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Dense LaSrMnQOs composite electrodes for NOx Sensing
N. Pal and E. P. Murray

Institute for Micromanufacturing, Louisiana Tech University, Ruston, Louisiana 71272, USA

Highlights:

e LSM-Au composite sensing electrodes are highly sensitivity to NOy at low
concentrations (i.e., < 50 ppm NOx) and demonstrate limited cross-sensitivity to H20,
compared to the LSM and LSM-YSZ electrodes.

e Impedancemetric sensor operation at 20 Hz enabled the maximum NOx sensing response
to be achieved at 575 °C for the LSM based sensors.

e Oxygen cross-sensitivity observed for each of the LSM based sensors can potentially be
managed by monitoring the sensor response at frequencies over 5 kHz.

e The response and recovery times for the LSM-Au sensing electrodes may potentially be
improved by optimizing the size of the Au particles.

e Improving oxygen reduction reaction steps may further aid the NOx sensing behavior of
LSM-Au electrodes.

e Cross-sensitivity analysis indicated the LSM-Au based sensors were more selective to
NOy, in comparison to CO, CO; and CHa.

l. Introduction

NOx sensors play a crucial role in monitoring diesel exhaust gases and in communicating
with the on-board diagnostic system of a vehicle to regulate engine operation. Typically, such
sensors contain a porous platinum (Pt) sensing electrode accompanied by a dense zirconia-based
electrolyte. Pt is beneficial as it tolerates the stringent exhaust gas environment, and the porous
microstructure of the Pt electrode allows the exhaust gases to diffuse to reactions sites where
NOx sensing occurs. However, Pt is also a strong catalyst for oxygen reduction, which can

interfere with accurately detecting NOx at concentrations below 100 ppm [1,2]. This limitation is



driving research for alternative electrodes for NOy sensing as advancements in diesel engine

technology are resulting in lower NOx emissions.

Several studies have found metal oxide electrodes, especially those with the perovskite
structure (ABO3), are promising alternative NOx sensing electrodes as they demonstrate
significant sensitivity to NOx even with high concentrations of oxygen present [1,3-8].
Perovskite electrodes are also attractive as a lower cost alternative to Pt electrodes. Studies on
various electrodes have shown substantial NOx sensitivity at sensors with LaSrMnOs type
perovskite electrodes [1,5-7]. For instance, amperometric NOx sensor studies with electrodes
composed of LaggSro2MnO3 reported greater sensitivity to NO2 over a concentration range of 50
— 800 ppm, in comparison to other lanthanum-based electrodes, as Sr enhanced the sensor
response [7]. In potentiometric NOx sensor studies, (Lao.sSro.2)o.9sMnO3 sensing electrodes were
reported to detect NO> at concentrations of 40 — 1000 ppm with greater sensitivity and more
rapid response/recovery rates than sensors using Pt sensing electrodes [6]. NOx sensitivity at
concentrations as low as 5 ppm has been achieved using dense (Lao.gsSro.15)0.9sMNO3 sensing
electrodes in impedancemetric sensor studies [5]. The dense electrode microstructure apparently
limits heterogeneous catalysis reactions that can limit NOx sensitivity at low concentrations
[1,8,9]. In addition, impedancemetric operation has been noted for promoting greater sensor
accuracy and stability [1]. LaSrMnOz sensing electrodes have also demonstrated low cross-
sensitivity to NHs, CO and hydrocarbons [6,7,10]. However, the beneficial sensing properties of
LaSrMnOs electrodes are accompanied by cross-sensitivity to water and oxygen that limit sensor

accuracy [10].

An effective approach for enhancing gas sensor sensitivity and selectivity is adding

another component to the sensing electrode to form a composite, according to numerous studies



described in recent review articles by Miura et al. and Liu et al. [11,12]. Desired sensing
properties can be tailored by varying the material composition and microstructure of the
electrode, which affect the electrochemical response of the sensor. Numerous composite
electrodes have been studied for enhanced sensitivity and selectivity for CO, CO2, NH3 and
hydrocarbon sensors [13-17]. There have also been some studies that have explored the potential
of composite electrodes for NOx sensing. For example, potentiometric NOy sensors using Cr20s-
WO:3 sensing electrodes demonstrated greater sensitivity to NO, along with a more rapid
response time, in comparison to WOs sensing electrodes [18]. Similar results were reported for
Au-YSZ composite sensing electrodes where impedance data indicated the addition of 10 wt%
YSZ to the Au electrode enhanced the electrochemical response of the sensor to NO2 [19].
Perovskite composites have been used as catalysts for propane oxidation at solid oxide fuel cells
[20]; however, there appear to be limited studies concerning perovskite composite electrodes
with respect to NOx sensing [21]. Impedance characterization studies on LaixSr-MnOs electrodes
containing praseodymium- or gadolinium-doped ceria under NOx gas environments suggest the
ionic and electronic properties of the electrode can be modified to influence electrode reactions
[22]. Thus, further study of perovskite composites for NOx sensing can potentially provide
insight for limiting undesirable reactions, such as water and oxygen cross-sensitivity, as well as
offer additional knowledge regarding the role of electrode composition on reactions that

influence NOx gas sensing.

In the present study, NOx sensors composed of sensing electrodes containing LaSrMnOs
and Au or Y203-ZrO> with dense microstructures were operated using the impedancemetric
method. Au was chosen as several studies have reported high NOy sensitivity with low water

cross-sensitivity for sensors using dense Au electrodes [10,23]. In addition, gas sensor studies



with composite electrodes containing up to 10 wt% Au have reported stable microstructural and
electrical performance over several hours of operation [11,24]. LaSrMnOs-Au sensing electrodes
are also expected to be more compatible with typical high temperature sensor firing processes, in
comparison to pure Au electrodes due to the low melting temperature of Au. The sensors based
on the LaSrMnOs — Y203-ZrO> composite electrode contained pathways for oxygen ion transport
due to the addition of Y203-ZrO,. Oxygen ions are known to participate in interfacial gas
reactions and can interact with water reactions resulting in hydroxyl groups that can effect
reactions involving NOx [1,25]. Both types of composite electrodes were accompanied by a
Y203-ZrO> porous electrolyte that enabled gas diffusion to the electrode/electrolyte interface.
The impedancemetric NOx sensors using LaSrMnOz-Au and LaSrMnQOz — Y203-ZrO, composite
sensing electrodes were investigated under dry and humidified gas conditions. The
electrochemical response, gas cross-sensitivity, response time, and rate-limiting mechanisms of

the sensors are discussed.

2. Experimental

Powders of LaosSro2MnQO3 (LSM, Inframat Advanced Materials), 8 mol% Y.03-doped
Zr0O; (YSZ, Tosoh Corporation) and Au (Alfa Aesar) were used to fabricate 3 types of NOy
sensors based on the following electrode supports: LSM, LSM-Au, and LSM-YSZ. The LSM
based sensors were used for comparison purposes. The LSM-Au and LSM-Y SZ composite
electrodes contained 10 wt% Au and 30 wt% YSZ, respectively. The powders for each electrode
were ball milled with 3 wt% polyvinyl buteral (B-76, Butvar) binder and ethanol for
approximately 16 hours. The resulting slurry was dried and uni-axially pressed at 200 MPa into
pellets. The LSM and LSM-Au pellets were fired at 1400 °C for 5 hours where the ramp rate was

4 °C/min. The LSM-YSZ pellets were fired at 1325 °C for 6 hours with a ramp rate was 4



°C/min. The lower temperature was used to avoid reactions between the LSM and YSZ powders.
The electrode pellets were partially coated with a YSZ electrolyte slurry. The YSZ slurry
contained 8 mol% Y»03-doped ZrO> powder along with the following additives: 2 wt % B-76
Butvar binder, 2 ml phosphate ester dispersant along with ethanol and was ball milled for 12
hours. The YSZ coated pellets were fired at 1000 °C for 1 hour using a ramp rate of 2 °C/min.
The sensors were completed by applying a counter electrode made from a slurry containing
LSM, LSM-Au, or LSM-YSZ. The counter electrode slurries consisted of the desired electrode
powder along with 2 wt % B-76 Butvar binder, 2 ml corn oil dispersant with methyl ethyl ketone
solvent and ball milled for 22 hours. A final firing step at 1000 °C for 1 hour at a ramp rate of 2
°C/min completed sensor fabrication. The resulting sensors were supported by a dense electrode
pellet with a porous electrolyte and porous counter electrode as shown in the diagram of Fig. 1.
The diameter of the pellet was 11 mm with a thickness of about 1.1 mm after firing. Scanning
electron microscopy (SEM), energy dispersive x-ray (EDX) and x-ray diffraction (XRD) was

used to analyze the morphology and microstructure of the sensor components.

Electrochemical impedance measurements were collected using a Gamry Reference 600
(Gamry Instruments) for sensors operating at temperatures ranging from 575 — 675 °C.
Measurements were performed within a quartz tube that was placed inside of a furnace. The
sensors were exposed to NO and NO; at concentrations ranging from 0 - 100 ppm for dry and
humidified gas (10% water vapor) environments. The water vapor was introduced to the system
by using a bubbler along with heated gas lines. The test exhaust gas also contained O at
concentrations of 5% - 18% with N2 as a balance. A standard gas handling system with mass
flow controllers was used to regulate and vary the gas concentrations where the total flow rate

was 500 sccm. Impedance spectroscopy data was collected using a signal amplitude of 100 mV



over a frequency range of 1 Hz - 1 MHz. Measurements were collected in triplicate to insure

stable and reproducible data was collected.

3. Results and discussion

3.1 Morphology and Microstructure

Typical SEM images of the electrode pellets and electrolyte for the sensors are shown in
Fig. 2. Clearly observable grains and grain boundaries were seen over the surface of the LSM,
LSM-Au and LSM-YSZ dense pellets (see Fig. 2a, 2b, and 2c¢). The grain sizes within the LSM
and LSM-Au electrode pellets ranged from about 5 pm to almost 20 um. The backscattered SEM
image of the LSM-Au pellet indicated the Au particles were well dispersed. Fig. 2c shows the
surface of the LSM-YSZ composite pellet. EDX results indicated the dark phases were YSZ and
the lighter phases were LSM. XRD analysis confirmed no resistive phases formed within the
LSM-YSZ composite electrodes. Some pores were observed over the LSM-YSZ surface, and the
grains appeared to be smaller than those composing the LSM and LSM-Au electrode pellets. The
density of the sensing electrode pellets without the YSZ coating was determined by Archimedes
method to be about 93% * 2%. Comparable results measured by mercury intrusion porosimetry
indicated the pellets were 91% * 3% dense. SEM surface images of the YSZ coating indicated a
contiguous network of particles and dispersed pores as shown in Fig. 2d. The electrolyte porosity
was estimated to be approximately 48% based on computational analysis of similarly prepared

YSZ electrolyte coatings [26]. The YSZ coating was determined to have a thickness of ~0.2 mm.

3.2 Impedance Response

Impedance measurements were collected for the LSM, LSM-Au and LSM-YSZ based

NOx sensors for various gas concentrations during operation at temperatures ranging from 575 -



675 °C. In Fig. 3 the real, Z’, and imaginary, Z", impedance is plotted for sensors based on the
three types of sensing electrodes for operation at 575 °C in 10.5% O> and with the addition of
100 ppm NO and 10% H20 where N> was the balance gas. Two distinct frequency ranges were
observed for each of the sensors. The impedance response at higher frequencies described
temperature dependent reactions occurring at the YSZ electrolyte. These reactions were related
to the YSZ electrolyte ionic conductivity and porous microstructure [26,27]. The lower
frequency impedance response was used to interpret NOx behavior as the distorted arc varied
with gas concentration, as well as temperature. The data at lower frequencies represented
reactions occurring at the electrode and electrode/electrolyte interface. For each sensor type the
impedance arc for lower frequencies decreased when NO was added to the test gas. The
impedance response for sensors operating with NO2 was comparable to that for NO. Such
findings have been observed in other studies for sensors operating under similar conditions and
attributed to a predominant amount of NO> undergoing thermodynamic conversion to NO
[26,28]. Therefore, the work presented here concentrates on the behavior of the sensors in the
presence of NO. As the operating temperature of the sensors decreased the impedance increased.
Also, the impact of the gas concentration on the sensor impedance response became more
noticeable with decreasing operating temperatures. Therefore, data collected at the lowest
operating temperature of 575 °C was more useful for assessing the response of the sensors to

changes in gas composition.

The measured impedance was lower for humidified gas conditions, in comparison to dry
gas conditions for each of the sensors evaluated. This is illustrated in the data shown in Fig. 3
where in each case the addition of 10% H-O to the gas stream containing 10.5% O and 100 ppm

NO resulted in an impedance that was smaller than the dry gas measurements with oxygen and



NO. Water vapor is understood to form hydroxyl groups at perovskite and YSZ surfaces [29,30].
The addition of water vapor may facilitate the charge transfer process at the triple phase
boundary, which can reduce the impedance [25]. The triple phase boundary (TPB) is the location
where the electrode, electrolyte and gas phases meet. It is possible that water reactions at sensors
with LSM-Y SZ electrodes (see Fig. 3c) resulted in a greater coverage of adsorbed species at the
TPB as the impedance changed more substantially for these sensors under humidified versus dry

gas conditions with NO.

The sensors with an LSM electrode had a lower impedance than sensors with an LSM
composite electrode. The differences in the magnitude and profile of the impedance data were
indicative of the different electrode resistances and interfacial reactions taking place at the LSM,
LSM-Au and LSM-YSZ based sensors. Reactions commonly associated with NOx sensing are

given by the following equations [31]:

~ 0% +2¢” & 0% 1)
NO + 02~ & NO, + 2e~ ()
NO; & NO + 202 3)

The electronic and ionic conductivity of the sensing electrode, as well as the porosity of the
electrolyte, influenced how readily these reactions were able to proceed. Unfortunately, the
impedance response does not provide clear distinction of dominant reactions. Therefore, it is not

certain which of these or other reactions proceeded more readily.

Equivalent circuit modeling was used to further interpret the electrical response of the

LSM and LSM composite based NOx sensors. As shown in Fig. 4, two parallel circuits were



found to model the impedance response of each sensor for various operating conditions where
the data at high and low frequencies were described by RurCPE and RLr(CW) circuits,
respectively. The errors associated with the equivalent circuit model were between 1 — 2%. The
resistance, Rur, was associated with high frequency reactions taking place within the porous
YSZ electrolyte; and, the constant phase element, CPE, related to non-ideal capacitance
behavior. At 575 °C, the best-fit values for Ryr for the 3 types of sensors were between 4.9 kQ —
5.6 kQ. The narrow range for Ryr was likely due to the sensors having a Y SZ electrolyte with
comparable porosity and thickness, thereby, resulting in similar electrolyte reactions. The
impedance, Zcpg, due to the CPE is defined by Z.pr = [Y, (jw)]™™, where n is a constant, such
that n = 1 describes a pure capacitor with a value of Y. The angular frequency is o = 2xf, and f is
the applied operating frequency. The equivalent circuit model indicated n = 0.85 for the various
sensors evaluated, suggesting that the high frequency response resembled nearly ideal
capacitance behavior. In the second parallel circuit, R.r was associated with the low frequency
resistance of the sensing electrode and electrode/electrolyte interfacial reactions. The calculated
Rir values were used to assess rate-limiting mechanisms discussed in a latter section. The lower
frequency circuit also included a capacitor, C, and Warburg impedance, W. The capacitance
associated with the LSM and LSM-Au based sensors during operation at 575 °C was
approximately 1.30 puF and 0.75 pF, respectively, and did not vary significantly with changes in
02, NO, or H.0. However, the capacitance of the LSM-YSZ based sensors operating at the same
temperature decreased from ~2.5 uF to ~1.5 uF when the Oz concentration increased from 5 —
18%, and remained close to 1.5 uF with the addition of NO and H2O to the gas stream. The
Warburg element described the impedance resulting from diffusion of ionic species at the

electrode/electrolyte interface [32]. The Warburg element was about 5.7 x 106 S*s? and



increased by approximately 2% with increasing O2 concentrations. No significant changes were
observed for the Warburg element as the NO concentration varied for the LSM and LSM
composite based sensors evaluated. The value of the Warburg element increased ~5% due to

water addition to the test environment.

3.3 Angular Phase Response

NOx sensor studies report that the angular phase response indicates changes in gas
concentration with greater sensitivity and accuracy, in comparison to measuring the magnitude,
|Z|, or other components of the impedance [1]. The angular phase response, 6, is defined

according to the following equation:

— -1Z1(w)
6 = tan 70) 4)

Fig. 5 shows the phase angle response versus the operating frequency for sensors operating with
and without 100 ppm NO and with the addition of 10% H-O at 575 °C. Sensors with the LSM-
Au sensing electrode achieved the highest phase angle peak response of -19.6° with 10.5% O-
and N2 as shown in Fig. 5b; whereas, the lowest peak phase angle response of -13.3° was
demonstrated by LSM-Y SZ based sensors under similar conditions given in Fig. 5¢c. Operation
with 10.5% O2 and N as the balance represented baseline gas conditions. The addition of 100
ppm NO caused the peak phase angle to decrease for all sensors. This decrease was more
substantial in sensors with the LSM-Au sensing electrode. This data suggested that the LSM-Au
sensing electrode can enable a larger signal and greater response to NO, in comparison to LSM
and LSM-Y SZ sensing electrodes. The 6 versus frequency curves for 100 ppm NO with O and
N2 merged with the baseline gas data at about 90, 125, and 250 Hz for the sensors composed of

LSM-YSZ, LSM and LSM-Au electrodes, respectively. So, the LSM-Au based sensors can
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potentially enable impedancemetric operation over a wider range of frequencies, which can be
beneficial for optimizing sensor performance. Adding 10% H>O to the gas stream caused a
further decrease in the 6 versus frequency response for the sensors. There was a strong overlap in
the dry and humidified data with 100 ppm NO for the sensors with the LSM-Au electrode for
frequencies up to ~50 Hz, as seen in Figure 5b. This overlap in the data indicated the range of
frequencies where the LSM-Au based sensors could avoid cross-sensitivity to water while
detecting NO. There was little overlap at lower frequencies for the dry and humidified frequency
curves for the LSM and LSM-YSZ based sensors. At much higher frequencies (i.e., > 5 kHz) the
response to NO and H>O merged with the baseline gas response for each of the sensors. It has
been suggested that measuring the sensors response at higher frequencies can be a method for
separating the detection of O> from NOy, since the baseline gas condition describes the sensor

response to Oz [1]. This approach would provide a means for managing O> cross-sensitivity.

3.4 NO Sensitivity
The sensitivity to NO for the LSM and LSM composite electrode sensors was based on
the change in the angular phase response, 46, for various NO concentrations according to the

following:

NO sensitivity = [AL:VBO] (degrees /ppm) (5)

where 46 = 6oz - Ono. The terms Goz and Ono were the angular phase response for 10.5% Oz and

N2, and with a specific amount NO added, respectively. The largest A0 values occurred at 20 Hz
according to the # versus frequency data plotted in Fig. 5. Thus, the maximum sensor sensitivity
to NO was based on sensor operation at 20 Hz. Fig. 6a shows the NO sensitivity of LSM, LSM-

Au and LSM-YSZ based sensors under dry operating conditions. A high and low sensitivity
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range was observed for each sensor type where higher sensitivities were calculated for lower NO
concentrations (i.e., <50 ppm). Similar behavior has been reported in other impedancemetric
NOx sensor studies [33]. For dry gas conditions, the highest sensitivity of 0.051 deg/ppm NO
was demonstrated by sensors with an LSM-Au electrode for operation at 575 °C. For comparable
operating conditions, the LSM-Au based sensors were ~25% more sensitive to NO than the LSM
based sensors and ~50% more sensitive than LSM-YSZ based sensors. Since NOx sensors
composed of a pure Au sensing electrode and YSZ electrolyte have achieved a gas sensitivities
of ~0.07 deg/ppm NO [5], it is likely that the Au addition to the LSM enhanced the sensing
response of the LSM-Au electrode. As for the sensors with the LSM-Y SZ electrodes, it is
possible that the YSZ addition reduced the TPB length such that NOy sensing reactions were
limited. The TPB was determined according to sites where the gas phase was in contact with
LSM and YSZ particles. The YSZ addition to the sensing electrode reduced the placement of
LSM particles along the electrode/electrolyte interface, thereby, limiting the TPB length. Adding
water to the gas stream caused a slight increase (~ 7%) in NO sensitivity for LSM-Au based
sensors, as shown in Fig. 6b. Optimizing the Au concentration within the LSM-Au sensing
electrode may reduce the difference between the dry and humidified sensing response to NO.
Substantially larger increases in NO sensitivity were observed for the LSM and LSM-Y SZ based

sensors as the humidified gas caused a 20 — 30% higher sensing response.

3.5 Sensor Response Rates
The response time of the LSM, LSM-Au and LSM-YSZ based sensors was evaluated by
measuring the change in the angular phase angle over time. Fig. 7 shows time based data of the

sensors for baseline conditions with 10.5% O and N2 along with 5, 10, and 25 ppm NO for an
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operating frequency of 20 Hz at 575 °C. The LSM and LSM-Y SZ based sensors had an average

response time, Too, of 15 and 17 seconds, respectively; whereas, LSM-Au based sensors were

slower as T9o was 20 seconds based on data collected at 5 ppm NO. The recovery time for LSM-

Au and LSM based sensors to return to baseline conditions was ~35 seconds; and, the LSM-YSZ
based sensors had a slightly faster recovery of about 30 seconds. The recovery time of the
sensors was possibly related to the adsorption of NO at the electrode [19]. In other sensor studies
using composite ZrCr204-Au electrodes it was found that the response and recovery time of the
sensors was dependent upon the size of the Au particles composing the sensing electrode [15].
Thus, it may be possible to improve the LSM-Au sensor response and recovery time by altering
the size of the Au particles.
3.6 Rate Limiting Mechanisms

Oxygen reduction reactions at LSM based electrodes are often used to interpret rate
limiting reactions at solid oxide fuel cells (SOFCs) [34-36]. Identifying such reactions can be
useful for understanding and improving the operation of SOFCs, as well as NOx sensors.
Numerous studies report oxygen reduction at LSM electrodes can take place according to two
separate reaction pathways. One reaction pathway proceeds by oxygen diffusion to the TPB
resulting in electrochemical oxygen reduction [34]. The other reaction pathway is based upon
surface adsorption resulting in oxygen ion transport through the electrode. This reaction pathway
is typically limited to thin film LSM electrodes as oxygen ionic conductivity in LSM is low. In
the present study, the porous YSZ electrolyte enabled gas diffusion to the TPB, as well as
oxygen ion transport through the YSZ particles. The LSM and LSM-Au electrodes primarily
supported electron transport. Electrons and oxygen ions were able to travel through the LSM-

YSZ composite electrodes. The rate limiting mechanisms associated with the NOx sensors was
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evaluated using the power law relationship, Rir a (Py,)™, where Rie was the low frequency
resistance determined from equivalent circuit analysis, Po2 represented the oxygen partial
pressure, and m indicated the rate limiting mechanism(s). Table 1 shows the value of the power
law exponent, m, for sensors based on LSM, LSM-Au, and LSM-Y SZ electrodes for operation
under various gas conditions. The LSM and LSM-Y SZ based sensors had a weak Poz
dependence under dry operating conditions. Adding NO caused a slight reduction in the Poz
dependence; whereas, adding H>O generated a stronger dependence. Similar behavior was
observed for the LSM-Au based sensors, although the overall Po, dependence was greater. Other
studies have reported that a (Po2)%?° dependence describes the transport of partially reduced
atomic oxygen to the TPB [37,38]. In addition, the complete reduction on oxygen at the TPB is
represented by a (Po2)™ relationship where m = 0. Thus, it is possible that under dry conditions
the response of the LSM and LSM-Y SZ sensing electrodes was limited by a combination of
atomic oxygen transport and oxygen reduction. Adding H2O to the gas stream appeared to
improve atomic oxygen transport as the value of m was near -0.25 for each of the sensors. The
sensing response of the LSM-Au electrodes seemed to be primarily limited by the rate of oxygen
reduction at the TPB as m was close to -0.25 for the various gas conditions evaluated. Thus,
improving oxygen reduction at the LSM-Au/Y SZ interface may contribute to a greater NOx
response.

The temperature dependence of the sensors was based on calculations of the activation
energy using the Rir values associated with each type of sensor. The activation energies for
operating in 10.5% O with N> were 1.04, 1.07, and 1.09 eV for sensor with LSM, LSM-YSZ,
and LSM-Au, respectively. These values were lower than the activation energies commonly

reported for LSM based electrodes. It is possible that the dense electrode microstructure and the
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fabrication process contributed to the lower activation energy values that were determined. As
expected, adding NO caused a slight decrease in the activation energies. This decrease suggested
that NOx reactions were able to proceed more readily, which is in agreement with the impedance
data shown in Fig. 3. The addition of NO could have also interfered with atomic oxygen
transport to the TPB as NO may have occupied interfacial sites in place of oxygen. Such a case
would support the rate limiting mechanism data presented in Table 1. The activation energies for
humidified gas conditions were approximately 1 eV for each of the sensors. This further
reduction also agrees with the impedance data. Considering oxygen reduction seemed to be the
dominant rate limiting mechanism, it is possible that water aided the NOx reactions instead of the
O reactions.

3.7 NOy Selectivity of LSM-Au based Sensors

The electrochemical behavior of the LSM-Au based sensors suggests that such sensors
may be more suitable for NOx sensing applications, in comparison to LSM and LSM-Y SZ based
sensors. To further investigate the feasibility of LSM-Au based sensors selectivity measurements
were carried out with 100 ppm NO, NO2, CO, CO2 and CHa4 with air as the background gas. Fig.
8 shows the change in the angular phase response with respect to time for LSM-Au based sensors
operating at a frequency of 20 Hz at 575 °C. As expected, the NO and NO2 responses were
similar most likely due to thermodynamic conversion as discussed previously. The response of
the sensors to CO and CO» was substantially lower than that for NOx gases indicating low cross-
sensitivity. Although the LSM-Au based sensors did show a noticeable response to CHa, the

sensitivity to CHs was about 70% lower than the sensitivity to NOx.

4. Conclusions
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The impedancemetric NOy sensing behavior of dense LSM, LSM-Au and LSM-YSZ
electrodes were evaluated under dry and humidified gas conditions for a range of operating
conditions. The LSM-Au composite electrodes demonstrated the highest response to NO with
limited cross-sensitivity to H20, in comparison to the LSM and LSM-YSZ electrodes. The
angular phase versus the frequency behavior of the sensors indicated the maximum sensing
response to NO was achieved at 20 Hz with an operating temperature of 575 °C. Managing
oxygen cross-sensitivity could potentially be carried out at by monitoring the sensor response at
frequencies over 5 kHz. The response and recovery times for the LSM-Au sensing electrodes
were not as rapid as those for LSM and LSM-YSZ, however, altering the Au particle size may
improve the performance rate of LSM-Au based sensors. Oxygen reduction appeared to be the
dominant rate limiting mechanism for the sensors during operation with humidified gas
conditions. For dry gas conditions, transport of atomic oxygen became an additional rate limiting
mechanism for the LSM and LSM-Y SZ based sensors. The LSM-Au based sensors were highly
selective to NOy, in comparison to CO, CO, and CHg gases. Overall, the Au addition to LSM
appeared to enhance sensor sensitivity to NO by enabling NOx reactions to proceed more readily,

while cross-sensitivity to interfering gases was limited.
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Table 1. Power law exponent determined for sensors with different sensing electrodes evaluated
with various gas concentrations of NO and H20 at 575 °C.

Power Law Exponent, m

Sensing Electrode | O2only | Oz + 75 ppm NO | Oz + 10% H20 O2 + 75 ppm NO
+10% H.0

LSM -0.17 -0.13 -0.27 -0.24

LSM-Au -0.24 -0.20 -0.26 -0.23

LSM-YSZ -0.14 -0.12 -0.21 -0.20
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Fig. 1. Schematic diagram of the NOy gas sensor.

Fig. 2. SEM images of the surfaces of the (a) LSM pellet, (b) LSM-Au composite pellet
(backscattered), (c) LSM-YSZ composite pellet, and (d) YSZ electrolyte.

Fig. 3. Typical impedance response of sensors with an (a) LSM, (b) LSM-Au, and (c) LSM-YSZ
sensing electrode at 575 °C.

Fig. 4. Equivalent circuit for the NOx sensors.

Fig. 5. Typical frequency response of sensors with an (a) LSM, (b) LSM-Au, and (c) LSM-YSZ
sensing electrode at 575 °C.

Fig. 6. Comparison of the NO sensitivity of the LSM, LSM-Au and LSM-YSZ electrode based
sensors at 575 °C for (a) dry (b) humidified conditions.

Fig. 7. Time based response of the NOx sensors at an operating temperature of 575 °C.

Fig. 8. The selectivity of the LSM-Au based sensors is presented for NO, NO2, CO, CO3, and
CHa with air as a background at an operating temperature of 575 °C.
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