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ABSTRACT

NOx (NO and NO;) exhaust gas sensors for diesel powered vehicles have
traditionally consisted of porous platinum (Pt) electrodes along with a dense ZrO-
based electrolyte. Advancement in diesel engine technology results in lower NOy
emissions. Although Pt is chemically and mechanically tolerant to the extreme
exhaust gas environment, it is also a strong catalyst for oxygen reduction, which can
interfere with the detection of NOy at concentrations below 100 ppm. Countering this
behavior can add to the complexity and cost of the conventional NOy sensor design.
Recent studies have shown that dense electrodes are less prone to heterogeneous
catalytic oxygen reactions, thereby enabling greater NOy sensitivity. Sensors
composed of this novel architecture (i.e., dense electrode and porous electrolyte) are
still in an inchoate stage of research. There is particular interest in acquiring greater
knowledge of the sensing behavior of non-catalytic dense electrodes as they may
offer a lower cost alternative to using Pt electrodes.

This work focuses on the potential of the perovskite, strontium-doped
lanthanum manganite (LSM), and LSM based composite materials as NOx sensor
electrodes. Perovskite based electrodes are attractive because of their chemical,
electrical, and thermal properties. To make .SM based composites three materials of

different conductivities were chosen, namely, Au, yttria-stabilized zirconia (YSZ) and
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strontium-doped lanthanum cobalt ferrite (LSCF). Au was selected for its electronic
conductivity, YSZ was chosen because of its ionic conductivity and LSCF was selected
as a mixed conductor. LSM-Au, LSM-YSZ and LSM-LSCF composite based NOx
sensors were fabricated and analyzed using the impedancemetric method for NOx
sensing. The goal was to investigate the electrochemical response, gas cross sensitivity,
response rate, and rate-limiting mechanisms due to electrode reactions involving NO,
NO3, Oz, H20, and CH4 that impact the NOyx sensing response.

From the impedancemetric analysis, it was found that LSM-Au based NOy sensors
showed much improved NOy sensitivity along with lower water and CHg cross-
sensitivity. Mixing YSZ and LSCF with LSM did not demonstrate any significant
improvement in sensing performance.

Dense gold (Au) is also a promising alternative electrode to Pt, since it does
not readily promote O reduction and is highly stable under exhaust gas conditions.
Yet, the low melting temperature of Au (i.e, 1060 °C) limits the manufacturing
feasibility as a NOx sensor electrode. Since Pt electrodes are compatible with high
temperature sensor manufacturing processes and Au offers desirable electrochemical
sensing behavior Au/Pt twine electrodes were studied as a part of this thesis. The
preliminary results showed the Pt component of the Au/Pt twine electrodes did not

compromise the NOy sensing capability of Au electrode.
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CHAPTER 1

INTRODUCTION

1.1  Research Motivation

Nitrogen oxide (NO) and nitrogen dioxide (NO2) are two very harmful and toxic
gases, which together are called NOx gases. There are many sources of NOx in the
environment like factories, different utility equipment, and motor vehicles. Among all the
sources, diesel motor vehicles act as a major contributor of NOy in the environment. NOy
can cause harmful phenomena like acid rain and photochemical smog. It can impair a
person’s visual capability of a human being and affect the lungs as well. So, it is a
necessity to limit the amount of NOy in the environment. This is the reason behind
stringent NOy emission standards made by the Environmental Protection Agency (EPA)
for diesel vehicles in the US and other countries. These emission standards are becoming
more stringent day by day. In addition, advancements in diesel engine technology are
resulting in substantially lower NOy emissions. It is expected that future NOy sensors will
need to detect emissions below 10 parts per million (ppm). Current NOx sensors are able
to detect NOx down to about 100 ppm. Hence, more sensitive and selective NOy sensors
are needed to sense single digit ppm levels of NOx in the exhaust gas mixture.

NOx sensors available in the market place today are made of mainly a zirconia
thick film electrolyte and platinum electrodes (Pt). These sensors are located in the

vehicle’s exhaust pipes and allow precise measurements of the NOx concentration in
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the exhaust gas. These NOy sensors are also known as smart NOx sensors (SNSs)
integrated with sensor control units capable of operating independently of the engine
control units (ECUs). NGK Insulators LTD (Figure 1-1) and Continental Corporation are

among the few companies who manufacture NOy sensors for vehicle exhaust systems.

Figure 1-1: NGK NOy sensor for diesel engine exhaust systems.

These sensors are robust and efficient, but until now the accuracy level achieved by
this type of sensor is +10 ppm [1]. As diesel engine technology improves, so too must
NOx sensor technology by providing sensors with even greater sensitivity, selectivity and
accuracy. This necessity has made the diesel exhaust system NOy sensor study a budding

field for research.

1.2 Dissertation Overview
The goal of this research was to study the electrochemical behavior of dense
electrodes for the purpose of selectively sensing lower concentrations of NOx emissions
from diesel engines. In this thesis study, perovskite based single-phase and composite

electrodes, as well as Au/Pt twine electrodes were studied.



This dissertation consists of seven chapters. The first chapter discusses the
research motivation and dissertation outline.

Chapter 2 covers the basic theories and background of NOy sensing. This chapter
starts with a basic discussion about the diesel engine exhaust system followed by NOy
emission standards, different types of NOy sensing strategies, reviews of relevant
electrode and electrolyte materials, and NOy sensor operation.

Chapter 3 is comprised of the sensor fabrication methods, a brief discussion about
the instruments used and sensor characterization techniques.

Chapter 4 consists of the detailed study about single-phase dense electrodes. LSM
electrodes have been discussed in this chapter with vivid outcomes in terms of the
sensing performance, selectivity, water and oxygen cross-sensitivity, probable rate
limiting mechanisms and sensor accuracy.

Chapter 5 covers the study of dense composite electrodes. LSM-Au and LSM-
YSZ and LSM-LSCF based composite electrode based NOyx sensors have been discussed
in detail followed by a discussion about a novel composite NOx sensor, which was
composed of a dense composite electrode and a porous composite electrolyte.

Chapter 6 is composed of the detailed discussion about Au/Pt twinned electrodes
for NOx sensing.

Chapter 7 summarizes the findings and draws conclusions followed by a brief

discussion on the scope of future work.



CHAPTER 2

BACKGROUND AND THEORY

The first part of this chapter, Section 2.1 discusses the exhaust system of a diesel
engine followed by a discussion of NOx emission standards in United States and Europe
in Section 2.2. Section 2.3 presents a brief discussion about the different types of NOx
sensors depending on their NOx sensing technique. Thereafter, Section 2.4 discusses the
basic theory of impedance spectroscopy followed by the descriptions of different dense
electrode and porous electrolyte materials used for NOy sensors fabrication in Section 2.5
and 2.6. The last section of this chapter is 2.7, which presents a description of the NOy

SENSor oper: ation.

2.1  Diesel Engines

Diesel engines have a very high efficiency and compression ratio, which have
made it most widely used for internal combustion engines. Diesel engines are also called
‘lean engines’ as the fuel combustion takes place in an excess amount of oxygen. Diesel
engines operate via direct injection of fuel into a high-pressure combustion chamber
where the fuel goes through the following steps: atomization, evaporation, and diffusion.
Due to an excess of air, the flame speed becomes lower compared to gasoline engines,
though, lean burn engines are more proficient due to its higher compression ratio and

lower throttling losses. However, diesel engines have some undesirable chemical



component formation due to its lean burning technology. Particulate matter,
hydrocarbons and NOy are a few among them. This dissertation concentrates on NOx
sensors used in automotive diesel exhaust systems.

Diesel engines produce a lesser amount of NOx compared to gasoline engines due
to lower flame temperatures caused by dilution in excess air inside the combustion
chamber. Yet, the after-treatment system comprised of a three-way catalytic converter is
not as effective at converting NOx in diesel engines because of the presence of large
amount of air [2], [3]. The reducing gases that could have a reaction with the NOx tend to
get oxidized by the overpowering quantity of additional oxygen.

To reduce the NOx formation in a diesel engine reduction in flame temperature
will be fruitful according to Zeldovich mechanism [4]. Delaying fuel injection timing can
be a process to reduce flame temperature, but that can cause an increase in particulate
formation according to particulate-NOx trade-off curve [5], [6]. Exhaust gas recirculation
(EGR) can be another way to lower the flame temperature, but this will reduce the
amount of oxygen in the combustion chamber, which in turn will sacrifice the engine
efficiency. Injection of a mixture of diesel and water can decrease NOx formation, but
this kind of mixture would be incompatible with modern diesel engine technology.

To treat NOx after its generation is not as simple as in gasoline engines because of
the excess air present. In the presence of a large amount of oxygen, it is difficult to
reduce NOx components at ppm levels. Selective catalytic reduction (SCR) is the most
used method to reduce NOy in diesel vehicles. In this process, a reducing agent, most
commonly urea, is injected upstream of the exhaust gas in a catalytic converter mainly

made of ziolytes. Urea forms ammonia, which reacts with NOx and reduces it to nitrogen
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and water. An alternative to SCR is the lean NOy trap (LNT). In the NOx trap, a catalytic
oxidation component converts NO to NO2, and then NO: is absorbed by an alkaline earth
metal oxide BaO and forms a nitrite [7]. Regeneration of the nitride needs fuel, which
reduces the fuel efficiency of the engine. In spite of incorporating these NOyx abetment
methods, some amount (ppms) of NOx reaches the tail pipe of the vehicle and get emitted
in the environment. To measure the NOx concentration, it is necessary to mount a NOx
sensor at the end portion of the tail pipe of the exhaust system in diesel vehicles.

Figure 2-1 shows the schematic of a diesel engine exhaust system.

Diesel
Oxidation NOx trap
Turbo Catalyst &
Engine  Expander & Oxidation
Pgrticulate Catalyst. OF  pruffler
Filter SCR unit

Voo }

. e

NOx
Sensors

Figure 2-1: Simplified schematic of a diesel engine exhaust system.

NOxy sensors are a particular type of electrochemical cell that is derived from

oxygen sensor technology. It consists of electrodes and an electrolyte.



2.2  NOx Emission Standards
This section discusses NOx emissions standards for the US and Europe. These
standards are getting more stringent over time [8], [9]. In the US, the California Air
Resources Board and the Environmental Protection Agency have passed legislation for

on-board diagnostics (OBD) of heavy duty vehicles [10]. The NOx requirements

established for heavy duty vehicles in the US have consistently led Europe (Figure 2-2).

p=}
&L
=
3

i Diesel NOx @ Diesel PM X 100

13
co03

Lo

~ 026

Figure 2-2: US and Europe Heavy Duty Engine emission standards [9].

From the above figure, it is apparent that to meet these standards, diesel vehicles
need to be monitored rigorously, and for that purpose, very sensitive and selective NOx
sensors are needed. Environmental pollution control and fuel efficiency are major

motivations behind NOy sensor related research work.

2.3  Different Types of NOx Sensors
There are three different kinds of sensitivity measurement techniques available for
NOx sensors situated inside the diesel vehicle exhaust system. They are the (1)

amperometric, (2) potentiometric, and (3) impedancemetric approach. These distinctions
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were made depending on the output electrical parameter (i.e., current, voltage, or
impedance) of the sensor. Among these three types of sensors, the amperometric
approach has been used in commercial NOyx sensing for over 40 years now. However, this
method has some disadvantages like a very complicated circuit design and poor NOx
sensitivity below 10 ppm. Therefore, the potentiometric and impedancemetric methods
are considered promising alternatives. Potentiometric sensors have a less complicated
design, but they have displayed high cross-sensitivity towards hydrocarbons, CO and
CO2[11]. Apart from possessing high cross-sensitivity to other gases, potentiometric
sensors also display opposite electrical responses for NO and NO», which makes the data
interpretation task challenging. The impedancemetric approach has been reported to show
high sensitivity (down to 5 ppm) to NOx [12-17], and it has a simple design.

Further details concerning each of these sensing methods are discussed in the
following sections.
2.3.1 Amperometric NOy Sensors

Commercial amperometric NOx sensors contain an array of two or three
electrochemical cells in adjacent chambers [18], [19]. The first chamber eliminates
excess Oz from the exhaust gases while the second cell senses NOx gases. Diffusion
through different chambers make the sensing response slower, and this type of sensor
detects NOx at concentration levels down to about 100 ppm.

As the exhaust gases flow inside the first chamber, the first cell electrochemically
pumps Oz out of the plenum so that it does not interfere with the NOx measurement. This
cell electrochemically reduces O and pumps out O ions. This is done by applying a bias

of approximately -200 mV to -400 mV. A negative bias is essential to reducing Ozto
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oxygen ions. The current is proportional to O2 concentration and is diffusion-limited.
Remaining gases diffuse into the next chamber, where a reduction catalyst reduces NO
into N2 and Oz (Figure 2-3). A bias of -400 mV is applied to the electrode of the sensing
cell to dissociate Oz, and then O, gets removed by electrochemical pumping [11]. This
diffusion limited current is proportional to the amount of oxygen that arrives at the

electrode from the dissociated NOx [20].
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Figure 2-3: Amperometric NOy sensor operation [10].

Shortcomings of Amperometric method

o The circuit design needed for this method is very complicated.

o The sensing is sluggish.

e Requires reference for ambient oxygen.
Potentiometric and impedancemetric sensing methods are able to overcome some of these
above mentioned disadvantages. These two methods are discussed in the following

sections.



23.2 Potentiometric NOx Sensors

In this kind of sensor, the electrolyte is sandwiched between two electrodes. One
of the electrodes is the sensing electrode, and the other one is the reference electrode.
This is called ‘Nernst Cell’ structure. The electrodes are usually of different sizes. In
these kind of sensors, the sensing electrode is exposed to exhaust gases, while the
reference electrode may be exposed to the working gas or to atmospheric air. A potential
difference exists due to the asymmetric electrodes and their different catalytic activities,
disparate gas adsorption and different electrochemical reactions [21]. Typically, these
types of sensors operate in the range of 500-600°C [11].

In Figure 2-4 a potentiometric NO; sensor is shown, where the electrolyte is
dense yttria-stabilized zirconia (YSZ) and electrodes are porous strontium-doped
lanthanum manganite (LSM). This kind of potentiometric NOx sensors are also called a
‘mixed potential sensors’. Diesel vehicle exhaust gases contain both oxides and
hydrocarbons species, so both reduction and oxidation reactions occur at the working
electrode devoid of direct exchange of charge between the chemical species [22]. In this
case, the open circuit potential results from both reduction and oxidation reactions. As
these reactions tend to affect the potential in opposite directions, the result is a “mixed”
potential. At the mixed potential, the current produced by multiple electrochemical

reactions is equal to zero [23].
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Figure 2-4: Schematic illustration of the NO; sensors [13].

Electrode materials for mixed potential sensors are selected to have absorption
processes as the rate-limiting step. Electrodes typically comprise of semiconducting
oxides or alloys of noble metals [11], [22].These sensors are strongly cross sensitive to
several species (CO, Oz, hydrocarbons). Apart from this, NO and NO, generate
electromagnetic forces (EMF) of opposite polarity, which incline to cancel each other out
and decrease the signal’s magnitude.

To address the problems related to cross-sensitivity and small potential difference,
some sensing strategies have been developed for these sensors:

e Oxidizing all the hydrocarbons and CO by using noble metal catalyst.

e Achieving equilibrium of the NOx mixture using noble metal catalyst.

¢ Conversion of NO to NO; by using a NO conversion electrode like Pt-Rh.

e NO: detection by using an oxide sensing electrode. The selectivity for a single

NOx species can be improved or inhibited by polarization of the sensing electrode.

This gives control of selectivity to NO vs. NO2 [22].
11



The operating temperature of the sensors can also be controlled to minimize cross
sensitivity. If the temperature is below 600°C, then cross sensitivity to O is reduced due
to poor reaction kinetics [22]. In addition, with this technology it is challenging to detect
total NOyx concentrations for lower ppm levels [24]. For these reasons, potentiometric
NOx sensors have not found widespread commercial use in automobile exhaust gas
monitoring.

2.3.3 Impedancemetric NOx Sensors

Impedancemetric NOy sensing is a relatively new approach for automotive NOx
detection and monitoring. In comparison to amperometric and potentiometric NOx
sensing methods, the impedancemetric technique appears to offer greater sensitivity and
accuracy. The impedancemetric response depends upon the operating frequency applied
to the sensor, and the sensing response is generally based upon the modulus (i.e. |Z|,
magnitude of the impedance) or the phase angle component of the impedance, 6.
Mathematically, 6 can be expressed as:

z" Eq. (1
0= arctan; q- 1]

The NOx sensitivity can be determined from the expression AG/A[NO] in units of
degrees per ppm NO, where 46 = fo; - Ono. The term o; is the angular phase response
for baseline conditions where 10.5% O and N present; o corresponds to a specific
amount of NO added to the gas stream.

The sensor geometry for impedancemetric NOy sensors varies. Some studies have
used sensors with configurations similar to those used in potentiometric studies. More

elaborate configurations have involved sensing electrodes coiled around the electrolyte.
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The sensor geometry can impact the sensing behavior as the distance between the
electrodes affects the oxygen ion transport path length. If this length is too large, then the
sensing response can diminish and become sluggish. The sensor geometry used in this
work is shown in Figure 2-5. The counter and working electrodes were separated by a
thick film porous electrolyte with a thickness of about 0.2 mm. This configuration

seemed to support sufficient NOy sensing.

24  Electrochemical Impedance Spectroscopy Theory
Impedancemetric sensing is based on electrochemical impedance spectroscopy.
This section provides a discussion about the history and theory of electrochemical

impedance spectroscopy. Figure 2-5 shows the diagram of an impedancemetric sensor.

Porous
Electrolyte
Coatin
3 Dense
Sensing
S
Porous Counter ———— Electrode
Electrode Pellet

Figure 2-5: Impedancemetric NOy sensor.

At the end of the 19th century, Oliver Heaviside defined the terms inductance,
capacitance, and impedance which established a mathematical foundation for electrical
circuit analysis. Walther Nernst is called the father of electrochemical impedance

spectroscopy (EIS) as he was given credit for measuring the dielectric constants of
13



aqueous electrolytes using the Wheatstone Bridge in 1894. James Bauerle was noted as
the first to apply impedance spectroscopy methods to evaluating solid electrolytes in
1969 [25].

Electrochemical impedance spectroscopy has become a valuable and commonly
used technique for examining the dynamics of mobile and bound charges within the bulk
or at the interface of solid and liquid materials [26]. It is beneficial for studying the
electrochemical behavior of NOx sensors, and can provide knowledge about the NOx
reactions, and the composition, microstructure, and configuration of materials composing
the sensor. Analysis of impedance data can also indicate potential reaction steps, such as
adsorption, dissociation, diffusion, charge transfer and ionic transport that can promote or
limit the electrochemical behavior of the sensor.

The impedance of a system can be measured by:

1) Applying a small signal alternating voltage, v(t) = Vsin(wt)

2) Measuring the current response i(t) = Isin(wt + 6)

3) Calculating the impedance Z(w) = v(t) / i(t).

The impedance is frequency-dependent. The phase angle, 6, quantifies lag or lead of i(t)

with respect to v(t). Figure 2-6 illustrates these essential concepts.
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Amplitude
V(t) = V sin {wt)

i(t) = I sin (wt + 6)

Figure 2-6: Basic concept of impedance spectroscopy.

The impedance is comprised of real and imaginary components represented by

Zrea (£°) and Zimag (Z7), respectively. The expression for the impedance is as follows:
Z(w) =Z"+ jZ", where j = V—1. In the complex plane, the impedance can be

represented at each frequency by a vector whose magnitude, the modulus, is the length of

the vector as defined by the Pythagoras relationship:

lZI — /ZIZ + 72 Eq. [2]

The angle that the vector makes with the abscissa is the phase angle &

(Figure 2-7). This quantity also denotes the lag or lead of the response current at a

specific frequency. By trigonometry, the phase angle is defined on the complex plane as

-1 (21 . .
tan~! (—Z-,-) . The phase angle is usually the most sensitive parameter towards the

changes in the system. It is more sensitive than |Z|. Therefore, in impedancemetric

analysis, @ is often used as the measure of NOy sensitivity.
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Figure 2-7: Relation between 0 and |Z)|.

2.4.1 Impedance Response

The Nyquist plot is a way to represent impedance data in the complex plane. For
this reason, it is sometimes called a complex impedance plane plot [10]. Another name is
a Cole-Cole plot. Figure 2-8 is showing some basic information about the Nyquist plot.
A Nyquist plot of impedance data recorded from a sensor with a yttria-stabilized zirconia
electrolyte and strontium-doped lanthanum manganite working electrode exposed to
10.5% O2 at 575°C, as shown in Figure 2-8 below. The dominant features include two
distinct arcs labeled “high frequency” (HFA) and “low frequency” (LFA).

The modulus and phase angle at 20 Hz are marked on the plot. The high
frequency arc typically represents the reactions involving the bulk electrolyte, and these
processes are kinetically controlled. So, for a specific temperature the behavior of HFA

remains unchanged. The HFA is independent of the NOx concentration of the system.
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LFA represents the reactions at the triple phase boundary (TPB), and it is dependent on
the NOy present in the environment. For this reason, the LFA plays an important role in

NOx sensitivity measurements.
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Figure 2-8: Familiarization with Nyquist plot.

From Figure 2-9, it is evident that the phase and |Z| change with changes in NOx
concentration. The LFA typically decreases with an increase in the NOx concentration.
However, the HFA remains the same for both the 0 ppm and 100 ppm NO within the
Nyquist plot. This is the Nyquist plot of impedance data recorded from a sensor with a

YSZ electrolyte and LSM working electrode. Here, |Z|2onz and 029y are the modulus of

the magnitude of impedance and phase angle at 20 Hz, respectively.
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Figure 2-9: Change in LFA with change in NOx concentration.

24.2 Equivalent Circuit Analysis

The impedance response from electrochemical systems may be demonstrated by
an equivalent circuit. The equivalent circuit can be helpful in explaining the physical
processes going on at the electrode-electrolyte interface within a specific system. The
output of the equivalent circuit must match the experimental data. There can be more
than one circuit model for one system which fit the experimental results, but the
appropriate model must explain the physical phenomenon associated with the
electrochemical system appropriately.

Here, we will discuss different equivalent circuit elements that are commonly
used to construct a circuit model (Table 2-1). If properly arranged, these elements can
mimic the experimental result for the impedance plot. Resistors (R), capacitors (C) and
inductors (L) are called ideal circuit elements, but there are also some other non-ideal

elements like the constant phase element (CPE) and Warburg diffusion element (W).
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Table 2-1: Details of different circuit elements

Element | Symbol | Circuit Symbol | Impedance (Z) Physical Significance
Resistor R R+j0 Resistance of electrolyte
A AN or charge transfer
Inductor L 0 +joL Stray inductance from
OO leads or human contact
Capacitor C 0+ 1/joC Capacitance from double
— - layer charge
Constant Q /[(j®)"Q] ForC,n=+1
ForR,n=0
Phase CPE - -1<n<+l |ForL,n=-1
Warburg | W 6/0"? - jo/o'? | Infinite or semi-infinite
diffusion to electrode
] W B O = Warburg parameter
Voigt ®RO) (joC+ 1/R)! | Interfacial charge transfer
Cole RQ) [(®)"Q + 1/R]"! | Electrode reactions along
CPE with grain boundary
-{:/W\:l» 0<n<+1 charge transfer

Sometimes two or more circuit elements are needed to make one element, like the

Cole element. Similarly, a resister and a capacitor in parallel combination can be used to

construct a Voigt element. A Nyquist plot with n number of arcs can be represented with
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n number of Voigt circuits or a modified Voigt circuit (Figure 2-10), which is also called

Cole circuit in a series connection [27].

Cl Cn
_.{
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R, R,

Figure 2-10: Voigt elements in series.
In Figure 2-11, a typical Nyquist plot of a NOx sensor with dense LSM electrode

and porous YSZ electrolyte is shown along with its equivalent circuit.
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Figure 2-11: Nyquist plot with an equivalent circuit and the corresponding fitted data.

The fitting has been done using Marquardt-Levenberg or Simplex algorithm that

is part of the Gamry Echem Analyst software provided with the Gamry Reference 600

impedance analyzer.
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It is possible to evaluate NOx concentration from impedance data by calculating
the phase angle difference at a specific frequency upon the introduction of NOx. The
change in phase is directly proportional to the change in the NOx concentration, A@ = 0;-
0,2, where 0; and 0, are the phase angles for two different concentrations of NOx in the
system.

243 2-Point and 3-Point Impedancemetric Measurements

The impedance is typically collected using a 2-point or 3-point measurement
technique. The 2-point method involves two electrodes where one is called the working
electrode (WE) and the other the counter electrode (CE). The working electrode is the
electrode in an electrochemical system in which the reaction of interest is occurring, and
the counter electrode is the electrode that is used to close the circuit in the
electrochemical cell. Using the 2-electrode method, the potential across the complete cell
is measured [28].

The 3-point method involves another electrode called a reference electrode (RE)
for the electrochemical measurement. The reference electrode is an electrode that has a
stable and well-known electrode potential and it is used as a point of reference in the
electrochemical cell for the potential control and measurement. In this case, the current
flows between the CE and the WE [28]. The potential difference is controlled between
the WE and the CE by positioning the RE. The 3-point setups have a distinct
experimental advantage over 2-point setups as they can measure one half of the cell. That
is, the potential changes of the working electrode are measured independent of the
changes that may occur at the counter electrode. This is important and useful when the

counter and working electrodes are different. For symmetric electrodes, the 2-point
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impedance measuring technique is generally sufficient. Two-point and 3-point

measurement cell connection is shown in Figure 2-12.

2 - Electrode Cell 3 - Electrode Cell
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Measure Cusrent
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I
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Counter Reference Electrode
Electrode

Control voltage Controt Voltage

Figure 2-12: 2-point and 3-point measurements cell connection [28]

2.5  Dense NOx Sensing Electrodes

In electrochemical systems, the electrodes play a crucial role in the chemical
reactions taking place at the triple phase boundary (TPB). The TPB is the location where
the electrode, electrolyte and gas species come into contact [12]. To select the proper
sensing electrode, one has to depend on the empirical results as all the reaction
mechanisms are not clearly understood [22]. The NOy sensors that are available in the
market mainly use porous Pt based electrodes for NOy sensing purposes. Apart from
porous Pt other metals like Au and Ag have also been studied based on dense and porous
microstructures [16]. These studies have indicated that the microstructure of the
electrodes has a significant effect on the electrochemical behavior of the sensor. Different
electrode microstructures for different materials will be discussed in the subsequent

sections of this chapter.
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2.5.1 Electrode Microstructure

Electrode microstructure is an important factor when it comes to NOy sensing.
The vast majority of the NOy sensor electrode studies are based on porous electrode
microstructures, as commercial NOy sensors have porous electrodes to promote gas
diffusion. Recent studies have found porous electrodes tend to enable heterogeneous
catalysis, which can reduce the concentration of NOy arriving at the triple-phase-
boundary (TPB) [29]. This affects sensor accuracy, particularly for low NOx
concentrations, since electrochemical reactions affecting NOy detection occur at the TPB.
By adopting a dense microstructure for the electrodes and a porous microstructure for the
electrolyte such reactions become limited; therefore, detecting NOx can take place with
greater accuracy [1], [16], [30]. For example, potentiometric studies comparing porous
nano Au to dense Au electrodes for NOy sensing verified sensors with the dense Au
electrodes demonstrated greater sensitivity to NOy [29]. Charge transfer was identified as
the dominant rate limiting mechanism for the porous Au electrodes. Impedancemetric
NOx sensing studies on the NOx sensing behavior of Au sensing electrodes have also
found NOx sensitivity to be greater for sensors composed of dense Au electrodes [16].
Related studies verified that dense Au sensing electrodes demonstrated rapid charge
transfer kinetics, but were limited by dissociative adsorption of O2 [26].

2.5.2 Single Phase Dense Electrodes

As stated in an earlier section, porous Pt electrodes are commonly used in NOy
sensors as the material tolerates the stringent exhaust gas environment {31]-{33].
However, Pt (atomic weight 78) whether porous or dense in the microstructure is a strong

catalyst for Oz reduction, which can interfere in accurately detecting NOx at
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concentrations below 10 ppm [16]. Au (atomic weight 79) is another well studied
electrode material for NOx sensors [34]-[37]. Au has good NOy sensitivity and low water
cross sensitivity, but it also has a thermal coefficient that is less compatible with the YSZ
electrolyte [38]. This makes sensor durability challenging. Au also has a relatively low
melting temperature that limits the fabrication temperature of the sensor [39]. To address
these issues, metal oxides are under investigation. Some metal oxides (e.g., LaSrMnO3)
have a coefficient of thermal expansion coefficient that is close to that of the Y203-ZrO:
electrolyte. For example, the thermal expansion coefficient of 8 mol% Y203-ZrO; and
Lag sSro2MnOj3 are 10.5x10/°C and 10.0x10°%/°C, respectively. Several studies have
found metal oxide electrodes, especially those with the perovskite (ABO3) structure,
demonstrate significant sensitivity to NOx even with high concentrations of oxygen
present [12], [40]-[45]. Perovskites are also attractive as a lower cost alternative to Pt
electrodes.

Comparative studies on various perovskite electrodes have shown particularly
high NOx sensitivity in sensors with lanthanum-based perovskite electrodes [12], [40],
[44], [45]. Ueda et al. reported strontium doped lanthanum manganite to show highest
NO; sensitivity among all the La-based perovskite that were tested as sensing electrodes
[45]. Woo et al. compared LaSrMnOs and Au sensing electrodes for NOy sensing and
found both of them to be almost equally sensitive, but in different operating temperatures
[1]. In this study, Lag 8Sro2MnOs (LSM) were evaluated as NOy sensing electrodes. Au
and Pt electrodes also have been studied in noble metallic electrodes.

The ceramic electrode material LSM is an electronic conductor. LSM is black in

color and has a density of approximately 6.5 g/cm? [46]. The actual density will vary
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depending on the processing method and actual stoichiometry. LSM has a rich electronic
phase diagram, including a doping-dependent metal-insulator transition, paramagnetism
and ferromagnetism [47]. LSM is a common cathodic material for solid oxide fuel cells
(SOFCs) because it has a thermal coefficient that is compatible with 8 mol% Y203-ZrO»,
a widely studied electrolyte for SOFCs and solid state gas sensors.

253 Composite Dense Electrodes

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. [14],
[17]. 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, CO,, NH3 and hydrocarbon sensors [14], [48]-[60]. There have also
been some studies that have explored the potential of composite electrodes for NOx
sensing [61]-[65]. For example, potentiometric NOy sensors using Cr203-WOs3 sensing
electrodes demonstrated greater sensitivity to NO; along with a more rapid response time,
in comparison to WO3 sensing electrodes [66]. Similar results were reported for Au-YSZ
composite sensing electrodes where impedance data indicated the addition of 10 wt%
YSZ to the Au electrode reduced the electrode resistance. The probable cause behind it is
the delocalization of electrode reaction through the entire electrode due to addition of
ionic conductor, thereby enhancing the electrochemical response of the sensor to NO»
[67]. Perovskite composites have been used as catalysts for propane oxidation at solid

oxide fuel cells [68]; however, there appear to be limited studies concerning perovskite
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composite electrodes with respect to NOx sensing [69]. Impedance characterization
studies on Lax.1SrxMnQs electrodes containing praseodymium- or gadolinium-doped ceria
under NOy gas environments suggest the ionic and electronic properties of the electrode
can be modified to influence electrode reactions [70]. Thus, further study of perovskite
composites for NOy 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 addition to dense composite perovskite electrodes, Au-Pt composite electrodes
were also considered. However, fabrication was not possible due to equipment
limitations. As an alternative approach, Au/Pt twine electrodes were formed from Au and
Pt wires. The idea was the Au would promote NOy sensing while the Pt would support
the electrode during high temperature firing steps. Initial experiments were carried out to
verify the electrochemical behavior and NOy sensing characteristics of the Au/Pt twined
wires as the sensing electrode.

In this dissertation, LSM-Au, LSM-YSZ and LSM-LSCF composite electrodes, as
well as Au/Pt twine electrodes, were studied in order to interpret their NOx sensing

properties.
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2.6  Sensor Electrolyte

Yttria stabilized zirconia (YSZ) is an oxygen ion conductor. Structurally, YSZ
comprises of large amount of zirconia (Zr0O;) with the balance containing yttria (Y203).
Sometimes SiO; is added (1%) to reduce grain boundary development. These materials
are the oxide form of the metals zirconium, yttrium, and silicon. Zirconium and yttrium
are in neighboring columns on the periodic chart. Their valences differ by one. Yttrium
(Y**) substitutes zirconium (Zr*") in the lattice. Since yttrium and zirconium are not
isovalent, yttrium forms a different number of chemical bonds with neighboring oxygen
atoms, and vacancies (lattice defects) are introduced to the lattice in order to maintain
electro-neutrality. These vacancies are responsible for the oxygen ion (O2) transport from
one vacancy to another. Electrolytic ionic conductivity depends on temperature,
composition (dopant concentration and distribution), microstructure (crystallographic
phase), and density (porosity) [71]. Grain boundaries found at the interfaces of different
phases exhibit vacancy depletion, retarding ion transfer. Micro cracks also increase
resistance of the bulk material [71]. A high firing temperature during the sintering step
raises both the density and the ionic conductivity. YSZ is not the best ionic conductor
available. The bismuth oxide-based electrolytes have a much greater ionic conductivity
than YSZ, but under low oxygen environment, these oxides degrades and become
unstable. This property makes them unusable in exhaust gas sensors [72]. YSZ is stable,
inexpensive and has very low electronic conductivity. Such properties make YSZ a

favored electrolyte in SOFC and solid state gas sensor studies.
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2.7 NOx Sensor Reaction Steps

NOx sensing reactions can involve several reaction steps. Figure 2-13 illustrates
the diffusion of gases that may adsorb on the electrolyte surface and dissociate, as well as
undergo charge transfer at the triple-phase-boundary. The surface reaction steps can
occur in any order. Oxygen ion transport occurs through the electrolyte bulk. Although
the porosity of the electrolyte enables gas transport, it can also impede ionic transport. At
different sensor operating frequencies, some of the processes may contribute to the
impedance response, depending on the physical characteristics of the electrochemical

cell. The following reactions occur at the TPB during NOy sensing [73]:

1 .
5 0% 42" 0% *a- Bl
NO + 0% & NO, + 2e” Eq. [4]
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Figure 2-13: NOy sensing reaction steps.
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CHAPTER 3

SENSOR FABRICATION, INSTRUMENTATION AND
CHARACTERIZATION

In the first part of this chapter, Section 3.1 presents the NOy sensor fabrication
methods. This part for the NOyx sensor fabrication is divided into two sections: first one is
for the dense perovskite electrode study and the other one is the Au/Pt twine electrode
study. In Section 3.2, the instrumentation part or the experimental set-up in the laboratory
is discussed. In Section 3.3 the characterization techniques used for the NOy sensors are
discussed. Scanning electron microscopy (SEM), energy dispersive x-ray spectroscopy
(EDS), mercury intrusion porosimetry (MIP), x-ray powder diffraction (XRD), and

Archimedes’ method are discussed in the last section.

3.1  Sensor Fabrication
This section comprises of the details for the NOx sensor electrodes and
electrolytes fabrication. Two types of sensor fabrication process have been described in
this section. The first one is dense perovskite based sensors and the other one is

comprised of noble metal electrodes and porous electrolyte.
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3.1.1 Perovskite Electrode Based NOx Sensor Fabrication

LSM, LSM-Au, LSM-YSZ and LSM-LSCEF electrodes were fabricated. The
process mentioned here is common to all electrode fabrication. There were some small
differences, which will be discussed in the section for that specific electrode.

LSM (Lag gSro2MnO3, Inframat Advanced Materials) powder was used to
fabricate dense pellets for the single phase and composite electrodes. As received LSM
powders were mixed with 3% B-76 Butvar (binder). The composites were made by
adding the desired amount of Au, YSZ or LSCF powders. These powders were pressed
into pellets under 200 MPa and sintered at temperatures ranging from 1350 -1400°C for
5-6 hours to achieve a reasonably dense microstructure. The diameter of the pellets was
11 mm with a thickness of about 1.1 mm following sintering. The electrode pellets were
partially coated with an electrolyte slurry composed of YSZ (8 mol% Y203-doped ZrOa,
Tosoh Corp.) YSZ powder was mixed with ethanol, phosphate ester (dispersant) and B-
76 Butvar (binder). The mixture was ball-milled for 16 hours using a 3D rotational mill to
establish a homogeneous slurry. The electrolyte was coated on the electrode by using a
paint brush. Several electrode pellets with a YSZ coating were fired at 1000°C for 1 hour
where the furnace ramp rate was 2°C/min. Another slurry was made by ball-milling the
electrode powder with methyl ethyl ketone (solvent), B-76 Butvar (binder) and corn oil
(dispersant) for 22 hours. This electrode slurry was used to coat the counter electrode on
the porous YSZ electrolyte and the pellets were then fired again at 1000°C (ramp rate

was 2°C/min) for 1 hour resulting in electrodedense/YSZporous/electodeporous cells to

serve as NOy sensors. The external leads were made for the sensors by attaching Au wires

(0.2 mm dia., Alfa Aesar) with the electrodes using Au paste (Ted Pella Inc.).
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Some LSM based NOx sensors were fabricated with a Au counter electrode
instead of a porous perovskite. In this case after partially coating the LSM pellet a Au
wire (0.1mm dia. Alfa Aesar) was attached to the YSZ coated portion of the LSM pellet
and the pellet along with the gold wire was fired in 1050°C for 1 hour to give the YSZ
coating a porous microstructure. Then another gold wire was attached with the portion of
the LSM pellet, which was not coated with YSZ slurry. This gold wire was attached on

the LSM pellet by using a LSM paste. Here, the configuration of the sensor was
LSMudense/ YSZpPorous /Audense. These gold wires were directly attached to Gamry

impedance analyzer to collect electrical response.
3.12 Au/Pt Twine Electrodes Based NOyx Sensor Fabrication

Fabrication of AwPt sensing electrodes was carried out by wrapping Au and Pt
wires together. Care was taken to ensure that the Au and Pt wires were evenly twisted
together. The counter electrode was a Pt wire. The Pt and Au wires had a diameter of
0.25 mm.

The Au/Pt twine electrodes were attached to a YSZ electrolyte containing
alumina. A low concentration of alumina was added to provide additional strength and to
contribute to the conductivity of the electrolyte. The electrolyte was fabricated by mixing
8 mol% Y203-ZrO; (YSZ, Tosoh), 2 wt% Al,03 (Alumina, Sigma Aldrich) and 3 wt%
PVB 76 binder that was ball-milled with ethanol. Ethanol was evaporated from the slurry
using a hot plate heated at 200-300°F. Due to ethanol absence, the slurry became dry. A
mortar, pestle and sieve were used to make the dry slurry into a powder. Some of the
resulting YSZ-2% Al,O3 powder was pressed into pellets. An Aw/Pt twine electrode was

placed over the electrolyte pellet along with a Pt counter electrode, and coated with the
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YSZ-2%Al1203 slurry. This slurry was made using the remaining YSZ-2%A1,03; powder
and mixing it with ethanol. For performance comparison purposes, the sensors were also
fabricated with Au and Pt wires. The sensors were then fired at a temperature of 1050°C
for 1 hour. Both 2-point and 3-point measurements (discussed in Section 2.4.3) were

collected.

3.2 Instrumentation

The apparatus used to test the NOx sensors were contained within a fume hood.
The sensors were positioned in a quartz tube situated inside a tube furnace (Lindberg
Blue M, Thermo Scientific), which was programmable up to 1100°C. The furnace was
programmed with a heating/cooling rate of 2°C/min to avoid surface cracking on the
ceramic sensor. Two licensed NOx cylinders (500 ppm NO and 500 ppm NO2) were used
as NOx sources. Air and N2 were introduced to adjust the oxygen percentage and gas
mixture from the house lines. All of the gases were introduced to the system by four mass
flow controllers manufactured by MKS. Electrochemical impedance measurements were
collected using a Gamry Reference 600 (Gamry Instruments) for sensors operating at
temperatures ranging from 575 — 675°C. The electrodes of the sensors were connected to
the Gamry using ultra-thin gold wires (Alfa Aesar). Impedance spectroscopy data was
collected using a signal amplitude of 100 mV over a frequency range of 1 Hz - 1 MHz.
The sensors were exposed to NO and NO; at concentrations ranging from 0 - 100 ppm for
dry and humidified gas (3 — 10% water vapor) environments. The water vapor was
introduced to the system using a bubbler along with heated gas lines. The test exhaust gas
also contained O at concentrations of 5% - 18% with N as a balance. A standard gas

handling system with mass flow controllers was used to regulate and vary the gas
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concentrations where the total flow rate was 500 sccm. Measurements were collected in
triplicate to insure stable and reproducible data was collected. The experiment setup is

shown in Figure 3-1.

Gas Handling > [))
System

Furpace {with the NOx
Sensor inside)

Water Handling
System ‘ »

Digital Data Analysis
System

Figure 3-1: NOy sensing set-up inside the laboratory.

3.3  Characterization

For microstructural characterization purposes, SEM, EDS, MIP, XRD and
Archimedes’ techniques were employed. The characterization results and images will be
discussed in Chapters 4 and 5.
3.3.1 SEM and EDS

SEM imaging was used in this study for all the sensors to evaluate the
microstructure of the electrodes and electrolytes. To study the composite electrode and
electrolyte based NOx sensors, EDS was primarily used for elemental mapping, which

helped to interpret the distribution of the materials forming the composite. A mostly
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homogeneous distribution of materials was observed for the LSM-YSZ electrodes and
YSZ-AlLO; electrolytes. For LSM-Au electrodes, this distribution was non-
homogeneous. For specifically LSM-Au electrodes, backscattered SEM was used to get
clear images of Au particles dispersed within LSM.
332 MIP

In this study, an AutoPore IV MIP machine manufactured by Micromeritics was
used. The mercury porosimetry analysis technique is based on the intrusion of mercury
into a porous structure under stringently controlled pressures from 0.2 to 50 psia (pound
per square inch absolute). The increment can be as fine as 0.05 psia. This machine can
determine a broader pore size distribution (0.003 to 1100 pm). Measuring the porosity
was a very important task in this study. For solid state NOx sensors porosity is a key
factor which can change the performance of the sensor substantially. So, MIP and the
Archimedes’ method (discussed later) were used to determine the porosity of the
electrode and electrolyte pellets. For all the pellets, it was found that the porosity differed
by + 2% between the two porosity measurement techniques.
3.33 XRD

In this study, a Bruker D8 Discover XRD was used. XRD is a common technique
used for determining information about the structures of crystals and atomic spacing
inside them [1]. XRD was used mainly to determine the appropriate sintering temperature
for the LSM-YSZ composite electrodes. For firing temperatures beyond 1300°C, there is
a possibility of forming a resistive phase in LSM-YSZ electrodes due to chemical

reactions between LSM and YSZ. If LSM and YSZ react, then a resistive phase can be
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identified from XRD analysis. It was determined that the LSM-YSZ sensing electrodes
could be fired as high as 1325 °C without resulting in unfavorable reactions.
334 Archimedes’ Measurements

This is a manual process to calculate the density of a sample. It is based on
Archimedes’ buoyancy technique with dry weights, soaked weights and immersed
weights in water (mercury, xylene or denatured alcohol if the refractory is water
sensitive). In this method the apparent porosity, bulk density and apparent specific
gravity are calculated from the dry, soaked and immersed weights. This technique was
used to calculate the density of the electrodes and the porosity of the electrolyte pellets.

The Archimedes’ measurements were confirmed with MIP results.
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CHAPTER 4

NOx SENSOR OPERATION WITH DENSE LSM SENSING
ELECTRODES

In the first part of this chapter, Section 4.1 discusses NOx sensors with dense
Lag §Sro2MnO; (LSM) perovskite sensing electrodes and porous Lao sSro2MnO3 counter
electrodes. Section 4.2 presents the description of the NOy sensors consisting of dense

LSM sensing electrodes with Au wire counter electrodes.

4.1  Dense LSM Electrode Study with Porous LSM Counter Electrode

Dense LSM Electrode Study With Porous LSM Counter Electrode Using metal
oxide electrodes, particularly those with the perovskite (ABO3) structure, instead of Pt
has been found to enable greater NOy sensitivity even with high concentrations of oxygen
present [12], [13], [20], [40]-[42], [45]. Among the most well studied perovskites is
strontium-doped lanthanum manganite (LSM), on account of its application in solid oxide
fuel cells. NOx sensor studies using LSM as the sensing electrode have found Sr
contributes to the NOy response as Sr promotes NO adsorption [45]. Although LSM is a
catalyst for oxygen reduction, sensors using LSM electrodes seem to exhibit lower cross-
sensitivity to oxygen in comparison to sensors composed of Pt electrodes.

There are few reports on the behavior of dense perovskites as NOx sensing

electrodes. Studies by Woo et al. found the sensing response to NO was comparable for
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NOx sensors utilizing (La,Sr)MnOs or Au sensing electrodes [12]. A key
difference was the sensors with (La,Sr)MnOs needed to be operated at 575 °C in order to
produce a similar sensing response to sensors using Au electrodes operated at 650°C
[12]. The difference in operating temperatures suggest that different kinetics were
involved. Greater understanding of the mechanisms and kinetic reactions governing
perovskite electrodes is needed to allow greater exploitation of the properties that

influence NOx sensitivity.

4.1.1 Experimental
The fabrication process is discussed in detail in Sections 3.1.1 and 3.1.2. Here the

electrode powder consisted of LSM and 3 wt% binder. Figure 4-1 shows the schematic

of the final sensor.

Porous
Electrolyte
Coating Dense
Porous Counter e— Sensing
Electrode
Electrode
Pellet

Figure 4-1: Schematic diagram of the NOx gas sensor.

4.1.2 Characterization of the NOx Sensor

Typical SEM images of the LSM electrode pellet and porous YSZ electrolyte

coating are shown in Figure 4-2a and b. Clear observable grains and grain boundaries
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could be seen on the surface of the LSM pellet (Figure 4-2a). The LSM grain size was

almost 20 pm x 20 pm.
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Figure 4-2: SEM images of the surface of (a) dense LSM pellet (b) porous
YSZ coating and (c) cross-sectional view of the NOx sensor.

Surface exchange reactions at LSM electrodes are reported to be more rapid along
grain boundaries in comparison to the grain surface [74]. Thus, it is possible that the
concentration of LSM grain boundaries along the TPB contributed to NOy reaction rates.
The density of LSM pellets without the YSZ coating was determined by the Archimedes’

method to be about 92% + 2%. Comparable results measured by MIP indicated the
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pellets were 90% + 3% dense. SEM surface images of the YSZ coating indicated a
contiguous network of particles and dispersed pores as shown in Figure 4-2b. Prior
studies of similarly prepared YSZ electrolyte coatings determined the electrolyte porosity
to be approximately 46% based on computations analysis of SEM images [36]. The YSZ
coating was determined to have a thickness of ~ 0.2 mm. Cross-sectional images
indicated reasonable adhesion between the LSM electrode pellet and YSZ electrolyte
coating (see Figure 4-2¢). There were also some isolated closed pore within the dense
LSM microstructure. The surface and cross-sections of the sensor components were free
of cracks, and the low firing temperature of the YSZ electrolyte coating ensured the
chemical integrity of the LSM/YSZ interface.

413 Result and Discussion

4.1.3.1 Impedance Behavior. Impedance measurements were collected for the LSM

based NOx sensors during operation with various concentrations of NO and NO; gases at
temperatures ranging from 575 - 675°C. Thermodynamic conversion where much of the
NOz is converted to NO at elevated temperatures [22]. Therefore, data presented in this
work concentrates on sensor behavior with NO gas. Figure 4-3a shows the typical
impedance response of LSM, sensing electrode based sensors with and without NO at an
operating temperature of 575°C. Figure 4-3b shows the impedance response of the
sensor with and without 10% water in the testing environment and Figure 4-3¢ displays
the change in impedance response of the sensor with change in the operating temperature.
The impedance of the low frequency arc (LFA) of the Nyquist plots of the sensors
decreased when sensors were exposed to 100 ppm NO or NO; in comparison to the

baseline conditions with only 10.5% Oz and N present. The measured impedance was
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lesser for humidified gas conditions compared to dry gas conditions for the sensors
evaluated. This is illustrated in the data shown in Figure 4-3b 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 [75],
[76]. The addition of water vapor may facilitate the charge transfer process in the triple
phase boundary which reduced the measured impedance [77]. From the impedance plot
obtained in different temperatures (575°C - 675°C) it was found that the value of the
impedance decreased with an increase in the temperature. Increase in temperature may
help to proceed the NOx reactions more readily causing a deduction in the measured
impedance value. The impedance data for the sensors consistently presented a high
frequency arc (HFA) followed by a substantially larger low frequency LFA.

The HF A described YSZ electrolyte reactions that is independent of gas
concentration as it is kinetically controlled and remains same for all the NOy
concentrations at a particular temperature. The ionic conductivity of YSZ dependents on
the yttria content and porous microstructure of the electrolyte coating, impacted reactions
governing the electrolyte HFA response [36], [78]. The LFA described the impedance
associated with reactions occurring at the sensing electrodes and electrode/electrolyte
interface. The exhaust gases, O2, NO, and NO3, participate in interfacial reactions

according to the equations described in Section 2.7.
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Figure 4-3: Change in impedance response of the NOy sensors with the change in (a)
NO concentration, (b) dry and 10% water, and (c) operating temperature.
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4132 Equivalent Circuit Modeling. Equivalent circuit modeling was used to fit the

measured impedance data in order to further study the electrical response of the LSM
based NOx sensors. As shown in Figure 4-4, two parallel circuits were found to model
the impedance data where the high and low frequency arcs were described by RursCPE
and Ryr4(CW) circuits, respectively. This circuit model was used to fit all impedance data
collected at the various operating temperatures and gas concentrations. The resistance,
Ryr4, was associated with reactions taking place within the porous YSZ electrolyte, and
the constant phase element, CPE, was related to the non-ideal capacitance behavior. The
impedance, Zcpg, due to the CPE is defined by:

7o = 1 Eq. [6]
PE T Yy (w)

where n is a constant such that #» = 1 describes a capacitor with a value of Y,. The angular
frequency is o = 2xf, and fis the applied operating frequency. In the second parallel
circuit, R;r4 was associated with the resistance of the LSM electrode and LSM/YSZ
interfacial reactions. The model included a Warburg impedance, Zw, and capacitor, C,

which can be represented by the following relationships:

Zy = [Yofjw]™? Eq. [7]
Z; = [C\fjw]™? Eq. (8]

The Warburg element described the impedance resulting from the diffusion of
ionic species at the LSM/YSZ interface. The impedance due to capacitance effects has
been associated with the oxygen coverage at the electrode/electrolyte interface within

NOx sensors [79], [80].
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Figure 4-4: Equivalent electrical circuit for the LSM based NO, sensor.

For both the dry and humidified gas conditions, R.r4 decreased with an increasing
operating temperature most likely due to an increase in charge transfer reaction rates. The
magnitude of R;r4 determined by the model was slightly larger for humidified gas
conditions compared to dry conditions. The Warburg element took into account the slope
of the LFA that was approximately 45°. As the operating temperature increased, the
Warburg impedance also increased, and the humidified data was marginally higher in
magnitude in comparison to sensor data collected under dry conditions.

The model also indicated a decrease in capacitance as the sensor operating
temperature increased. However, the capacitance element tended to decrease for
humidified gas environments. If the capacitance described the oxygen coverage at the
LSM/YSZ interface, then the addition of water vapor may reduce the concentration of
oxygen at the interface. The water molecules or gas species resulting from water
reactions may block sites along the interface that oxygen molecules would have

occupied.
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4133 NO Sensitivity. The phase angle component of the impedance, 6, is highly
sensitive to changes in NOx concentration. Hence, the change in the phase response, 40,
was used to assess sensor sensitivity according to Eq. [1]:

— tqp—1211®)
0=t @)

where Z'(») and Z"(o) are the real and imaginary components of the impedance, and

46 =6y, - Oyo Eq. [9]
where 8o, corresponded to the baseline phase angle response with only 10.5% O and N
present, and Ono corresponded to the phase angle response with the addition of NO in the
gas stream. The sensitivity of the LSM based sensors to various concentrations of NO is
shown in Figures 4-5 at 575°C at an operating frequency of 20 Hz for dry and 10%
humidified conditions. The sensitivity of the LSM based sensors clearly had two different

regimes. The first one is from 0 — 50 ppm of NO and the second one is for 50 — 100 ppm

of NO.
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Figure 4-5: NO sensitivity plot for dry and 10% humidified condition at 575°C.
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NO sensitivity was higher for humidified gas conditions shown in Figure 4-6. In
this figure, the NO sensitivity for the LSM based sensors with different water
concentrations (3% - 10%) has been shown for 20 Hz at 575°C. Some studies suggest
heterogeneous catalytic oxygen reactions are inversely related to water reactions at
perovskite electrodes[75]. For such a case, NOx sensors should yield higher sensitivity

responses in humidified versus dry gas conditions.
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Figure 4-6: NO sensitivity comparison for dry and different humidified conditions at
575°C for 20 Hz.

Here, the LSM based NOy sensors showed almost a 25% greater sensitivity to NO
for humidified gas conditions. These results suggest the humidity of the gas stream may
interfere with oxygen catalytic reactions, thereby allowing NOy reactions to proceed more
readily. From Figure 4-6 it can be concluded that NO sensitivity of the NOy sensor
increased with the water participation, but it is almost independent of the concentration

level of water.
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4134 Oxygen Dependence

In this study, the data was collected for different concentration of Oz (5% - 18%).
Figure 4-7a shows the O; sensitivity of the LSM based NOx sensor at 575°C for 20 Hz
and 1000 Hz without NO. Figure 4-7b shows the NO sensitivity of the LSM based NOx

sensor with 10.5% O3 at 575°C for 20 Hz and 1000 Hz.
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Figure 4-7: Comparison of (a) Oz and (b) NO sensitivity of the LSM based NOx
sensor at 575°C for 20 Hz and 1000 Hz.

Comparing both figures we can say the O, dependence of the sensor is dependent
on the operating frequency and at 1000 Hz the sensor has almost no sensitivity for NO,
but it is still sensitive to O2.The same phenomena was observed in this ref article [73]. So
it can be concluded that at 1000 Hz and beyond, this sensor is working only as an O;
sensor.

Oxygen reduction reactions at dense LSM electrodes have received attention for
SOFCs [74], [81], [82].Oxygen reduction reactions at the LSM electrode impact reactions
at the TPB where NOx reactions occur. Numerous studies report oxygen reduction in
LSM taking place according to two separate reaction pathways. One reaction pathway

proceeds by oxygen diffusion to the TPB where the electrode, electrolyte and gas phase
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come together, resulting in electrochemical oxygen reduction [81]. 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 oxygen gas diffusion to the TPB such that electrochemical reactions
influenced by the LSM electrode were able to proceed. The oxygen concentration of the
test gas was varied to determine the oxygen partial pressure dependence of the NOy
sensors and potential rate limiting reaction mechanisms. Table 4-1 shows the NOy sensor
oxygen partial pressure dependence for operating temperature 575°C with and without
NO and 10% water vapor where the oxygen concentration varied from 5 - 18% with N. as

the background gas.

Table 4-1: PO; dependence of LSM based NOx sensor at 575°C

Value of m in 575 °C
02+ N2 0:+ 75 ppm NO + 0:+10 % H:O | O:+75 ppm NO+ 10 % H20 +N;
N; + N2
-0.17 -0.13 -0.27 -0.24

The data can be described by the power law relationship, Rir o (Pp,)™ , where m

is the slope and R;r4 was determined from equivalent circuit analysis. The slope
associated with the oxygen partial pressure dependence is generally correlated with
specific reaction mechanisms describing oxygen related processes at the electrode and
electrode/electrolyte interface [83). Here, m was found to range from approximately -0.17

to -0.27 as the operating condition changes. The data in Table 4-1 corresponding to
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sensor operation at 575°C suggested in humidified condition charge transfer was rate-
limiting step m was close to -0.25. In dry conditions the LSM based sensor showed low
PO, dependence.

4.1.3.5 Temperature Dependence. The temperature dependence of the sensors is

described by the Arrhenius plot shown in Figure 4-8 using Rr values from the
equivalent circuit modeling results. Analysis of this data was used to determine the
activation energy of the sensors in the presence of 10.5% Oz with 100 ppm NO under dry
and 10% humidified gas conditions. The calculated activation energies were
approximately 1.040 + 0.034 eV and 1.034 + 0.012 eV for dry without and with 100 ppm
NO respectively. For 10% humidified condition, the activation energy for 100 ppm NO is
reduced to 0.98 + 0.020 eV. The slight decrease in the activation energy for humidified
gas conditions is in agreement with the decrease in impedance observed in Figure 4-3b
for the humidified data. This finding indicates the addition of water may interfere with
sensor operation. The activation energies reported here are significantly lower than those
typically reported for LSM based electrochemical devices. Most likely, this difference is
related to the LSM electrode microstructure. More often, LSM electrodes are fabricated
to have a porous microstructure, which is desirable for solid oxide fuel cells. However,
dense electrodes have been found to limit heterogeneous catalysis in NOx sensors, which
promotes greater sensitivity to NO and NO2[1], [16]. In addition, the dense electrodes
provide more efficient transport of electrons through electronic pathways within the LSM
electrodes, thereby contributing to a lower activation energy. In other studies where dense

Au electrodes have been incorporated in NOy sensors, activation energies similar to those
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determined in this study were reported [16], [26]. This indicates the impact of electrode

microstructure on activation energy.
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Figure 4-8: Plot to calculate activation energy for 0 and 100 ppm NO in dry and
humidified condition for the LSM based NOy sensor.

41.3.6 CH4 Cross-sensitivity

From Figure 4-9 it can be seen that at 575°C the LSM based sensor is more
sensitive to NO than it is for CHa, but as temperature increases the NOy sensitivity is
reduced substantially, but CHa sensitivity is not decreasing as rapidly as NO, as a result,
in 625°C and 675°C the sensor becomes more sensitive to CHa than NO. As the operating
temperature increased, NO sensitivity diminished. Woo ef al. reported similar
observations for LSM based NOyx sensors where NO sensitivity increased when the sensor
operating temperature decreased from 650°C to 575°C. The decrease in sensitivity may

be related to thermally activated oxygen kinetic reactions [84]. If oxygen reactions are
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able to proceed more readily at the LSM/YSZ interface in comparison to NO reactions,

then NO sensitivity may be compromised.

I 105 % 0, + 100 ppm NO + N,
| I 105%0, +100ppmCH, + N,

575 625 675
Temperature (° C)

Figure 4-9: Cross-sensitivity study for CHy in dry condition at 575°C.

42  Dense LSM Electrode Study with Au Counter Electrode

4.2.1 Experimental
The fabrication process is discussed in detail in the Section 3.1.2.1. Here the
electrode power consists of LSM and 3 wt% binder and the counter electrodes are Au

wires. Figure 4-10 shows the schematic of the final sensor.
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Figure 4-10: Schematic diagram of the NOx gas sensor with Au counter electrode.

422 Result and Discussion

4221 Impedance Behavior. Impedance measurements were collected for the LSM

based NOx sensors during operation with various concentrations of NO and NO; gases at
temperatures ranging from 550 - 700°C. For each operating temperature, the impedance
data for the sensors consistently presented a high frequency arc (HFA) followed by a
substantially larger low frequency arc (LFA). The HFA described YSZ electrolyte
reactions that were independent of gas concentration. The YSZ ionic conductivity, which
depends on the yttria content and porous microstructure of the electrolyte coating,
impacted reactions governing the electrolyte HFA response [36], [78]. The LFA
described the impedance associated with reactions occurring at the LSM electrode and
LSM/YSZ interface. The exhaust gases, O2, NO, and NO,, participate in interfacial
reactions according to Equations 3, 4 and 5.

The LSM electrode provides electronic pathways for electrons to travel to the
LSM/YSZ interface. Since the LFA dominated the overall impedance response of the

sensors, the electrical properties of the LSM electrode, along with reactions occurring at
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the LSM/YSZ interface influenced the behavior of the NOy sensors. Figure 4-11a also

shows the impedance of the LFA decreased as the sensor was exposed to greater

concentrations of NO, thereby indicating the addition of NO at the LSM/YSZ interface

promoted NOy reactions described in Eq. 3, 4, 5. It is important to note that the embedded

Au wire electrode within the sensors predominantly functioned to complete the electrical

circuit of the sensor as the reaction area surrounding the Au wire was substantially

smaller than that of the LSM pellet.
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Figure 4-11: Electrical response of LSM based NOx sensor: (a) with and without NO
and NO, gases at 650°C and for (b) dry and humidified gas conditions for various

operating temperatures.
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The impedance response for sensors exposed to NO2 was very similar to that
for NO, as shown in Figure 4-11a. This has been observed in other studies and attributed
to thermodynamic conversion where much of the NO; is converted to NO at elevated
temperatures [12]. Therefore, data presented in this work concentrates on sensor behavior
with NO gas.

Figure 4-11b illustrates the impact of water vapor on the low frequency
impedance response of the sensors as the operating temperature changed. (The high
frequency data is not shown as it is independent of gas concentration.) The addition of
about 3% water to the gas stream caused a slight increase in the LFA for the sensors. The
impact of water on the sensor impedance became less significant as the operating
temperature increased. For both the dry and humidified gas conditions, the magnitude of
the impedance decreased with increasing sensor operating temperatures as reactions
governing the electrode and electrode/electrolyte interface were able to proceed more
readily.

There is some uncertainty regarding the mechanisms governing NOy sensor
behavior in humidified gas environments as the results from different studies tend to vary
[75], [85]. The microstructure and materials composing sensor components, as well as the
operating conditions can cause the results to differ. Some studies report humidified gas
environments can increase OH-coverage on the surface of the LSM electrode, and limit
molecular oxygen adsorption. Thus, oxygen kinetic reaction rates can be reduced in the
presence of water. In such a case, NOy reactions may proceed more readily, resulting in

increased NOy sensitivity [75].
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4222 Equivalent Circuit. Equivalent circuit for the LSM based NOy sensor with

Au counter electrode is exactly the same as discussed in Section 4.1.4.2.

4223 NO Sensitivity. The sensitivity of the LSM based sensors to various
concentrations of NO at different operating temperatures is shown in Figures 4-12a and
b for measurements collected under dry and humidified gas conditions, respectively. The
sensitivity of the LSM based sensors achieved a maximum in the temperature range
600°C - 625°C for both dry and humidified gas conditions. As the operating temperature
increased, NO sensitivity diminished. Woo e al. reported similar observations for LSM
based NOy sensors where NO sensitivity increased when the sensor operating temperature
decreased from 650°C to 575°C. The decrease in sensitivity may be related to thermally
activated oxygen kinetic reactions [84]. If oxygen reactions are able to proceed more
readily at the LSM/YSZ interface in comparison to NO reactions, then NO sensitivity
may be compromised.

NO sensitivity was slightly higher for humidified gas conditions shown in
Figure 4-12b. Some studies suggest heterogeneous catalytic oxygen reactions are
inversely related to water reactions at perovskite electrodes [75]. For such a case, NOx
sensors should yield higher sensitivity responses in humidified versus dry gas conditions.
Here, the LSM based NOx sensors showed almost a 5% greater sensitivity to NO for
humidified gas conditions. These results suggest the humidity of the gas stream may
interfere with oxygen catalytic reactions, thereby allowing NOy reactions to proceed more
readily.

The NO sensitivity of the LSM based sensors with a Au counter electrode was

significantly smaller than the LSM based sensors with a porous LSM counter electrode.
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This was evident by comparing the sensing response at 575°C where A8 /A[NO] was
about 0.041 degrees/ppm NO for sensors with the porous LSM counter electrode, versus
about 0.015 degrees/ppm NO for sensors with the dense Au wire counter electrode. The
difference between the data could be due to adhesion problems between the Au and YSZ
electrolyte resulting in micro-cracks within the YSZ. The impedance at 650°C for the
sensors with the Au counter electrode was larger than the impedance for sensors with the
LSM counter electrode at 575°C. Generally, the impedance is larger at lower
temperatures due to kinetic limitations. This data indicated the LSM counter electrode

enabled the sensor to provide a more accurate response.
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Figure 4-12: Sensitivity plot for (a) dry and (b) humidified condition for the
NOx sensor in 20 Hz.
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4224 Oxygen Partial Pressure Dependence. Figure 4-13 shows the NOy sensor

oxygen partial pressure dependence for operating temperatures ranging from 550 — 700°C
where the oxygen concentration varied from 1 - 18% with N. as the balance gas. The data
can be described by the power law relationship, Rir 0. (Pg,)™ , where m is the slope and

Rir4 was determined from the equivalent circuit analysis. The slope associated with the
oxygen partial pressure dependence is generally correlated with specific reaction
mechanisms describing oxygen related processes at the electrode and
electrode/electrolyte interface [74], [83], [86]. Here, m ranged from approximately -0.26
to -0.38 as the operating temperature increased. The data in Figure 4-13 corresponding to
sensor operation at 550°C suggested the charge transfer was the rate-limiting step m was
close to -0.25. As the sensor operating temperature increased, electronic activity within
the LSM electrode increased such that the charge transfer was improved. As the slope of
the oxygen partial pressure data gradually became more negative with increasing
operating temperature, the dissociative adsorption of oxygen appeared to be a rate-

limiting mechanism [87].
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Figure 4-13: Oxygen partial pressure plot in different temperatures for the NOx
sensor along with the slops.
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4225 Temperature Dependence. The calculated activation energies from

Figure 4-14 were approximately 1.020 £ 0.034 eV and 1.034 + 0.022 eV for dry and
humidified conditions, respectively. The slight increase in the activation energy for
humidified gas conditions is in agreement with the slight increase in impedance observed
in Figure 4-11b for the humidified data. This finding indicates the addition of water may
interfere with sensor operation. Here, the water concentration in the gas stream was about
3%. The activation energies reported here are significantly lower than those typically
reported for LSM based electrochemical devices. Most likely, this difference is related to
the LSM electrode microstructure. More often, LSM electrodes are fabricated to have a

porous microstructure, which is desirable for solid oxide fuel cells.
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Figure 4-14: Activation energy curve for 0 and 100 ppm NO in dry and wet condition
for the NOy sensor.
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42.2.6 Sensor Accuracy. In an application on-board a vehicle, the operating

temperature of the NOx sensor may fluctuate as absolute control of the heater within in
sensor is not possible. Such temperature fluctuations can lead to errors in sensor
sensitivity measurements. The relationship between the phase angle response of the LSM
based NOx sensors and operating temperature was studied in order to determine sensor
accuracy with respect to temperature fluctuations. The data plotted in Figures 4-15a-c
show the sensor operating temperature profiles with the corresponding phase angle
response for sensors operating at frequencies of 10, 20, and 40 Hz for baseline and 75
ppm NO conditions. The same approach was seen in another study [88].

Figures 4-15d-f show the 46 values associated with different NO concentrations
for LSM based NOx sensors operating at 575°C. If there is 75 ppm NO with 10.5% O3 in
the exhaust stream and a +5 °C fluctuation occurs, according to the sensitivity
measurements in Figure 4-15 for an operating frequency of 10 Hz, the 46 measurement
would be 1.82°, indicating an erroneous concentration of 100 ppm NO. Similarly, if the
operating temperature changes to 570°C due to a -5°C fluctuation, then 46 =0.61°,
indicating 41 ppm NO when it is actually 75 ppm. (These calculations were based on the
assumption that the oxygen concentration was accurately measured.) Ideally, if 75 ppm
NO is present, the NOx sensor should detect this concentration even if the operating
temperature fluctuates by + 5°C. Table 4-2 illustrates the NO measurement errors that
could result from such temperature fluctuations. At 40 Hz, the sensors have a more rapid
response rate due to the higher operating frequency. However, the resulting NO
sensitivity error is over 10%. The smallest errors (~ 5 - 6%) occurred when the sensors

were operated at 20 Hz. In addition, the temperature profile in Figure 4-15b indicates a
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minimum in the temperature profile slope at temperatures between 575 - 600°C for
sensor operation at 20 Hz, suggesting that this temperature range is more suitable for

achieving greater sensing accuracy for the LSM based NOy sensors.
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Table 4-2: Change in sensor phase response with corresponding NO measurement

FREQ (Hz) TEMP (°C) | AB= Obascline-ON0 | NO Measurement (PPM)
W)
10 1.25 75
575
+5° PERTURBATION 1.82 100
T= 580
-5° PERTURBATION 0.61 41
T=570
20 1.14 75
575
+5° PERTURBATION 1.24 80
T= 580
-5 PERTURBATION 1.1 71
T=570
40 1.12 75
575
+5° PERTURBATION 1.03 68
T=580
-5° PERTURBATION 1.25 85
T=570
423 Conclusions

NOx sensors based on dense (La, Sr)MnQO3 perovskite supports as working
electrodes with a porous YSZ electrolyte were evaluated to understand the influence of
LSM on NOx sensing. Sensor fabrication resulted in a chemically and mechanically
stable interface between the LSM electrode and YSZ electrolyte. The impedance of the
sensors slightly increased when 3% - 10% water was added to the gas stream possibly
due to interference of water molecules with oxygen reactions, and interference of
hydroxyls at the LSM/YSZ interface. NO sensitivity was higher for sensors operating at a
temperatures 575°C as oxygen kinetic reactions were limited, thereby, allowing NOx
reactions to proceed more readily. The sensors were reasonably sensitive to NOx
concentrations as low as 5 ppm, and the sensitivity to NOyx increased slightly for
humidified gas conditions. Charge transfer and oxygen adsorption were determined to be

the potential rate limiting mechanisms that were dependent on the operating temperature.
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Sensor accuracy studies found operation at 20 Hz to be most suitable for minimizing
errors in sensitivity measurements due to temperature fluctuations. Sensors with Au
counter electrode showed reduced NO sensitivity compared to that of porous LSM
counter electrode most probably due to the presence of micro cracks on the electrolyte
surface above the embedded Au wires [38]. Overall, the sensing properties of the LSM

electrode were influenced by the operating conditions, as well as the counter electrode.
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CHAPTER §

ENHANCED NOx SENSOR OPERATION USING DENSE
COMPOSITE ELECTRODES

In this chapter, dense composite electrodes for NOx sensing will be discussed.
Three composite materials have been studied during this project. They are (1) LSM-Au,
(2) LSM-YSZ, and (3) LSM-LSCF. In Section 5.1, perovskite based composite
electrodes with porous YSZ electrolyte is discussed. Section 5.2 presents the description
of the NOy sensors composed of LSM-Au composite electrodes and YSZ based porous

composite electrolyte.

5.1  Dense Composite Electrode Study with Porous YSZ Electrolyte

As discussed in Section 2.5.3, many composite electrodes have shown improved
results for NOy sensing than single phase electrodes. The LSM based composites were
made according to their nature of conductivity. An electronic conductor Au, an ionic
conductor YSZ and a mixed conductor LSCF (strontium-doped lanthanum cobalt ferrite)
were chosen to be mixed with electronic conductor LSM. For all the composite electrode
based NOx sensors, YSZ electrolyte was used.

Ceramic electrode material LSCF is a ceramic oxide with perovskite crystal

structure. This material is a mixed ionic electronic conductor with comparatively
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high electronic conductivity (200 + S/cm) and good ionic conductivity (0.2 S/cm) [89]. It
is mainly studied for intermediate temperature solid oxide fuel cell.
5.1.1 Experimental

Powders of Lao 8Sro2MnO3 (LSM, Inframat Advanced Materials), Au (Alfa
Aesar), 8 mol% Y20s-doped ZrO2 (YSZ, Tosoh Corporation) and Lag ¢Sro4CopsFeo2
(LSCEF, Fuel Cell Materials) were used to fabricate 4 types of NOy sensors based on the
following dense electrode supports: LSM, LSM-Au, LSM-YSZ and LSM-LSCF. The
LSM based sensors were intended for comparison purposes. The LSM-Au, LSM-YSZ
and LSM-LSCF composite electrodes contained 10 wt% Au, 30 wt% YSZ, and 30 wt%
LSCF, respectively. The powders for each electrode were ball-milled with 3 wt%
polyvinyl buteral (PVB-76, Butvar) binder and ethanol for 10 - 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. The LSM-YSZ pellets were fired at 1325°C for
6 hours. The lower temperature was used to avoid reactions between the LSM and YSZ
powders. It was found that the preferred firing temperature for the LSM-LSCF pellets
was 1400°C as lower firing temperatures resulted in density less than 90%. The electrode
pellets were partially coated with YSZ electrolyte slurry. The YSZ slurry contained 8
mol% Y203-doped ZrO2 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, LSM-YSZ or LSM-LSCF. The counter electrode slurries

consisted of the desired electrode powder along with 2 wt% B-76 Butvar binder, 2 ml

63



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. 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) were used to analyze the morphology and
microstructure of the sensor components. The final schematic of the sensor was the same
as shown in Figure 4-1.
5.1.2 Characterization of the NOx Sensor

Microstructural characterization was mainly done using SEM. For the LSM-Au
electrodes backscattered SEM was used. Typical SEM images of the electrode pellets and

electrolyte for the sensors are shown in Figure 5-1.

Figure 5-1. (a) Backscattered SEM image of the LSM-Au electrodes and SEM
images of dense (b) LSM-YSZ electrodes (¢) LSM-LSCEF electrodes (d) porous
YSZ electrolyte.
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Clear observable grains and grain boundaries were seen over the surface of the
LSM-Au dense pellets in Figure 5-1a. The grain sizes within LSM-Au electrode pellets
ranged from about 5 pm to almost 20 pm. The backscattered SEM image of the LSM-Au
pellet indicated the Au particles were well dispersed. The density of the sensing electrode
pellets without the YSZ coating was determined by the Archimedes’ method to be about
95% + 2%. Comparable results measured by mercury intrusion porosimetry indicated the
pellets were 93% + 3% dense.

The SEM image of the LSM-YSZ electrode pellets is shown in Figure 5-1b.
From the mapping images (Figure 5-2), it was clear that those darker spots seen on the
SEM image Figure 5-2b was YSZ dispersed on LSM. Figure 5-1c¢ is showing the SEM
images of LSM-LSCF sensor surface. Clear grains and grain boundaries were visible here
too like LSM-Au and LSM electrodes. The density of the pellet was determined both by

the Archimedes’ method and MIP. It was almost 95% dense.

Figure 5-2. EDS mapping of the (a) YSZ on LSM-YSZ electrodes and (b) SEM
image of the same portion of the pellet.
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Under the elevated temperature (>1300°C) LSM and YSZ react with each other
and form lanthanum zirconate (La2Zr207) and strontium zirconate (SrZrO3) phases at the
LSM-YSZ interface. The conductivity of La>Zr.07 and SrZrOs phases are in the order of
10-10° S/cm, which is much lower than those of LSM and YSZ. Thus, the resistance of
the cell becomes very high [90].The composite with resistive phases in it cannot be used
as NOx sensing electrodes because of their low conductivity. So, checking the formation
of the resistive phases was very important for the sensors when the electrodes were
sintered in 1325 °C. Figure 5-3 is showing the XRD plot for the LSM-YSZ composite

electrode which does not develop any resistive phase after sintering in 1325°C for 6

hours.
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Figure 5-3. XRD plot for LSM-YSZ composite electrodes.

Figure 5-1¢ is showing the SEM images of LSM-LSCF sensor surface. Clear
grains and grain boundaries were visible here too like LSM-Au and LSM electrodes. The
density of the pellet was determined both by the Archimedes’ method and MIP. It was

almost 95% dense.
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SEM surface images of the YSZ coating (Figure 5-1¢) indicated a contiguous
network of particles and dispersed pores. The electrolyte porosity was estimated to be
approximately 48% based on computational analysis of similarly prepared YSZ
electrolyte coatings [36]. The YSZ coating was of thickness ~0.2 mm for all the sensors.

513 Result and Discussion

5.1.3.1 Impedance Behavior. Figure 5-4a shows the typical impedance response of

LSM-Au sensing electrode based sensors with and without NO at an operating
temperature of 575°C. The impedance of the LFA of the Nyquist plots of all three sensors
decreased when the sensors were exposed to 100 ppm NO or NO3, in comparison to the
baseline conditions with only 10.5% Oz (with base gas N2) present. The same trend was
observed in Figure 5-4b and ¢ for LSM-YSZ and LSM-LSCF electrodes.

LSM-LSCEF based sensors were tested after LSM-Au and LSM-YSZ based
sensors. LSM-LSCF based sensors showed NO sensitivity capability less than LSM and
LSM-Au based sensors (discussed in Section 5.1.3.4). Hence, water and oxygen cross-
sensitivity study along with PO, analysis were not done with LSM-LSCF based sensors.

Figures 5-5a and b show the impedance response of the LSM-Au and LSM-YSZ
based sensors with and without 10% water in the testing environment. The measured
impedance was lesser for humidified gas conditions, in comparison to dry gas conditions
for each of the sensors evaluated most probably because water facilitates charge transfer
process in the TPB. The same trend was observed in case of LSM electrodes in Section

4.1.3.1.
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Figure 5-4: Change in impedance response of the NOy sensors with the change in
NO concentration for (a) LSM-Au, (b) LSM-YSZ, and (c) LSM-LSCF.
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Figure 5-5: Impedance response for dry and 10 % humidified condition at
575°C of (a) LSM-Au and (b) LSM-YSZ electrodes.

From the impedance plot obtained from different operating temperatures (575°C -

675°C) in Figure 5-6a and b, it was found that the value of the impedance decreased

with increase in the temperature. The same tendency has been reported for LSM based

sensors in Section 4.1.4.1. Therefore, the probable cause behind this kind of phenomenon

has already been discussed in that section.
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Figure 5-6: Impedance response for different operating temperature of (a) LSM-Au and

(b) LSM-YSZ electrodes.
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5.1.3.2 Equivalent Circuit. Equivalent circuit modeling was used to further

understand the electrical response of all the LSM composite based NOy sensors. As
shown in Figure 5-7, 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 RiLra(CW) circuits, respectively. The errors
associated with the equivalent circuit model were between 1 — 2%. The resistance, Ryra,
was related with high frequency reactions which took place within the porous YSZ
electrolyte, and the constant phase element, CPE, related to non-ideal capacitance
behavior. The Warburg element defined the impedance resulting from the diffusion of

ionic species at the electrode/electrolyte interface [32].

RuEe Rir
WAV WA

C
CPE T w

Figure 5-7: Equivalent electrical circuit for the composite electrode based NOx
sensor.

5.133 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, 0, is defined according Eq. [1].

—1 Z1(w)

0 = tan Ze)"
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Figure 5-8 shows the phase angle response versus the operating frequency for
sensors operating with and without 100 ppm NO for LSM-Au, LSM-YSZ and LSM-
LSCF electrode based sensors. Peak sensitivity was achieved at 20 Hz for all the sensors.
Sensors with the LSM-Au sensing electrode attained the highest phase angle peak
response of -19.6° with 10.5% Oz and N2 where the lowest phase angle peak was -13.3°
by LSM-YSZ based sensor. Peak phase for LSM-LSCF was -14.36°. The addition of 100
ppm NO caused the peak phase angle to reduce for all sensors. This reduction was more
significant in sensors with the LSM-Au sensing electrode. This data suggested that the
LSM-Au sensing electrode can facilitate a larger signal and stronger response to NO, in
comparison to LSM-LSCF and LSM-YSZ sensing electrodes.

The & versus frequency curves for 100 ppm NO with O and N2 merged with the
baseline gas data at about and 250, 158, and 125 Hz for the sensors made of LSM-Au,
LSM-YSZ, and LSM-LSCF electrodes, respectively. Hence, the LSM-Au based sensors
can potentially facilitate impedancemetric NOy sensing over a wider range of frequencies,
which can be advantageous for optimizing sensor performance.

As in humidified condition data was not collected for LSM-LSCF based sensor, in
Figure 5-9, the angular phase response plot is shown in dry and 10% humidified

conditions for LSM-Au and LSM-YSZ based sensors.
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Figure 5-8: Angular phase response of the NOx sensors with the change in NO
concentration for (a) LSM-Au, (b) LSM-YSZ, and (¢) LSM-LSCF.
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Adding 10% H20 to the gas stream caused a further decrease in the 0 versus
frequency response for the sensors. There is an overlap between dry and humidified data
for LSM-Au with 100 ppm NO as seen in Figure 5-9a. This indicates lower water
influence for LSM-Au based sensors compared to that of LSM-YSZ. In Chapter 4 while
discussing LSM based NOx sensors, it was reported that those sensors were also affected

by the presence of water in the testing environment. It seems adding Au with LSM

reduced water dependence of NOy sensors.
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Figure 5-9: Angular phase response for dry and 10% humidified condition at 575°C
of (a) LSM-Au and (b) LSM-YSZ electrodes.

5134 NO Sensitivity. The sensitivity to NO for the LSM and LSM composite
electrode sensors was based on the change in the angular phase response, A8, for various

NO concentrations according to the following:

NO Sensitivity (m) = AO/A[NO] Eq. [10]
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Here, Figure 5-10 shows NO sensitivity for all the LSM composite based NOx
sensors. LSM based sensors are shown here for comparison purpose. While studying NO
sensitivity, a pattern was observed as the sensitivity was increased with increasing
electronic conductivity of the electrode. Confirming this trend LSM-Au showed
maximum sensitivity. Here, as LSM based electrodes, there are two zones of sensitivity
depending on the NO ppms has been reported. From 0 - 50 ppm NO LSM-Au showed ~
40% - 50% more sensitivity than LSM-YSZ and LSM-LSCF based sensors and ~ 25%

more sensitivity than that of LSM based sensors at 575°C.
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Figure 5-10: NO sensitivity plot of LSM composite electrode based sensors for dry
condition at 575°C.

For 10% humidified condition the NO sensitivity data from LSM, LSM-Au and
LSM-YSZ based sensors have been compared in Table 5-1.The LSM-Au based NOx
sensors showed almost a 7% greater sensitivity to NO for 10% humidified gas conditions,

whereas LSM and LSM-YSZ based NOx sensors showed almost 25 - 33% greater
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sensitivity to NO for 10% humidified gas conditions. These results suggest the humidity
of the gas stream may interfere with oxygen catalytic reactions, but it is much less in the
presence of Au.

Table 5-1: Comparative study on humidified condition NO sensitivity

NO Sensitivity, AB/[ANO] (deg/ppm), 10% Humidified Condition

NO Concentration
Sensor Electrode 0-50 ppm 50-100 ppm
LSM 0.050 0.030
LSM-Au 0.055 0.034
LSM-YSZ 0.036 0.026

Figure 5-11 shows the water cross-sensitivity plots for LSM, LSM-Au and LSM-
YSZ sensor for different concentrations (3 - 10%) of water in the testing environment.
NO sensitivity for all three types of the sensors was almost unchanged with the increase
in water concentration. From this result, it can be concluded that the NO sensitivity of
LSM and LSM composite based sensors increased by the presence of water in the
operating environment, but this change in sensitivity is independent of the concentration

of water present.
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Figure 5-11: NO sensitivity comparison for dry and different humidified conditions at
575°C for 20 Hz.

5.1.3.5 Oxygen Cross-sensitivity. In this study the data was collected for different

concentration of Oz (5% - 18%). Figures 5-12a and b show the O; sensitivity of the
LSM-Au and LSM-YSZ based NOy sensor at 575°C for 20 Hz and 1000 Hz without NO.
Figures 5-12¢ and d are showing the NO sensitivity of the LSM-Au and LSM-YSZ
based NOy sensor with 10.5% O, at 575 °C for 20 Hz and 1000 Hz. The data showed the
same tendency as LSM electrode based sensors (Figure 4-7). Therefore, it can be said

from the data that at 1000 Hz frequency, this sensor acts as an oxygen sensor. It can be
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further inferred that as NO sensitivity, oxygen sensitivity is also dependent on frequency

of the input signal for LSM and all the LSM based composite sensors.
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Figure 5-12: Comparison of O; sensitivity of (a) LSM-Au and (b) LSM-YSZ and
NO sensitivity of (¢) LSM-Au and (d) LSM-YSZ based NOy sensor at 575°C for 20
Hz and 1000 Hz.

Table 5-2 shows LSM-Au and LSM-YSZ based NOx sensors’ oxygen partial
pressure dependence for operating temperature 575°C with and without NO and 10%
water vapor where the oxygen concentration varied from 5 - 18% with N3 as the

background gas. As discussed in Section 4.1.4.4 the value of m is associated with a
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particular rate limiting mechanisms describing oxygen related processes at the electrode
and electrode/electrolyte interface.

Here, m was found to range from approximately -0.2 to -0.26 for LSM-Au based
sensors as the operating condition changes. The data suggested 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.

The LSM-YSZ based sensors had a weak Po2 dependence under dry operating
conditions. Adding NO caused a slight reduction in the Po, dependence, whereas adding
H20 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 [83], [87]. In addition, the complete reduction on oxygen at the TPB
is represented by a (Po2)™ relationship where m = 0.

Table 5-2: PO; dependence for LSM-Au and LSM-YSZ based NOy sensors

Value of m in 575°C
Electrode 10.5% O+ N; | 10.5% 0.+ | 10.5% 0.+ | 10.5% 0, +10 % H,0
Material 75ppm NO+ | 10% H.0 +75 ppm NO+ N,
N; +N;
LSM-Au -0.24 -0.20 -0.26 -0.23
LSM-YSZ -0.14 ~0.12 -0.21 -0.20

Thus, it is possible that under dry conditions the response of the LSM-YSZ
sensing electrodes was limited by a combination of atomic oxygen transport and oxygen

reduction. Adding H>O to the gas stream appeared to improve atomic oxygen transport as
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the value of m approached -0.25. Table 5-2 shows the PO, dependence of LSM-YSZ
electrode based NOy sensors in different operating conditions.

5.1.3.6 Temperature Dependence. As discussed in Section 4.1.4.5, the temperature

dependence of the sensors is described by the Arrhenius plot shown in using Ryr values
from the equivalent circuit modeling results. The temperature dependence data for
different operating conditions for LSM-Au and LSM-YSZ based sensors is shown in
Table 5-3. The values are very near to those of LSM electrode based NOy sensors and the
same trend is observed. From drastic difference in the values of A (pre-exponential factor
of Arrhenius eq.) it is clear that the reaction mechanism changes with presence of NO in
the environment and NO sensitivity is least in LSM-YSZ based sensors.

Table 5-3: Temperature dependence for LSM-Au and LSM-YSZ based NOy sensors

Value of A (S%) Activation Energy (eV)
Electrode N2+105% | N2+105% | Na+10.5% | N2+10.5%0: | N2+10.5%0:+ | N2+10.5% O:+100
. 0, 0:4 0:+100 100ppm NO ppm NO +10%
Material 100ppm NO ppm NO + H.0
10 % H:0

LSM-Au 124546 | 426.23 234.85 |1.09+0.04 | 1.05+0.04 1.00 £ 0.01

LSM-YSZ | 226.65 170.97 61.29 | 1.07+0.03 | 1.04+ 0.04 1.00+ 0.02

5.1.3.7 NO Response Rate. The response time of the LSM, LSM-Au and LSM-YSZ

based sensors was assessed by measuring the change in the angular phase angle over
time. Figure 5-13 shows time based study of the sensors for base-line conditions with

10.5% O and N> along with 5, 10, and 25 ppm NO for an operating frequency of 20 Hz

at 575 °C. The LSM and LSM-YSZ based sensors had an average response time, Too, of

15 and 17 seconds, respectively, whereas, LSM-Au based sensors were sluggish as Tgo
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was 20 seconds based on data collected at 5 ppm NO. In other sensor studies it was found
that the sensitivity to CO was dependent upon the size of the Au particles composing the
ZnCr;04-Au sensing electrode [52]. Thus, it may be possible to improve the LSM-Au
sensor response time by altering the size of the Au particles. 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 [67].
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Figure 5-13: Comparison of the speed of NOy sensing of LSM, LSM-Au and LSM-
YSZ electrode based sensors at 575°C.

It is apparent from the NO sensitivity study and water cross-sensitivity study that
LSM-Au based NOx sensors showed a much improved response compared to LSM and

other LSM composite based sensors. Hence, to get deeper understanding on LSM-Au
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based sensors some additional investigations like CH4 cross-sensitivity analysis, stability
study, accuracy study, etc. were done on only these type of sensors.

5.1.3.8 CH4 Cross-Sensitivity of LSM-Au Based Sensors. LSM-Au based NOy
sensors showed much improved CH4 cross-sensitivity than LSM based sensors

(Figure 5-14). Though the cross-sensitivity was increasing with increase in temperature.
Still at 575°C, the A value for NO was considerably higher than CH4 and this trend
continued in 600°C also. The presence of Au most probably was the reason behind the

improvement in CHjy cross-sensitivity.

Sensor Electrode:
1LSM-Au I 10.5 % O5 + 100 ppm NO + N2

5" Frequency=20Hz N 10-5 % O2 + 100 ppm CH 4 + N

575 625 675
Temperature (° C)

Figure 5-14: Cross-sensitivity study for CH4 in dry condition at different
operating temperature.

Probably the CHs cross-sensitivity of LSM-Au based sensors can be further

decreased by changing the particle size of Au [52].
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5.1.3.9

Stability Analysis of the LSM-Au Based NOx Sensor. The LSM-Au based

sensors were studied for 360 hours under dry and 10% humidified condition to

understand the durability profile of these sensors. Backscattered SEM images were also

taken before and after 360 hours of testing to see the changes of the sensor surface

(Figure 5-15). From Figure 5-16, it can be concluded that the LSM-Au based sensors

showed stable sensing performance under both dry and humidified conditions. The

performance of the sensor was not adversely affected by 10% humidified environment

Figure 5-15: SEM images of LSM-Au pellets (a) before and (b) after 360 hours of
testing as a NOy sensor under dry condition.
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which also validated the observation of lower water influence on LSM-Au based NOy

SEnsors.

5.1.3.10

Sensor Accuracy Study. The relationship between the phase angle response
of the LSM-Au based NOy sensors and operating temperature was studied in order to
determine sensor accuracy with respect to temperature fluctuations. The data plotted in
Figure 5-10a shows the sensor operating temperature profiles with the corresponding
phase angle response for sensors operating at frequency of 20 Hz for baseline and 50 ppm
NO conditions. Figure 5-17b shows the A0 values associated with different NO
concentrations for LSM-Au based NOx sensors operating at 625°C. If there is 50 ppm NO
with 10.5% Oz in the exhaust stream and a +5°C fluctuation occurs, according to the
sensitivity measurements in Figure 5-17b for an operating frequency of 20 Hz, the A0
measurement would be 0.74°, indicating an erroneous concentration of 47 ppm NO.
Similarly, if the operating temperature changes to 595°C due to a -5°C fluctuation, then
A8 = 0.85°, indicating 54 ppm NO when it is actually 50 ppm. (These calculations were

based on the assumption that the oxygen concentration was accurately measured.)
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Figure 5-17: (a) 0 vs. temperature plot and (b) NO sensitivity plot for LSM-Au
based sensor for accuracy calculation.
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Ideally, if 50 ppm NO is present, the NOy sensor should detect this concentration
even if the operating temperature fluctuates by + 5°C. Table 5-4 illustrates the NO
measurement errors that could result from such temperature fluctuations. The accuracy

was £ 4 ppm for + 5°C temperature fluctuation at 625°C.

Table 5-4: Accuracy calculation for LSM-Au based NOy sensors

FREQ TEMP (°C) 00= Bpaseline-Ono0 | NO Measurement (PPM)
() e)
625 0.80 50
+5° PERTURBATION 0.74 47
20 T=630
-5° PERTURBATION 0.85 54
T=620
5.1.4 Conclusions

The impedancemetric NOx sensing behavior of dense LSM-Au, LSM-YSZ and
LSM-LSCEF electrodes were evaluated under dry and humidified (except LSM-LSCF) gas
conditions for a range of operating frequencies. 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 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
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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-YSZ based
sensors. Overall, the Au addition to LSM appeared to enhance sensor sensitivity and
selectivity to NO by enabling NOx reactions to proceed more readily than oxygen

reactions.

5.2  Dense LSM-Au Based NOx Sensor with Porous Composite Electrolyte
In Chapter 4 and the first part of Chapter 5 we have discussed different single-

phase and composite electrodes and their applications as NOy sensors inside any diesel
vehicle exhaust system. From that discussion it was evident that LSM-Au based NOx
sensors showed most promising results in terms of NO sensitivity, water cross-sensitivity
and sensor accuracy. From another study on composite electrolytes by Khawlah
Kharashi, it was found that NOx sensors based on 50 wt% YSZ-50 wt% PSZ composite
electrolyte and Au wire electrodes showed very good NOy sensing capability and lower
water cross-sensitivity [91]. To study the combined effect of LSM-Au electrode and
YSZ-PSZ (50-50) composite electrolyte on NOx sensing, a novel composite NOx sensor
was made; 2 wt% Alumina was added to the electrolyte because another study showed
this amount of alumina can enhance NOx sensitivity further [92]. In this chapter, the
fabrication method, NO sensitivity, water cross-sensitivity and PO dependence of this

novel composite NOx sensor will be discussed.
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5.2.1 Experimental

The electrode powder was made by mixing LSM with 10 wt% Au. This mixture
was ball-milled with 3 wt% polyvinyl buteral (PVB-76, Butvar) binder and ethanol for
approximately 16 hours. The resulting slurry was dried and uni-axially pressed at 200
MPa into pellets. The electrolyte slurry was made by ball-milling 50wt % YSZ, 50 wt%
PSZ, 2wt% Al>O3 and 20 ml corn oil for 16 hours. The rest of the process was the same
as Sections 3.1.1 and 3.1.2. Figure 5-18 shows the schematic diagram of the novel

composite NOx sensor.

Porous LSM-Au
counter electrode

'

Porous Composite
electrolyte

Dense LSM-Au
Sensing electrode

Figure 5-18: Schematic diagram of the novel composite NOy sensor.

5.2.2 Characterization of the NOx Sensor

Typical SEM images of the electrode pellets and electrolyte for the sensors are
shown in Figure 5-19. Clear observable grains and grain boundaries were seen over the
surface of the LSM-Au dense pellets. The grain sizes within LSM-Au electrode pellets
ranged from about 5 pm to almost 20 pm. The backscattered SEM image of the LSM-Au
pellet indicated the Au particles were well dispersed. The density of the sensing electrode

pellets without the YSZ coating was determined by the Archimedes’ method to be about
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95% + 2%. Comparable results measured by mercury intrusion porosimetry indicated the

pellets were 93% =+ 3% dense.

Figure 5-19. (a) Backscattered SEM image of the LSM-Au electrodes and (b) SEM
image of YSZ electrolyte.

SEM surface images of the YSZ coating indicated a contiguous network of
particles and dispersed pores. The electrolyte porosity was estimated to be approximately
48% based on computational analysis of similarly prepared YSZ electrolyte coatings

[91]. The YSZ coating was determined to have a thickness of ~ 0.2 mm.
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523 Result and Discussion

5.23.1 Impedance Behavior. Figure 5-20a shows the typical impedance response of

LSM-Au sensing electrode based novel composite sensors with and without NO at an
operating temperature of 575°C. Figure 5-20b shows the impedance response of the
sensor with and without 10% water in the testing environment. The impedance of the
LFA arc of the Nyquist plots of all three sensors decreased when the sensors were
exposed to 100 ppm NO or NOz in comparison to baseline conditions with only 10.5% O3

(with base gas N») present.
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Figure 5-20: Change in impedance response of the NOy sensors with the change in (a)
NO concentration and (b) dry and 10% water.
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5232 Equivalent Circuit Modeling. It’s exactly the same as the circuit model

discussed in section 4.1.4.2 for LSM electrode.

5233 NO Sensitivity. The NO sensitivity of the novel composite NOy sensor was
also divided into two zones like LSM or LSM-YSZ based sensors (Figure 5-21). The
high sensitivity zone was for <25 ppm NO and the low sensitivity zone was for > 25
ppm NO. For the lower ppms of NO, this sensor showed ~ 28% more sensitivity, and for
higher NO ppms, this sensor was ~ 24% more sensitive than LSM-Au based sensor
which was discussed in Section 5.1. As the electrode for both sensors was the same, this
increase in NO sensitivity most probably attributed by the composite electrolyte. The
water cross-sensitivity for novel composite sensor increased compared to the LSM-Au
based sensor discussed in Section 5.1. The sensitivity almost decreased 33% in 10%

humidified condition than that of dry condition.

Phase angle, 0 (°)
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Figure 5-21: NO sensitivity plot of novel composite sensor for dry and 10%
humidified condition at 575°C.
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From the time based study (Figure 5-22) of the novel composite sensor, the value
of 190 was calculated and the value of 190 for 2 ppm NO was ~33 seconds. The 190 value
for all the NO ppms was in the range of 33-36 seconds. The recovery time was also
calculated which was very close to 190 value and was in a range of 34-36 seconds. The
recovery time for both the novel composite and LSM-Au based sensor was comparable
but 190 was lower in the LSM-Au based sensor. This novel composite NOyx sensor was

slower but showed better NO sensitivity than LSM-Au based NOy sensors discussed in

Section 5.1.
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Figure 5-22: NO sensitivity time based study of novel composite sensor for dry
condition at 575°C.
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5234 Oxygen Sensitivity. In this study, the data was collected for different
concentration of Oz (5%-18%). Figure 5-23a shows the O sensitivity of the novel
composite NOx sensor at 575°C for 20 Hz and 1000 Hz without NO. Figure 5-23b shows
the NO sensitivity of the novel composite NOx sensor with 10.5% O3 at 575°C for 20 Hz
and 1000 Hz. The data showed the same tendency as LSM electrode based sensors
(Figure 4-7). Therefore, it can be said from the data that at 1000 Hz frequency this sensor

acts as oxygen sensor and oxygen sensitivity is dependent on frequency of the input

signal.
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Figure 5-23: Comparison of (a) Oz and (b) NO sensitivity of the novel composite
NOx sensor at 575°C for 20 Hz and 1000 Hz.

Figure 5-24 shows the NOx sensor oxygen partial pressure dependence for an
operating temperature of 575°C with and without NO and 10% water vapor where the
oxygen concentration varied from 5 - 18% with N> as the background gas. As discussed
in Section 4.1.4.4, the value of m is related to a particular rate limiting mechanisms

describing oxygen related processes at the electrode and electrode/electrolyte interface.
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Here, m was found to range from approximately -0.23 to -0.32 as the operating condition
changes.

The data in Figure 5-24 corresponding to the sensor operation at 575°C suggested
the sensing response of the novel composite sensor seemed to be primarily limited by the
rate of oxygen reduction at the TPB as m was close to -0.25 for the dry gas conditions.
However, for humidified gas conditions, the oxygen partial pressure dependence was

increasing. In presence of 10% water, most probably atomic oxygen adsorption was the

rate limiting factor [83].
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Figure 5-24: PO, dependence of novel composite NOy sensor at 575°C for dry and
humidified condition with and without NO.
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524 Conclusions

The novel composite sensor was made of composite electrode and composite
electrolyte. Both the electrode and the electrolyte separately showed improved NOx
sensitivity and low water cross-sensitivity. Therefore, the novel composite sensor was
very promising in NO sensing, but the water cross-sensitivity was reported to be higher.
In dry conditions, the sensor was sluggish compared to LSM-Au based NOy sensors. This
sensor also showed the same type of oxygen dependence as LSM, LSM-Au and LSM-
YSZ based sensors. The oxygen dependence changed with the operating frequency, and
at 1000 Hz, the sensor was only sensitive to oxygen. So, frequency dependent oxygen
compensation can be done for this sensor. The rate limiting factor for the dry condition
was the amount of oxygen reduction, but in the humidified condition this factor changed
to atomic oxygen adsorption.

In the future, the cross-sensitivity study with other exhaust gases would be
interesting for this novel composite sensor. To manage the water cross-sensitivity, the
ratio of YSZ and PSZ in the electrolyte composition can be changed. Overall, this novel
composite sensor showed much improved NO sensitivity with moderate speed of

response.
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CHAPTER 6

GOLD AND PLATINUM DENSE ELECTRODE STUDY

This chapter will cover the study on dense Au and Pt electrodes for NOy sensing.
Section 6.1 discusses the study with Au and Pt sensing electrodes using 2-point and 3-
point measurement technique. Section 6.2 presents the description of Au/Pt twine
electrode. Au/Pt sensing electrodes were considered as a means to capitalize on the NOy
sensing behavior of Au electrodes while incorporating Pt to extend the processing

temperature tolerance of the electrode.

6.1  Au and Pt Sensing Electrode Study
Here, the electrochemical response of NOx sensors composed of Pt, Au, and
AwPt twine electrodes were evaluated. The sensors were based on a porous zirconia-
alumina electrolyte. The alumina addition to the electrolyte was expected to enhance
sensor durability and ionic conductivity. Presented here are preliminary results for Pt/

YSZ-Al203/Au NOy sensors.

6.1.1 Experimental

The fabrication process has been discussed in Section 3.1.2.
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Electrochemical data were collected by placing a sensor into a quartz tube on a
ceramic holder that was placed into a tube furnace, which exposed the electrolyte and
electrodes to the same environment. Temperatures of 600-700°C, NO concentrations of
0-100 ppm, and 10.5% O concentration with N> as the balance gas were the conditions
utilized to test the sensors. A gas handling system was used to control the concentrations
of NO and O;. A Gamry Reference 600 was used to measure the electrical response of
the sensors and the signal amplitude was 100 mV. Scanning electron microscopy (SEM),
element mapping, and Archimedes method were used to evaluate the microstructure of
the sensor components; 3-point measurements were taken using Pt and Au as the working
electrode to study the individual contribution of Platinum and gold in NOy sensing
(Figure 6-1). 2 point measurements were also taken to determine the overall response of
the sensor. The Nyquist plots of 3-point and 2-point measurements have been shown in

the ‘result and discussion’ section.

Au
— Reference
| Ciectrode
135mm
i )
% Porous YS$Z-Alumina
Electrolyte Pellet
4 6 mm b Au
flectrode flectrode

Figure 6-1: Schematic diagram of the YSZ-Al03 NOx sensor.
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6.1.2 Characterization of the NOx Sensor

Presented here are the SEM and preliminary results for the electrical response of
the P/YSZ-2%A1,03/Au NOx sensors based on impedance spectroscopy. Figure 6-2a is
a SEM image of the surface of the YSZ-2%AlI,0; electrolyte. The microstructure was
composed of a network of porous YSZ and Al2Oj3 particles, and the surface appeared to
be free of cracks. The lighter regions resulted from surface charging during SEM
imaging. Higher magnification images have indicated the particle size range between 60
to 80 nm. The AL,O; particles tended to be more irregular in shape in comparison to the
YSZ particles. Elemental mapping was used to determine the distribution of the Al203
particles. Figure 6-2b shows the mapping results collected from the area shown in
Figure 6-2a. The bright green regions indicated the location of Al,Os particles. It
appeared that the Al,O; particles were well distributed. These results were typical of the

YSZ-2%Al,0s electrolytes.

Figure 6-2: a) SEM images of an YSZ-Al>0; pellet, and b) corresponding mapping
results illustrating the distribution of Al20s particles.
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Based on the Archimedes’ method, the porosity of the YSZ-2%Al1,0; pellets was
approximately 53%. The porous microstructure allows the NO, O and N> gases to
readily diffuse to the electrode/electrolyte interface where electrochemical reactions take
place. The porosity also influences the triple-phase-boundary density, which is based on
contact between the electrode, electrolyte and gas phase.

6.1.3 Result and Discussion

6.1.3.1 Impedance Behavior. The impedance data is frequency dependent, and the
NO concentration, O2 concentration, and the operating temperature influence the
reactions occurring at the sensor electrodes. Figure 6-3 shows a Nyquist plot for the
sensors collected at operating temperatures of 600°C, 650°C, and 700°C in the presence
of 10.5% O3 + Na. For each temperature, a high and low frequency arc resulted. The high
frequency arc was substantially larger than the low frequency arc. The high frequency arc
corresponded to the electrochemical behavior of the YSZ-2% Al,Os electrolyte. Al,O3
has been reported to enhance grain boundary conductivity through YSZ. However, it can
also cause an increase in the YSZ bulk resistivity [93]. As the temperature increased, the

high and low frequency arc decreased.

-2
Gas Concenration : 10.5%0, + N,
2 —a—600°C
. —o—-680°C
o 700°C
20+ T '\'\ ‘
—_— w (]
[ N
X a5 N
b "
L ]
-0 ® o, .‘ \.i
i M\s ; .. - \
° . \Aj ‘ . :
[ 170 2 30 4 50 ]

Z(kQ)

Figure 6-3: The impedance data collected at temperatures of 600°C, 650°C, and 700°C.
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The impedance at high frequency was likely impacted by the YSZ bulk resistivity.
The smaller arc occurred at lower frequencies. This arc was also slightly suppressed
below the real axis in comparison to the high frequency arc. The low frequency arc is
understood to describe interfacial and electrode reactions. Figure 6-3 depicts data
collected using a 2-point electrode impedance measurement technique that yields the
combined electrical response of reactions occurring at the Pt and Au electrodes. Figures
6-4a and 4b show the 3-point measurement Nyquist plots with Au and Pt as working
electrodes respectively at 625°C. From 6-4b it can be seen that Pt does not significantly

contribute to NO sensing, but from 6-4a we can see that Au is sufficiently sensitive to
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Figure 6-4: a) Nyquist Plot for the 3-point measurement Au as working electrode
and b) Nyquist Plot for the 3-point measurement Pt as working electrode.

Figure 6-5 shows the Nyquist plot for the 2-point measurement data, which is the
overall response of the sensor. From the information of Figure 6-4 and Figure 6-5, we

can conclude that the sensitivity of this sensor is mostly coming from Au electrodes.
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Figure 6-5: Nyquist Plot for the 2-point measurement of the NOx Sensor.

6.1.3.2 NO Sensitivity.

From the sensitivity plot in Figure 6-6, it can be secn that the sensor is more

sensitive in lower temperatures. Sensitivity decreases with an increase in temperature.
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Figure 6-6: Sensitivity plot for the NOy sensor.
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Here, A8 = 802 — Bnox. Here, 602 corresponded to the phase angle response with
only 10.5% O; and N present; 8nox corresponded to the phase angle response with the

addition of NO in the gas stream.

6.1.3.3 PO, Dependence. The slope associated with the oxygen partial pressure
dependence is generally correlated with specific reaction mechanisms describing oxygen
related processes at the TPB. For Au sensing electrode (Figure 6-7), in the absence of
NO, the rate limiting mechanism is the dissociative adsorption of oxygen, suggested by
the value of m. As NO is introduced in the environment, the charge transfer becomes the

rate limiting factor.
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Figure 6-7: Oxygen partial pressure plot with and without NO for the NOx sensor
along with the slops.

6.14 Conclusions
Av/YSZ-Al,03/Pt NOy sensors were studied in order to understand the electrical
behavior of Pt and Au electrodes with a YSZ-Al,0;s electrolyte. Understanding the

individual contribution of each electrode is expected to aid in the interpretation of the
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NOxy sensing behavior of Au/Pt twine electrodes using the same electrolyte. The
preliminary results presented indicated sensor fabrication methods resulted in a suitable
porous YSZ-2%Al1,03; composite electrolyte microstructure that was free of surface
cracks. The elemental mapping results indicated are reasonable distribution of Al203
particles throughout the electrolyte. The impedance data collected at different
temperatures indicated the impedance decrease with increasing temperature. Overall, the
high frequency arc for the sensors dominated the impedance response. Since this result
was independent of temperature, it was likely due to the presence of 2 wt% Al,03 within
the electrolyte. The impedance data collected using the 2-point method illustrated the
combined electrical response of the Pt and Au electrodes within the NOy sensor. This
information will be used to analyze data collected using a 3-point impedance
measurement technique, which will allow the individual contributions of the Pt and Au
electrodes to be distinguished. An understanding of the electrical behavior of the Pt and
Au electrodes is expected to be useful for interpreting the electrical behavior of Au/Pt

twine electrodes at YSZ-Al,O3; based NOy sensors.

6.2  Au/Pt Twine Electrode Study with Pt Counter Electrode
Dense Au/Pt electrodes made from wires that are twined together are expected to
extend the processing temperature tolerance of the electrode, but may also limit the
reaction sites along the triple phase boundary (TBP) and compromise NOy sensitivity.
The aim of this study was to explore the feasibility of dense Au/Pt twine electrodes for

NOx sensing.
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6.2.1 Experimental

The process has already been discussed in the Section 3.1.1.2. Figure 6-8 shows

the schematic of the sensor Au/Pt electrode.

Porous Electrolyte
Pellet
Pt counter Au/Pt Sensing
Electrode —— “ Electrode

Figure 6-8: Schematic diagram of the NOyx Sensors with Au/Pt twined sensing
electrode.

Electrochemical data were collected by placing a sensor into a quartz tube on a
ceramic holder that was placed into a tube furnace, which exposed the electrolyte and
electrodes to the same environment. Temperatures of 600-700°C, NO concentrations of
0-100 ppm, and 10.5% Oz concentration with N; as the balance gas were the conditions
utilized to test the sensors. Here, the electrolyte was 8 mol% YSZ mixed with 2 wt %

ALOs,
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6.2.2 Result and Discussion
6.2.2.1 Impedance Behavior. Figure 6-9 depicts data collected using a 2-point

electrode impedance measurement technique. Figures 6-9 a and 6-9 b display the 2-point
measurement Nyquist plots with Au/Pt and Au as the working electrodes at 625°C. From

these plots it can be concluded that there is a decrease in RLF in the presence of NO in

the environment.
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Figure 6-9: Nyquist plot of the NOx Sensors with (a) Au/Pt (b) Au sensing electrode.

6.2.2.2 NO Sensitivity. Figure 6-10 shows the NO sensitivity plots using Au/Pt
twine and Pt sensing electrodes. NOy sensors based on the Au/Pt twine sensing electrode
demonstrated similar sensitivity to that observed for Au sensing electrodes. Thus, Pt had
a negligible effect on the sensing behavior. From Figure 6-11, it can be said that the
temperature dependence of the Au/Pt sensing electrodes was also very similar to that of

Au as the sensitivity decreased with the operating temperature. Overall, the data indicated

the Au/Pt sensing electrode is a promising alternative to Au sensing electrodes.
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Figure 6-10: NO sensitivity plot of the NOx Sensors with Au/Pt and Au
sensing electrode at 600°C.
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Figure 6-11: NO sensitivity plot of the NOx Sensors with Au/Pt and Au
sensing electrode in different operating temperatures.
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6.2.3 Conclusions

By comparison of the NOx sensors containing Au/Pt twine sensing electrodes and
Au sensing electrodes, it was seen that Pt wire wrapped with Au wire was not affecting
the NO sensitivity, but can enable the sensing electrode to be more robust from a

fabrication point of view.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1  Conclusions
The work presented here has discussed the application of different dense single-
phase and composite electrodes in NOx gas sensing for any diesel vehicle exhaust system.

From the entire study, these following conclusions can be drawn:

. The dense LSM electrode study was done using both porous LSM and dense Au
counter electrodes and a difference in the NO sensitivity resulting was reported. The
sensor with porous LSM counter electrode showed much improved sensing activity than
that of the Au counter electrode at 575°C. The reason behind it most probably is the
thermal coefficient mismatch between the electrolyte (YSZ) and the Au wire. This study
showed how the micro-cracks on the electrolyte surface can deteriorate the sensing
performance of the sensor. Though the sensor with porous LSM counter electrode
showed good NO sensitivity, there was also a considerable amount of water and CH4
cross-sensitivity.

. For the perovskite based composite electrode study, LSM was mixed with one
electronic conductor, Au, and an ionic conductor, YSZ, and a mixed conductor, LSCF.
In comparing the results for LSM-Au, LSM-YSZ and LSM-LSCF based sensors, it was

established that the LSM-Au composite showed ~ 25% higher sensitivity than
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L.SM based sensors ~ 50% higher sensitivity than LSM-YSZ based sensors and ~ 35%
higher sensitivity than LSM-LSCF based sensors at 575°C. From the angular frequency
analysis, it was found that 20 Hz was the frequency that yielded the highest NO
sensitivity for all of the perovskite based sensors. Water cross-sensitivity for the LSM-
Au based sensors was much lower (~ 7%) than that of LSM and LSM-YSZ based
sensors (~ 20 - 30%). The addition of Au probably increased the NO sensitivity and
reduced the water cross-sensitivity. CHs cross-sensitivity was also improved after
adding Au with LSM. Mixing YSZ with LSM most probably reduced the length of the
TPB, in turn reducing the NO sensing capability.

. The sensor accuracy study for both LSM and LSM-Au based sensors showed
LSM-Au based sensors had better accuracy than that of LSM when temperature
perturbations were considered. The LSM-Au based sensors also showed a stable
performance after 360 hours of testing under dry and 10% humidified conditions.

. The novel composite NOx sensor composed of LSM-Au based composite
electrode and YSZ-PSZ (50:50) based composite electrolyte was studied. This sensor
showed ~ 23% greater NO sensitivity compared to LSM-Au based sensor with YSZ
electrolyte. However, the water cross-sensitivity of this novel composite sensor was
higher than that of the sensor with only YSZ electrolyte and LSM-Au composite
electrode. Overall, achieving such a high NO sensitivity with the novel composite
sensor was a promising outcome of the project. The response rate of this sensor was
also comparable to other composite electrode (LSM-Au and LSM-YSZ) based sensors

tested during this project.
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. Au/Pt twine electrodes were also a part of this study. Those electrodes were
studied to explore the possibilities of making Au/Pt composite electrodes to facilitate
NOx sensing. Au/Pt twine electrodes were tested for NO sensing and compared to the
results with pure Au wire electrodes for NO sensing. The result showed no significant
compromise in NO sensing due to the presence of Pt wire in the twine electrode. This

result was promising as the preceding step of making Au/Pt composite.

7.2  Future Work
These are some areas of this thesis work where there is potential for future
studies:

. During the study with LSM-Au electrodes, it was found that the rate of response
of the sensor was not that fast as the sensor made of pure LSM electrodes. According to
another study, the sensor response rate can be improved by changing the Au particle
size [52]. So, there can be an interesting study on how the size of an Au particle in
LSM-Au composite influences the NOy sensitivity of the sensor.

o While studying the novel composite sensor, high water cross-sensitivity was
reported when the composite YSZ-PSZ electrolyte was used. Changing the ratio of
YSZ and PSZ in the composite electrolyte may improve the water cross-sensitivity as
other studies have shown that water behaviour of the sensors alter with the change in
quantity of YSZ and PSZ in the composite electrolyte [91]. In addition, there may be a
more suitable operating frequency to apply as other works with such an electrolyte were
conducted at a higher operating frequency (40 Hz) compared to the 20 Hz used in the

present work.
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. The cross-sensitivity of the novel composite sensor can also be tested for

other exhaust gases like NH3, hydrocarbons, CO, and CO;.
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APPENDIX A

TEST OF LSM AND LSM-Au BASED NOx SENSORS UNDER
DIFFERENT AC SIGNAL AMPITUDE

110



NOx sensor testing under different AC signal amplitude was done to further
understand the sensing mechanism. This test was done on LSM-Au based sensors as
these showed the best performance among all the sensors tested. LSM based sensors were

tested for comparison purpose.

A.1  Experimental
LSM and LSM-Au base sensors were tested at 575°C in the presence of 10.5% 02
and N as a balance gas with and without 100 ppm NO. The AC amplitude was changed
from 50-150 mV by using Gamry Reference 600 and the corresponding electrical

responses were collected.

A.2  Result and Discussion
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Figure A-1: Nyquist plot under different AC amplitude test for (a) LSM and (b) LSM-Au
based NOy sensors.

There was no substantial change reported for the test under different AC

magnitude of the input signal from Figure A-1. Hence, it can be concluded that AC
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magnitude of the input signal within that specific range does not have a significant effect

on the sensor response.
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