency processes associated
with a time-constant relaxation occur, making them insensitive
to NO,. Gold electrodes, however, demonstrate predictable
changes in low-frequency behavior that can be correlated to
the concentration of NO, species [16—19]. This electrochemical
system has also shown sensitivity to oxygen [28, 29].

The NO, sensors under investigation in this work consist
of solid gold wire working electrodes in contact with a
porous, fully stabilized electrolyte layer. The counter elec-
trode consists of porous Pt. These elements are stacked
vertically on a tile of pre-fired, dense alumina (Fig. 1).
Leads of porous Pt provide a conduction path to the edge
of the tile, where they connect with wires to interrogate the
cell (not shown).

This investigation has the specific objectives of exploring
the performance of impedance-based sensors with gold
electrodes. In specific, the following treatise examines how
the phase angle is affected by temperature, NO, con-
centration (<100 ppm), and flow rate. It also includes
an examination of the relative effects of O,, NO, and
NO, concentrations on phase angle.

Working electrode Alumina

(gold wire) cement
Electrolyte \4
topcoat T ®

Electrolyte ——— ¥ .z

Counter-
electrode

Alumina tile Impedance L@_
substrate Analyzer

Fig. 1 Schematic cross section of a NO, sensor with Au wire electro-
des (not to scale)
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Experimental

Sensors were constructed on 1 cm? dense alumina substrates
by painting leads of platinum ink (Engelhard 6082) in
parallel stripes 1 mm wide and 1 mm apart. The substrates
were fired at 1,200 °C for 2 h in air inside a Thermolyne
muffle furnace. A low thermal ramp rate was followed early
in the firing cycle to accommodate the burnout of organic
species. Subsequently, an electrolyte layer of zirconia fully
stabilized by yttria (8 mol% Y,0O3) was applied as a slurry
on top of one platinum stripe (counter electrode). Upon
drying, the working electrode was formed by placing gold
sensing wires measuring 10 mm in length and 0.25 mm in
diameter on top of the electrolyte. Alumina cement (Aremco
Resbond 920) anchored them to the alumina tile. The sens-
ing wires were attached to the other platinum lead using
gold/palladium conductive paste (Engelhard A3770). The
sensing wires were further coated with three coats of elec-
trolytic slurry. This layer is porous after firing. It serves to
increase the electrode-electrolyte interface and thereby
enhances detection of analyte species. The sensors were
dried in air, and then fired at 1,000 °C for 2 h. Care
was taken to ramp the temperature gradually for organic
species burn out. The sensor electrodes were attached to
lead wires of gold.

The sensors were then loaded into a quartz tube for
analysis by electrochemical impedance spectroscopy (EIS).
Several investigations were performed, including a study of
temperature dependence (600-700 °C), the effects of NO
and NO, individually (0, 25, 50, and 100 ppm), the influence
of variable flow rate (100—500 standard cubic centimeters per
minute (sccm)), and the response due to O, (4—19 %). Unless
otherwise noted, all experiments were performed at 650 °C in
500 scem of 10 % O, with balance N,. This gas composition
was selected to highlight the lean nature of diesel exhaust.
Although the amount of O, varies widely over a diesel driving
cycle, 10 % was selected as a standard in order to enable
comparison of results with different amounts and types of
NO,. Frequency sweeps between 1 MHz and 1 Hz were
performed at 25 mV excitation amplitude. The impedance
response was recorded using a Solartron Analytical SI 1260
impedance/gain-phase analyzer in combination with a
Solartron Analytical SI 1287 electrochemical interface.
ZPlot data acquisition software (Scribner Associates,
Inc.) controlled the data collection process. A two elec-
trode configuration was employed. Ten measurements
per decade were recorded. At least 3 min elapsed after
changing experimental conditions in order to ensure
steady state. Two sweeps were performed for each sen-
sor at each flow rate, gas composition, and temperature.
Overlap of the two resulting impedance spectra on a
Nyquist plot confirmed repeatable measurements under
steady-state conditions.
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A typical Nyquist plot consists of two arcs: a small high-
frequency arc and a larger low-frequency arc offset from the
ordinate (Fig. 2). The diameter of each semicircular arc
reflects the resistance of the process(es) associated with each
arc. The high-frequency arc characterizes electrolyte con-
ductivity; it is invariant to gaseous species. On the other
hand, the low-frequency arc shifts due to a mass transfer or
interfacial process that is facilitated by the presence of NO,.
Nyquist plots are explained in greater detail in the literature
in the context of gas sensing [25].

Phase angles were used to evaluate sensor performance.
To detect species, differences in phase angle were calculated
with data at 10 Hz by subtracting the phase angles obtained
with and without analyte gas. This difference was related to
species concentration.

EIS studies were performed on the NO, sensor to inves-
tigate the effects of temperature, species concentration, flow
rate, and cross sensitivity to O,. Temperature was examined
from 600 to 700 °C with 100 ppm NO. The sensing
responses to NO and NO, from 0 to 100 ppm in 10 % O,
and balance N, were investigated. Sensitivity to flow rate
was characterized with a gas mixture consisting of 10 % O,
with 100 ppm NO and balance N, from 100 to 500 sccm.
Bottles of 1,000 ppm NO, in N, were diluted with air and
N, to obtain the desired amount. In investigating cross
sensitivity to O,, sensor responses due to various concen-
trations of O, from 4 to 18.9 % in balance N, were recorded.

Results and discussion

Data obtained by recording the impedance response of each
sensor to various influences was analyzed by making
Nyquist plots and by calculating phase angles.

Effect of temperature

Temperature affects both arcs. The high-frequency arc that
represents electrolyte resistance shrinks with increasing tem-
perature. Since these arcs are linked, the phase angle at the
low sensing frequency of 10 Hz is also affected. Therefore
the temperature must be fixed or known in order to

Z A i
Zimag High Low frequency arc

frequency

“v

odUIUS 3

P>
:Ophase angle

Fig. 2 Typical Nyquist plot

consistently analyze the low-frequency arc. Gas-sensing
relies on calibration to known gas concentrations at specific
temperatures.

Sensitivity to 100 ppm NO decreased with increasing
temperature as measured both by change in modulus and
by phase angle shift at 10 Hz (Fig. 3). This finding may be
due to the slow kinetics of oxygen reactions (reduction and
incorporation in to lattice) at 7<600 °C. As a result, the
effects of the free radicals NO and NO, that readily reduce
to oxygen are more readily detected [12].

Unfortunately, the signal becomes noisy at lower temper-
atures. Sometimes the arc departs from a smooth, continu-
ous curve as the effects of heterogeneities become more
pronounced. The selection of a 650 °C temperature for most
measurements represents a balance of sensitivity and noise.

Phase angle is linearly related to temperature at 10° Hz.
(Fig. 4). As expected, NO, did not affect the phase angle at
this frequency. This proportional relationship may allow a
NO, sensor to be calibrated for simultaneous use as a
temperature sensor as long as it is microstructurally stable.
Protracted heat treatment has been reported to engender
microstructural changes in the sensor [30] that alter the
impedance spectrum. Aging effects were observed in the
sensors over the course of days. Murray et al. noticed
significant change in impedance after 11 days of testing
[15]. The drift in the phase response was attributed to
material instability. Temperature dependence and signal drift
must be addressed for a viable NO, sensor.

NO, detection

Sensors were exposed to NO and NO, at 0, 25, 50, and
100 ppm. An in-depth study of NO was made because NO is
found in much larger quantities than NO, in diesel exhaust
[1]. Additional concentrations of NO (30, 40, and 75 ppm)
were investigated. This allowed an examination in detail of
the relationship between phase angle difference and NO
concentration. The Nyquist plots for NO and NO, are shown
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Fig. 3 Changes in modulus and phase angle at 10 Hz due to 100 ppm
NO
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Fig. 4 Phase angles at 10° Hz vs. temperature

in Figs. 5 and 6, respectively. Arabic numerals indicate the log
of the interrogation frequency. For reference, each decade of
frequency is indicated for the base case (10 % O,/N,) by filled
circles.

The Nyquist plots exhibit two arcs. The semicircular
form of the high-frequency arcs (f>10 kHz) indicates a
single activation-energy controlled relaxation process [26]
such as electrolyte conductivity [23, 31]. The kinetics of
electrolytic conduction occur on a microsecond to mil-
lisecond timescale, which corresponds to the megahertz
to kilohertz frequencies of the high-frequency arc. The
arcs are depressed, which suggests an inhomogeneity in
a physical property such as conductivity. A kink in the
semicircle can be seen in the highest frequency meas-
urements. Often a startup transient occurs during the
first measurements of a series [26]. This aberration has
been ascribed to the leads [32, 33]. Consistent with
electrolyte conductivity, the high-frequency arcs are in-
variant to gaseous species. The low-frequency arcs (/<1 kHz)
are affected by NO,, in accordance with previous findings
[9-11, 15, 17-19, 22]. In specific, NO, alters the impedance
response of the sensor at low frequencies. The low-frequency
arcs shift inward for both NO and NO,. The decrease in
impedance stems from a rate-limiting transport process (e.g.,

-60,000 -
—e—0 ppm NO 650°C

-50,000 - —25 10% O, with balance N, and NO
—_ ——30 500 sccm
E -40,000 - x40
o —50
e -
o 30,000 75
£
N -20,000

-10,000 -

o @86  T43 : : :
0 25,000 50,000 75,000 100,000 125,000
ZRgeal (0hm)

Fig. 5 Change in sensor impedance response with NO content

@ Springer

0 25,000 50,000 75,000 100,000 125,000

ZReal (Ohm)

Fig. 6 Change in sensor impedance response with NO, content

adsorption, diffusion, and charge transport) [9, 10, 23, 34, 35].
These processes take place over a timescale of milliseconds to
seconds, which corresponds to the kilohertz to single hertz
frequencies of this arc.

NO, evokes a larger shift than an equivalent concentra-
tion of NO when evaluated at 650 °C. The larger signal from
NO, might be attributed to the additional electron transfer
associated with the reduction of NO,. In contrast, Miura et
al. reported nearly identical responses to NO and to NO, at
700 °C allowing total NO, detection regardless of their
relative concentrations [9, 10, 36]. This finding may result
from thermodynamic equilibrium that establishes itself at
increasing temperatures above 600 °C in which NO, over
90 % dissociates to NO and O, in the gas phase [12, 17]. In this
study, at 650 °C the decomposition is not as complete as at
700 °C. Some NO, participates in electrochemical reactions on
the surface of the sensor where it affects the low-frequency arc.
In specific, the NO, reduces to NO in addition to O. Both of
these species may further participate in electrochemical reac-
tions that impact the cell impedance and thus contribute to the
larger shift of the low-frequency arc due to NO,.

From the impedance data, phase angle differences at
10 Hz were calculated. A linear relationship exists between
the change in phase angle and NO, concentration below
100 ppm, as demonstrated in Fig. 7 for both NO and NO,.

§ 10 - —l—NO2 650°C

o —e—NO 10% O, with balance N, and NOy

— 84 __ NO, linear trend 500 sccm

g 6. """ NO linear trend

£ R = 0.9699

£ 44

N R = 0.9543

Q i

b 2

©

i 0 — T T ! !
0 20 40 60 80 100

NO, concentration (ppm)

Fig. 7 Variation in phase angle difference (A#) at 10 Hz with NO,
content



J Solid State Electrochem (2012) 16:3603-3610

3607

The former evokes smaller phase angle shifts than the
latter in accordance with the shifts of the respective
low-frequency arcs. Linear regressions of experimental
data had high R’ values, indicating a good fit. These
trend lines had a slightly better fit when they were not
restrained to pass through the origin, however, a practi-
cal sensor would require an intercept through the origin
in order to function at low concentrations. Martin et al.
reported linear relationships between phase angle shift
and NO, concentration from 8 to 50 ppm over a wide
range of O, concentrations; these lines generally passed
through the origin [14]. Although the empirical results
presented here show promise for a sensor that can be
calibrated to NO, concentration, a more in-depth analysis with
additional data points at low NO, concentrations is necessary
to be conclusive. Limitations of the experimental setup
precluded an examination of NO, concentrations less
than 25 ppm.

A phenomenon was observed following the experiments
with NO, in which the sensor required a protracted time to
recover from the exposure to NO,. The low-frequency arc of
the impedance spectrum shifted inwards due to NO, as seen
in Fig. 6, but after the NO, supply was shut off, the arc did
not immediately return to the same position as before expo-
sure to NO,. Rather, the low-frequency arc shifted outwards
following NO, exposure. During this time, the base case
gases flowed (10 % O, in N5, 0 ppm NO,). This effect was
transient and repeatable. Figure 8 shows the recovery of the
impedance spectrum. Over 2.5 h, the low-frequency arc
shifted back inwards. Eventually the entire spectrum over-
lapped the pre-exposure case. This temporary poisoning
effect may be caused by species that reversibly adsorb on
sites of electrochemical reactions and thereby impede reac-
tions. NO did not evince this behavior. The more complex
reduction mechanism of NO, may involve intermediary
species that do not completely dissociate or desorb immedi-
ately. Woo et al. report that Au is not catalytically active
enough for complete NO, dissociation [17], and that a

-60,000 -
—e— Before exposure 650°C
-50,000 -| a5 min after 10% O, with balance N,
=~ —a—60 min after 500 scem
€ -40,000 -
-g —e— 250 min after
~ -30,000 -
o
£
N -20,000 -
-10,000 -
0 - T T T T T
0 25,000 50,000 75,000 100,000 125,000
ZRea| (Ohm)

Fig. 8 Nyquist plot detailing recovery of sensor to NO,

catalyst is necessary for complete decomposition of NO,
at 7<700 °C [37]. These findings support the hypothesis
that NO, or a byproduct of its incomplete decomposition
adsorbs on the sensor.

The poisoning effect was not observed with NO, however,
West et al. reported a recovery period after exposure to NO
using oxide electrodes [38]. The time decreased with increas-
ing temperature. In this study, increasing the temperature to
800 °C following NO, exposure did not bring about an
immediate recovery. This temporary poisoning effect might
be circumvented by shifting NO, to NO at increased temper-
ature using a rhodium catalyst before sensing, however, no
investigation thereof is made here.

Flow rate

The effect of flow rate on sensor output was examined in
order to determine if diffusion through the boundary layer
would be affected by normal variation of exhaust flow. A
mixture of 10 % O, with 100 ppm NO evoked the same
impedance response from 100 to 500 sccm (Fig. 9).
Whereas the high-frequency arcs overlap regardless of
gas mixture, here the species-sensitive low-frequency
arcs (f<1 kHz) overlap as well. Impedance measurements
are independent of flow rate; they depend only on the com-
position of the mixture. Nakatou and Miura found similar
results for an impedance-based sensor for a different analyte
gas [39].

Cross sensitivity

In addition to NO, species, the sensor responds to the excess
O, that is likely to be found in diesel exhaust. It might also
be sensitive to CO and hydrocarbons, but the location
downstream of an oxidation catalyst may mitigate these
concerns. This section explores the effect of the excess O,
and compares the sensor output to O, and NO, species.

-60,000 -
—e— 100 sccm 650°C
-50,000 - —a—200 10% O,
100 NO
€ 40000 30 el ppmN
£ 400 alance N
E -30,000 500
£
N -20,000 -
-10,000 -
0
0 L T T T T
0 25,000 50,000 75,000 100,000
ZReal (0hm)

Fig. 9 Impedance response due to flow rate

@ Springer



3608 J Solid State Electrochem (2012) 16:3603-3610
Effect of O, 60,0007 ——10%0, 650°C
-50,000 -| —=—16%0, balance N,

Changlng the 0, concc*intratlon sh1fts the low-frequency arc T 40000 —+—10%O,+25ppmNO, 500 sccm
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tion. The low-frequency arcs reflect a rate-limiting transport ,\"‘—5 20,000 4
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operating the sensor in an anoxic environment. In practice, Zreal (0hm)

this might be realized by replacing the second pumping cell
of a conventional amperometric NO, sensor with an
impedance-based one.

The high-frequency arcs in Fig. 10 are identical regard-
less of gas concentration, as expected. A high-frequency arc
may represent ion transport within the bulk of the electrolyte
[23] or within the electrode [10].

In the literature, significant cross sensitivity to O, has
been reported with impedancemetric sensors [13—18]. The
O, changes the modulus, |Z|, which has been linearly corre-
lated with concentration [40].

Relative effects of NO, and O,

The same quantity of O,, NO, and NO, at 650 °C evoke
different responses. Alternately, a similar response can be
had with different amounts of these gases. Adding 25 ppm
NO, or 100 ppm NO to a 10 % O, gas mixture has approx-
imately the same effect as adding an additional 6 % O,.
Figure 11 shows the overlapping low-frequency arcs that
demonstrate this case. The NO, species evoke a response
that is several orders of magnitude larger than an equivalent
amount of O, because they are free radicals. The un-
paired electron causes them to react with other species more
readily than relatively stable O,. For this reason, orders of
magnitude more O, are required to equal the response of NO,,
confirming results in the literature [17]. Of NO and NO,, the
latter is less stable [3] and evokes a larger response.

-75,000 - —e—14% O, 650°C
—.—7% balance N,
——10% 500 sccm
-50,000 - x 13% 1

—=—16%

—e—18.9%

Zimag (ohm)

-25,000 -

100,000 150,000

ZReal (0hm)

0 50,000

Fig. 10 Effect of O, concentration on Nyquist plot
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Fig. 11 Equivalent impedance response for different amounts of O,,
NO, and NO,

Some sources report impedancemetric sensors with nearly
identical responses to both NO and NO, enabling total NO,
sensing. They generally operate at a specific temperature [9,
10, 17, 36]. It is unclear, however, whether the equivalent
sensitivity is due to the detection capability of the sensor or
due to the natural thermal equilibrium shift of NO, to NO. At
T>600 °C, NO, in exhaust gases equilibrates so that the
mixture consists primarily of NO (>90 %) [12]. In order to
address the different responses of NO and NO, over a range of
temperatures, a catalyst might be used to shift all NO, to one
species.

The effect of O, and 100 ppm NO on phase angle at
10 Hz was examined over a wide range of Py,. Figure 12
shows the phase angles obtained with 100 ppm NO and
without, as well as the difference between the two. For
both O,/N, and 100 ppm NO in O,/N,, a kink can be
seen at 10 % O,. As concentration increases, the mag-
nitude of the phase angle decreased. This trend can be
more easily seen in the Af plot. The difference repre-
sents the change in phase angle at 10 Hz due to
100 ppm NO. The magnitude of the change is larger
at lower Py,, however, it flattens out at larger Pjy,. NO
and O, may compete for reaction sites, and a saturation
effect may be seen at larger Py,. The effect is small,
however, which invites further investigation.

~ -25.0 - 650°C

<)) balance N,

3 500 sccm

T -20.0

)

o 1997 ——0 (10Hz) O/N,

2 00l —®0 (10Hz) 0,/N,/100 ppm NO

< —e— A6 (10Hz) 100 ppm NO

Q@ 50-
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o 00 , , . ,
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Oxygen Concentration (%)

Fig. 12 Effect of 100 ppm NO on phase angle at 10 Hz vs. Py,
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Summary

Sensors with gold wire working electrodes were fabricated
and evaluated using impedance methods. The sensors were
analyzed over a range of temperatures, NO, concentrations,
flow rates, and background O, concentrations.

At the low end of the investigated temperature range, the
sensors were most sensitive to 100 ppm NO. The phase
angle at 10° Hz was linearly related to temperature, inde-
pendent of gas species, allowing the signal to serve as a
proxy for a temperature measurement.

A linear relationship between NO, concentration and
phase angle shift at 10 Hz has been observed up to
100 ppm. NO, evoked a larger response than an equivalent
amount of NO at 650 °C. Exposure to NO, required a
protracted recovery period of the low-frequency arc
perhaps due to a reversibly adsorbed species that blocks
reaction sites.

Experimental results suggest that NO and O, compete for
reaction sites on account of a smaller phase angle shift due
to 100 ppm NO at higher O, concentrations. The sensors
were more sensitive to NO and to NO, than to O, by several
orders of magnitude, as measured by the difference in phase
angle obtained at 10 Hz. An O, compensation scheme is
necessary since O, is typically present in lean exhaust in
quantities orders of magnitude larger than NO,.

The performance of gold sensing electrodes is promising,
however, drawback exist. Noble metals are costly. The
coefficient of thermal expansion of gold differs from both
the YSZ electrolyte and the alumina substrate. The melting
temperature of gold prevents the cofiring of the electrodes
with the electrolyte in one step. Selectivity, long-term sta-
bility and supporting electronics of impedancemetric sen-
sors remain challenges.
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