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CHAPTER |

INTRODUCTION

Carbon monoxide (CO) is one of the most toxic pollutant gases in the
environment. It is the product of incomplete combustion. CO is an odorless, colorless
and undetectable from human senses. People may not know that they are being

exposed with it. Thus, it is referred to as the “silent killer”.

When CO is inhaled, it can bind to hemoglobin (Hb) more tightly than oxygen
(O2) and forms a compound called carboxyhemoglobin (COHb). The presence of
COHb in bloodstream causes the body tissues become starved of oxygen, resulting in
tissue hypoxia. Table 1.1 demonstrates the estimated COHb levels resulting from

steady-state exposure and CO concentrations in atmosphere [1].

Table 1.1 Equilibrium carboxyhemoglobin levels resulting from steady-state

exposure to increasing concentrations of carbon monoxide in ambient air® [1].

CO in atmosphere
Estimated COHb in blood (%)
% ppm

0.001 10 2

0.007 70 10

0.012 120 20

0.022 220 30
0.035-0.052 350-520 40-50
0.080-0.122 800-1220 60-70

0.195 1950 80

% Source: adapted from Winter and Miller (1976), Ellenhorn and Barceloux (1988).




Exposure to CO can cause the health risks associated with various CO concentrations.
With low levels of CO poisoning, it results in flu-like symptoms such as mild
headaches, slight nausea and confusion. At high levels, CO poisoning can cause
unconsciousness and death. The acute effects produced by CO in relation to ambient

concentration in parts per million are listed in Table 1.2.

Table 1.2 Carbon monoxide poisoning effects in relation to ambient concentration in

ppm [2].

Concentration Symptoms

35 ppm Headache and dizziness within 6-8 hours of constant exposure

100 ppm Slight headache in 2-3 hours

200 ppm Slight headache within 2-3 hours; loss of judgment

400 ppm Frontal headache within 1-2 hours

Dizziness, nausea and convulsions within 45 minutes; insensible

800 ppm
PP within 2 hours
Headache, tachycardia, dizziness and nausea within 20 minutes;
1,600 ppm ]
death in less than 2 hours
Headache, dizziness and nausea in 5-10 minutes;
3,200 ppm oy c
death within 30 min
Headache and dizziness in 1-2 minutes; convulsions, respiratory
6,400 ppm

arrest and death in less than 20 minutes

12,800 ppm | Unconsciousness after 2-3 breaths; death in less than 3 minutes

Every year, hundreds of deaths are recorded from carbon monoxide which was
produced by malfunctioning or improperly vented heating appliances [3-6]. Many
more people suffer chronic illness brought on by less than lethal CO levels that go
undetected. Thus, many kinds of gas sensors have been developed under the great
demand for gas detection and monitoring because of the serious concern towards the

growth of the environmental pollution.



1.1 Classification of sensors

Generally, a sensor is defined as a primary device which measures a physical

input and converts it into an observable output signal. It is also called detector [7].

The output nowadays is preferably to be an electronic quantity. The basic

requirements of sensors are [12]:

high sensitivity;

high selectivity;

absence of hysteresis;

high accuracy;

high reproducibility;

broad range of measurement and temperature;
stability to noise or interference;
high durability;

simple calibration;

rapid response;

high reliability;

low price;

compact.

The classification of sensors by their principles of operation is divided into

physical and chemical sensors which summarized in Table 1.3.

Table 1.3 Classification of sensors according to the principle of operation [8].

Physical sensors Chemical sensors
e Optical sensors e (as sensors
e Pressure sensors e Humidity sensors
e Temperature sensors ¢ |onic sensors
e Magnetic sensors e Biochemical sensors
e Acoustic sensors
e Sensors for radioactive radiation




1.2 Gas sensors

With dramatically increasing of global industrial growths caused the concerns
towards the surroundings. The environmental pollutants such as carbon monoxide
(CO), hydrocarbons (HCs), nitrogen oxide (NO) were emitted from automobiles and
industrial processes. Therefore, the intensive demand on a reliable sensor for
detection or monitoring environmental pollutant becomes increase. This need is not
only on the development of efficiency materials but also highly sensitive of gas

Sensors.

Gas sensors are widely used in numerous fields with the two major groups of
applications. One is the need for the detection of single gases such as NOy, CO, HCs
and SO,. Single gas sensors can be used as fire detectors, leakage detectors,
controllers of ventilation in cars and planes, alarm devices warning the overcoming of
threshold concentration values of hazardous gases in the work places. Another
application is for the monitoring of changes in the ambient; for example, the detection
of volatile organic compounds (VOCs) or smells caused from food or household
products in food industry and indoor air quality. Table 1.4 demonstrated some

applications for gas sensors and electronic noses (or multisensors).

Among various analytical methods, solid state electrochemical gas sensors are
predominant candidates for commercial gas sensor development with a variety of
applications because this method is a selective and accurate way of sensing chemical
species. The great attention on this type of sensors comes from their advantages such
as compact, high sensitivities on the detection of very low concentration (ppm or ppb
levels) of a wide range of various gas species, high selectivities, rapid responses and

cost effective in large-scale production.



Table 1.4 Applications for gas sensors and electronic noses [9].

Systems Applications

e Filter control

_ e Car ventilation control
Automobiles _ _
e Gasoline vapor detection

e Alcohol breath tests

e Air purifiers
Indoor air quality e Cooking control

e Ventilation control

e Boiler control

e Fire detection

Safety e Leak detection

¢ Personal gas monitor

e Toxic/flammable/explosive gas detectors

] o Weather stations
Environmental control : |
e Pollution monitoring

e Process control
Food ¢ Food quality control

¢ Packaging quality control

o e Breath analysis
Medicine ( '
e Disease detection

] ) ¢ Process control
Industrial production _
e Fermentation control

However, solid-state electrochemical sensors can suffer from the problem on
limitation of measurement accuracy and long-term stability. Thus, a lot of researches
continue focusing on the gas sensing development to improve their higher

sensitivities, higher selectivities and long-term stabilities at reduce cost.



1.3 Solid state electrochemical gas sensor

Depending on the mode of operation, these electrochemical sensors are
generally categorized as potentiometric, amperometric, conductometric and so on. At
the present, the major applications of commercial electrochemical gas sensors are
based on potentiometric and amperometric modes. In potentiometric mode, the
sensors allow the measuring of chemical activities or the electromotive forces, while
in amperometric mode the electric current is measured. In addition, the applications of
the electrochemical cells using solid electrolytes have several advantages including
[10]:

e the generated electrical quantities (current and voltage) are easily to

measurable with high accuracy,

e the measured quantity (e.g. partial pressure) is directly converted into an

electrical signals (current and voltage),

e the signal is selective for the transferred component of the electrolyte.

Solid electrolytes are essential components of electrochemical gas sensors.
Commonly, they operate at elevated temperature due to their low conductivities at

low temperature.

1.3.1 Solid electrolyte membranes

In general, solid electrolyte membranes are classified into two major groups

which are porous and dense membranes as further described.

1.3.1.1 Porous membranes

In porous membranes, oxygen is transferred as molecule form by
diffusion, viscous flow and surface diffusion. Considering in terms of permeability,
the porous membranes exhibit the high oxygen permeability compared with the dense

membranes while the permselectivity is moderate. Both permeability and



permselectivity can be improved by preparing the membranes with a suitable pore

size distribution and pore structure as displayed in Figure 1.1.

Figure 1.1 The representative porous membranes for oxygen transport [11].

1.3.1.2 Dense membranes

In this type of membrane, oxygen is transferred as ionic species (0%)
by moving from vacancy to vacancy in the lattice of solid materials. This movement
from one side to the other generates the potential difference. In this case, the
permeability is lower than in the porous membranes but can be improved by elevated
operating temperature.

Moreover, this membrane is further divided into two categories: mixed
ion-electron conducting membranes (MIECs) and ion conducting membranes (or
ceramic membranes). These two dense membranes are distinguished by their
conductivities. For MIEC materials, they exhibit both high electronic and ionic
conductivities, whereas solid electrolyte or oxygen ion conducting membranes have

predominant high ionic conductivities but very low electronic ones.

A mixed ion-electron conducting membrane and ion conductive one
are shown in Figure 1.2 and Figure 1.4, respectively. Figure 1.2(a) demonstrates a
single phase MIEC membrane and Figure 1.2(b) displays a dual-phase MIEC

membrane which is a mixture of an electron conducting and an ion conducting phase.
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Figure 1.2 The representative MIEC dense membranes (a) single phase and (b) dual-

phase for oxygen transport [11-12].

When a MIEC dense membrane was used in the separation of oxygen

(as illustrated in Figure 1.3), if the membrane is dense, no cracks and connected-

through porosity, the direct transport of oxygen molecules (O;) is blocked.

Nevertheless, under the driving force of a gradient of oxygen partial pressure across

the membrane, oxygen can transport through the membrane.

Po;

Dense MIEC membrane — |

O,+de” — 202

or

COR20%—> CO,H4e

Figure 1.3 A schematic representation of surface reaction and transport mechanism

across a mixed ion-electron conducting membrane [10].



At the side with high partial pressure of oxygen (Pp,), oxygen
molecules are dissociated and converted into oxide ion species (O%). Hence, these
oxide ions are incorporated into the oxygen lattice occupying at vacant sites as
represented with following Kréger-Vink notation:

1

502 + V5 +2e” - 0} (1.2)
Transportation by a hopping mechanism, the oxygen ions are transported from the
high oxygen partial pressure to the low oxygen partial pressure. At this side, the
recombination of oxygen ions to oxygen molecules occurs, subsequently desorbing
into gas phase. Considering in terms of neutrality, the flux of oxygen ions is

balanced by simultaneous electron transport.

Figure 1.4 represents a solid electrolyte coupled with two electrodes.

The electrons pass through an external circuit, providing the electricity.

Cathode Anode
P'o,

Figure 1.4 The representative oxygen ion conducting membranes for oxygen
transport [11-12].

Therefore, solid electrolytes are one of the dense materials conducting
only ionic species in solids as an electric charge carrier, exhibiting an ionic
conductivity. They also exhibit to some extent the electronic conductivity in low

level. In other words, oxide-ion electrolytes are oxides and the limitation on their
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ability to remain electronic insulators related to each application. There are numerous
application of solid electrolytes in various research fields such as solid oxide fuel cells
(SOFCs), gas sensors, oxygen separation membranes, fast ion conductors, etc. The
well-known electrolyte used in SOFCs is yttria-stabilized zirconia (YSZ) but it needs

high operating temperatures (800-1,000°C) to obtain a sufficient ionic conductivity.

On the other hand, the general design requirements for the electrolyte
materials are [12]:

e ionically conductive;

electronically insulating;

e chemically stable at the operating temperatures;

e chemically stable in oxidizing and reducing atmosphere;
e gas tight/free of porosity;

e electrodes compatibility;

e inexpensive materials.

Hence, the development of the novel electrolyte which can operate at lower
temperatures with high ionic conductivities became attractive. To reduce the
operating temperature, firstly, the reduction of resistance of the electrolyte should be
considered. One achieve approach is to use thin film of YSZ as electrolyte. Another
alternative is to use other solid electrolytes with higher ionic conductivity. Perovskites
family is one of the well-known solid electrolyte materials which have much attention
because of their high ionic conductivity, stability in thermal and chemical
atmospheres and exhibited higher ionic conductivity when compared with YSZ [11]

which was further mentioned.
1.3.2 Electrodes
The sensing electrodes promote the electrochemical reactions on their

surfaces. For gas sensors, the solid electrolytes are coated with the sensing electrodes

as anode and cathode on each side. The electrochemical reaction occurs at anode is
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the oxidation reaction, while the reduction reaction take places at cathode. The output
of the electrochemical cell is directly related to the concentration or partial pressure of
gaseous species. The general requirements of anode and cathode materials are
summarized in Table 1.5.

Table 1.5 Design requirements for the anode and cathode [13].

Anode

Cathode

electrically conductive;

high electrocatalytic activity;
avoid coke deposition;

stable in a reducing atmosphere;
chemically compatible with

neighboring cell compartment;

high electronic and ionic
conductivity;

chemically compatible with
neighboring cell compartment;
thin and porous;

stable in the oxidizing environment;

e fine particle size; e catalyze the dissociation of oxygen
e thin enough to avoid mass transfer molecule;
losses but thick enough to provide o adhesive to electrolyte surface.

area and distribute current.

1.3.2.1 Gas diffusion electrodes

In operating mode, electrodes have to be fixed on both sides of ion
conducting membrane (solid electrolytes), not only closely contact to membrane but
also to current collectors. These electronic current collectors are directly connected to

the external circuits.

The electrodes functions are:

o catalysts for the electrochemical reactions;

e electronic conduction;

e ionic conduction;

e transport non-charged species towards the reaction sites via pore

diffusion inside the electrode structure.
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Figure 1.5 The representation of gas diffusion electrodes (GDE) [11].

A schematic illustration of a typical gas diffusion control is shown in
Figure 1.5. The optimized GDE design requires a balance of the different functions.
In general, it can be achieved via preparation of a mixture of particles of membrane

materials, electron conducting particles and catalytic particles.

1.3.3 Types of electrochemical sensors

The highly sensitive and selective detection of various gases has become
increasingly important especially for monitoring exhaust gases and environmental
pollutants. Recently, various electrochemical gas sensors using solid electrolytes have
been developed. These sensors are classified into three main groups based on the gas

detection principles.

1.3.3.1 Equilibrium potentiometric sensors [14-19]

Usually, the galvanic cells consisting of a solid electrolyte and a couple
of electronically conductive electrodes are used for potentiometric measurement. The
electrodes are called the reference electrode and working or sensing electrode and
chemical potentials are formed at electrode-electrolyte interfaces. When an
equilibrium with the ambient gas is established, the chemical potentials are generated
at the electrolyte-reference interface and at the electrolyte-sensing electrode interface.
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The measured signal is the potential difference between the working and reference
electrode known as an electromotive force (EMF) of the galvanic cell under condition

of no current flow. The EMF is defined in term of gas partial pressure through Nernst

equation:
EMF—E+RTZ by 1.1
= ot L tpo (1.1)
where,

E, = the EMF at a standard pressure,
R = the gas constant,
F = the Faraday constant,

n = the number of electrons involved in the electrochemical reaction

of the gas molecule,
T = the absolute temperature,
P,, = the gas partial pressure at the working electrode and

P° = the standard pressure.

Generally, a working electrode’s potential depends on the concentration of the

investigated gas in contrast with a reference electrode [15].

The combination of various types of electrodes provides the different
operating performances for the potentiometric electrochemical sensors. The group of
these sensors can be further classified into three types: type I, type Il and type IlI
sensors from the electrochemical reactions between the solid electrolyte and the target
gas following the classification of equilibrium potential-type sensors by Weppner
[16].

e Type I sensor consists of two electrodes attached on the both sides
of the solid ionic conductive electrolyte. The measured EMF is the
chemical potential difference of neutral components which related
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to the mobile ions in the solid electrolyte. Type | sensor is
restricted to the detection of the species corresponding to the
mobile ionic species in the solid electrolyte. The schematic
representation of this type of potentiometric sensor was shown in
Figure 1.6.

- ED—

0,. Pt Pt. O,

Figure 1.6 Schematic representation of type | sensor. (-)O,, Pt YSZ | Pt, Ox(+)

Type 11 sensor provides the detection of the chemical species other
than the mobile species in the solid electrolyte. The EMF is a
measure of chemical potential of the immobile component.
However, this type of sensor is confined by the limited number of
appropriate solid ionic conductors corresponding to the immobile
species with the known equilibrium reactions. Figure 1.7 displayed

the schematic representation of type Il potentiometric sensor.

- ED—

Pt. SO,. O,

Figure 1.7 Schematic representation of type Il sensor. (-)Ag, O, Pt | Ag,SO4 | Pt,

SO, 02(+)
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e Type Ill sensor is consisted of the electrode and ionic junction
between electrolyte and auxiliary phase. The ionic junction permits
the measurement of the concentration of chemical species that does
not present in the solid electrolyte. The auxiliary phase should be
porous and is dispersed into the electrolyte at measuring side in
order to provide the close contact of all phases for fast
equilibration. This type of sensor provides more feasibility on
various sensor designs between the different auxiliary materials
and electrolytes. Figure 1.8 showed the schematic structure of

type 11l potentiometric sensor.

RE Auxiliary phase

Figure 1.8 Schematic representation of type Il sensor. (-)Na,ZrOz + ZrO,, Au |
NASICON | Au, NaNO3(+)

The typical cell structures of each divided equilibrium potentiometric sensor are
shown in Table 1.6.
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Table 1.6 Classification of equilibrium potentiometric sensors [17].

Sensing Typical cell structure

Gas-sensing reaction
principle (RElsolid electrolyte®lSE)
Typel | 0,Pt1YSZ PO, 20,+ 26" O
Type | COQ, 02, Aul K2C03| Au, CO, + 02 2K" + C02 + %02 +2¢ & K2C03
Type Il | Oy, Aul NASICON | NaNO; | Au, NO,+ O, | Na"+ NO, + & & NaNO,

2 YSZ: Yitria stabilized zirconia (oxygen ion conductor; O%), NASICON: NasZr,Si,PO;,
(sodium ion conductor, Na*), RE: Reference electrode, SE: Sensing electrode.

1.1.3.2 Non-equilibrium potentiometric (mixed potential) sensors
[14, 17, 20-23]

The measured signal of mixed potential gas devices is not the
equilibrium electromotive force (EMF) based on Nernst’s equation. They measured
mixed potential generating by the two electrochemical reactions which
simultaneously take place in the opposite direction at the electrode-electrolyte
interface. One is the electrochemical reaction of target gas so-called cathodic reaction
of target gas. Another one is the electrochemical reaction of oxygen or anodic reaction

of oxygen (oxygen reduction).

To understand the mixed potential mechanism, a typical representation
of a mixed potential sensor is illustrated in Figure 1.9. A galvanic cell structure of this
sensor type can be described as follows:

electrode 1 | solid electrolyte | electrode 2

where both electrodes are exposed to the gas mixture containing oxygen and an

oxidizable or reducible gas. The different potentials develop on each electrode due to
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the differences in electrokinetic redox rates of the electrodes. The devices response

voltage is the difference in mixed potential attained by each electrode.

Electrode 1 —

Solid electrolyte
Electrode 2

Figure 1.9 A schematic representation of a mixed potential sensor fabrication from a
solid electrolyte coupled with porous electrode materials. Both electrodes are exposed

to a mixture of oxidizable or reducible gas and oxygen.

The concept of mixed potential was introduced to describe non-ideal
behavior of the typical oxygen sensor consisting of stabilized zirconia (YSZ) and Pt
electrodes in the mixed gases of air and oxidizable gases by Fleming [24]. Fleming
explained the deviation of ideal correlation between EMF and air-oxidizable gas ratio
by investigation the chemical and electrochemical phenomenon occurring at Pt-
sensing electrodes. Assuming a case where CO as an oxidizable gas mixed with
oxygen as sample gas, the presence of CO could affect the oxygen sensor voltage in

two ways.
First, CO may deplete the local concentration of O, at the Pt-sensing

electrode surface according to the following chemical reaction. For this reaction,
Pt electrode works as a catalyst.

co’ + %0'2 - CO0, (1.2)

Where 0,, CO’ and CO., denote gases in the neighborhood of the three-phase

interface. The cathodic reaction is

0, + 4e” - 207 (1.3)
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The sensor structure is simply an oxygen concentration cell as follows:
Py, PLIYSZIPt, Py, (1.4)

where Py, is the partial pressure of 0, which presents after the completion of the

reaction.

Second, the direct participation of CO in the following electrochemical

process:
CO' + 0% - CO, + 2e- (1.5)
In this case, the sensor structure is
Plo,PtIYSZIPt, Py, (1.6)
At the sensing electrode surfaces, the electrochemical oxidation (1.5) and reduction
(1.3) take place simultaneously and form a local cell. When the rates of these two
reactions are equal to each other, the potential of the sensing electrodes is a mixed-

potential.

In accordance with the Butler-Volmer equation, the cathodic and

anodic currents densities can be expressed as Tafel-type behavior:
io, = 1§, exp[-4asF(E — E,)/RT] (L.7)

and
ico = igo exp[2a,F(E — E2p)/RT] (1.8)

respectively, where igz and i2, are the exchange current densities for cathodic and

anodic reaction, respectively, « is transference coefficient, F is the Faraday constant,
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E is the electrode potential, E° is the equilibrium electrode potential at a reference
state, R is the gas constant and T is the absolute temperature. At equilibrium, the
kinetic rates of reaction (1.7) and reaction (1.8) are the same. The difference between

E¢p and Eg, can be expressed as
(1.9

where AG? is the standard Gibbs energy change of reaction (1.2). At equilibrium, the
mixed potential is generated under the condition i,,= ico from equation (1.7) and
equation (1.8). It can be written as
RT = Pg

E .. =E% 4+ _—In—= 1.10
Hence, the mix potential is expected to have a logarithmic dependence on the
concentration of CO for a constant concentration of O,  Here,
E° = a,Ep, + ayEQy is assumed to be constant. Nevertheless, since the
concentration of adsorbates on the real electrode can be a function of the overpotential

(1o = Emix — E¢o OF Mos= ES, — Enmix), the slope deviates from the theoretical

value of RT/2F.

However, if E,,;, is close to the equilibrium oxygen potential so that
the anodic reaction of oxygen takes place at a low overpotential and the reduction
reaction of CO occurs at a high overpotential, the kinetic rate of anodic reaction may
be presented by the low overpotential linear approximation of Butler-Volmer equation

can be written as
i, = ig,4a,F(E — Eg )/RT (1.11)

while the kinetic rate of cathodic reaction may be explained in case of a diffusion
based mass transport limited reaction kinetics due to a high overpotential as
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ico = 2FAD gy 20 (1.12)
co co RTS
where A is the electrode area, D, is the diffusion coefficient of CO and § is the
diffusion boundary layer thickness. Combining equation (1.11) and equation (1.12)

for iy, = ico yields

Emix = 82 - 210 o 5PCO
0,%1

(1.13)

and then gives a linear relationship between CO concentration and the mixed potential
(Emix)-

In summary, there are two modes of dependence for concentration of
reacting gas on mixed potential: logarithmic dependence and linear dependence.
When kinetic are investigated by the electrochemical reaction occurs at the electrode,
logarithmic dependence will appear. Conversely, if the mixed potential is determined
by the simultaneously involved operation of both slow mass transport of chemical
species toward electrode for one electrochemical reaction with a large overpotential
and Tafel-type kinetics for another reaction with negligible overpotential, linear
dependence will be met.

1.1.3.3 Amperometric sensors [9, 14-15, 23, 25-26]

Since a potentiometric sensor exhibits a logarithmic behavior to the gas
concentration, its sensitivity at high concentration is rather low. Amperometric
sensors feature a linear dependence of electrical output that is more suitable for

detection of high gas concentrations.

In amperometric mode, a constant voltage is applied across the
electrolyte to generate a current. The magnitude of current is limited by availability of
the gaseous species for the electrochemical reaction on the electrolyte surface. A
typical structure of an amperometric oxygen sensor with a hole as the diffusion barrier

is illustrated in Figure 1.10
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Solid electrolyte

cathode anode

Diftusion hole v

Figure 1.10 A schematic amperometric sensor based on oxygen pumping with a
diffusion hole barrier [9, 14-15].

The sensor consists of a pumping cell and a diffusion hole barrier
limiting the oxygen-transfer rate from the ambient atmosphere to the cathode. An

external voltage is applied across the electrochemical cell.

In case of an oxygen ion conducting electrolyte, the following
electrochemical reaction occurs at the cathode (negative terminal of the external

voltage):

0,(gas) + 4e” (electrode) — 20% (electrode) (1.14)

The generated oxygen ion (O%) migrates across the electrolyte to the anode (positive
terminal of the external voltage) where they recombine to give oxygen molecules (O,)

in an ambient gas:
207 (electrode) — O, (gas) + 4e” (electrode) (1.15)
In other words, oxygen molecules are reduced to oxygen ions at the cathode, and then

are pumped across the electrolyte to the anode where their re-oxidation to oxygen

molecule occurs.
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The typical 1-V characteristic response of an amperometric sensor is
shown in Figure 1.11. Depending on the ratio pumping rate to the oxygen diffusion
flux through the aperture, there are three regions of 1-V characteristics normally arise.
The voltage V obeys a relation:

RT Py, (ambient)

V=IR+—=In——-—7-— 1.16
+ ar " Py, (cathode) (1.16)

— >

vV —

Figure 1.11 Typical I-V characteristic response of an amperometric sensor [14].

At region | (low voltage) where the pumping rate is less than diffusion
flux, then Py, (ambient) = Py, (cathode), the current increases linearly with the
voltage as V = IR. When the pumping increases to exceed the diffusion flux of
oxygen through the aperture, the current reaches a steady state (region Il) that is
determined by the rate of arrival of oxygen from the ambient atmosphere through the

hole to the electrode written as:

_ i Dy,lco,(6) = co,(0)] [Do,Po,]

Jo, =35 = 5 ~ TRTS (1.17)
where § relates to the effective diffusion distance for oxygen and c,,= Py, /RT has
been used. If the applied voltage is high enough (normally 0.5-1.5 V), the oxygen
partial pressure at the cathode will decrease to nearly zero (co, ~ 0) as shown in
equation (1.17). Therefore, the pumping current at steady state depends linearly on the

oxygen partial pressure in the ambient atmosphere. However, the increasing voltage is
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compensated by the decreasing oxygen partial pressure at the cathode for a constant
limiting current. When the voltage increases to region Ill, the electronic conduction
gives rise a further increasing current. In general, the limiting current-type sensor is

operated in the region Il where the steady state current can be obtained.

Depending on the geometrical parameters of the diffusion barrier and
oxygen concentration, the limiting current is defined by Fick’s first law of diffusion,

the ideal gas equation, and Faraday’s law as:

4FD,, APy

lim = 4FJo, = =——%

In (1 —x0,) (1.18)
where I;;,, is the limiting current, F is the Faraday’s constant, Dy, is the diffusion
coefficient of gaseous O, (bulk diffusivity), A is the area of the diffusion hole, Py is
the total pressure in the ambient, R is the gas constant, T is the operating temperature,
I is the length of the diffusion hole, and x,, — the mole fraction of oxygen. For small

values of oxygen mole fraction, the logarithm becomes linear and I;;,, can be

evaluated by:

4F Dy, Acy,

(1.19)

where c,, is the oxygen concentration.

1.4 Perovskite oxides (ABO3)

The mineral perovskite (CaTiOs; calcium titanate) was first discovered from
samples found in the Ural Mountains by Gustav Rose in 1839 and is named after a
Russian mineralogist, Count Lev Aleksevich von Perovski (1792-1856). The name
“Perovskite” is used to classify compounds having the same type of crystal structure
as CaTiOg3 [27]. A large attention has been paid to the perovskite-type oxides because

of their intriguing properties. These compounds are widely used as sensors and



24

catalyst electrodes in fuel cells application because they exhibit both electronic and

ionic conductivities (mixed ionic-electronic conductors; MIECs)

1.4.1 Structure of perovskite oxides [28-29]

The ideal structure of perovskite oxides is cubic. The typical chemical
formula is ABOs. A is the larger cation occupying in the middle of the cube resulted
in 12-fold coordination site with oxygen while B is smaller cation and formed three-
dimensional network of corner sharing BOg octahedra. The ideal cubic perovskite

structure is shown in Figure 1.12.

Figure 1.12 The ideal cubic perovskite structure ABOs.

In this structure, the atoms are touching one another. The A-O distance

is a/+/2 where a is the cubic unit cell parameter while the B-O distance is equal to
a/2 and the following relationship between the ionic radii holds is shown in equation
(1.4)

T+ 1= a/\2 (1.20)
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g+ 10 = a/2 (1.21)
and
a= V2(ry+ 1) = 2(rg + 1) (1.22)
hence,
Tat 10 = V205 + 10) (1.23)

where 1, rgand rpare relative ionic radii of the A and B cations and the oxygen ion,

respectively.

The perovskite structure is known to be very flexible and the A and B
cations can be varied by partial substitution with other cations (same or different in
sizes and charges) leading to the large number of perovskite or related structures.

Many perovskites are distorted from ideal cubic structure.

Goldschmidt proposed a tolerance factor (t) to evaluate the stability of

perovskites. It is based on ionic radii and defined by the equation (1.24).

(ra + 10)

_ Uatro) (1.24)
V2(r5 + 1)

The ideal cubic perovskite structure is found in a few cases for t-values very close to
1.00 at high temperature. However, the cubic perovskite structure is also found for
0.95 <t < 1.04. The lattice parameter a of cubic perovskite structure is determined

by A and B atomic size and geometric structure characteristics.

The schematic view of the (110) plane section of ideal cubic ABO;
perovskite structure with different tolerance factors is shown in Figure 1.13. From
equation (1.24), in case of t < 1, the value of v2(rz + 1,) is greater than that of
(r4 + 7o) suggesting that the A cation is smaller than its cavity and/or the B cation is
too large for its hole. Hence, the cubic lattice parameter can be described as a =

2(rg + 1p).



26

Am+
a a
(c)t>1
An‘H— OZ- Am+ T
a
Amt OZ- Amt 1

WAdC Py —

Figure 1.13 The section of the (110) plane of ideal cubic ABO3 perovskite structure
with different tolerance factors: (a) t<1; (b)t=1and (c) t > 1 [29].

In a similar way, the cubic perovskite lattice parameter with t > 1 can

be expressed as a = V2(ry + 1,). Table 1.7 shows the summary of the lattice

parameter of cubic perovskite structure with different t-values.

Table 1.7 The summary of the lattice parameter of cubic perovskite structure with
different tolerance factors [29].

Tolerance factor (t) Lattice parameter; a
t<1l a= 2(rg + 19)
t=1 a= V20, + 1) = 205+ 1)
t>1 a= V2(ry + 1)
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In addition, lower values of tolerance factor will lower the crystal
symmetry. This deviation gives rise to orthorhombic structure. If t-values are in the

range 1.00 <t < 1.13, the compositions will exhibit hexagonal symmetry.

1.4.2 Oxygen nonstoichiometry in perovskites [28]

The sum of charges of A and B cations equals to total charge of oxygen anion
(electroneutrality) is one of the other requirements to be fulfilled apart from ionic
radii conditions. This is achieved through the appropriate charge distribution of the
form AYB*03, A>*B*'0; or A¥*B*03. Besides this, partial substitution of A and B
ions is permitted yielding a plenty of perovskite-type compositions. Oxygen vacancies
are achieved by substitution of cations with similar sizes but different valances. They
are more ordinary than those involving cationic vacancies. Nevertheless, oxygen
excess nonstoichiometry in perovskite oxides is not as usual as anion-deficient
nonstoichiometry probably because introduction of interstitial oxygen in perovskite
structure is thermodynamically unfavorable. In terms of a defect model, oxygen
excess nonstoichiometry can be occurred based on two assumptions. First, because
the trivalent cation vacancies result in a large electronic imbalance and local lattice
distortion, they do not stay close to each other. Second, as the formation of cation
vacancies, a nonbonding O2p level is formed by the oxide ions around the vacancies.
This nonbonding O2p level serves as the hole-trap. Applying this structure,
nonstoichiometry of the oxygen-deficient composition was explained by the random
distribution of oxide-ion vacancies. The general formula of oxygen-deficient
perovskite oxides is AnBnOsn.1, in which the stacking manner depends on the size,

electronic configurations and coordination numbers of A and B cations.

1.4.3 lonic conduction in perovskite oxides

The perovskite-type oxides ABO; are stable because of their balanced
geometrical array of element atoms and their valances. The deviation from ideal cubic
perovskites is allowed keeping the original structure. Therefore, nonstoichiometric

perovskite oxides, including oxygen-deficient ABOs;, A-deficient A;sBO3; or
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B-deficient AB;.;03 occur, where & denotes the number of deficient atoms per unit
formula. In the first case, oxygen vacancy would be formed and the latter two cases,
so-called cation nonstoichiometry, the formation of some defective lattice appeared
because of deviation from stoichiometric composition (A:B = 1:1). Moreover, the
partial substitution in A- or B-site with M atom results in the formation of A;xMxBO3
or AB1xM,0s. If the valence of M is different from A or B, lattice defects will be

formed to maintain electroneutrality of the crystal.

Several kinds of ions have been found to be mobile in perovskite and
perovskite-related compounds. Oxide ions and protons are the representative
conducting ions in perovskite oxide found in many researches. Of these, oxide ion
conductors are the best well-known and the conduction of oxide ion in various kinds
of perovskite and perovskite-related compounds has been investigated. The most
convenient method to confirm ionic conduction in the electrochemically conductive
oxides is to examine the electromotive force (EMF) of an electrochemical oxygen

concentration cell:

Pt, Oz (Pp, (1)) | oxide sample | Oz (Py,(2)), Pt (1.25)

using oxygen-ion-conducting oxide as electrolyte. The schematic of the oxygen
concentration cell is shown in Figure 1.14.

Po, (1) > Py (2)

P, (1) O,

Pt electrode ,|\ ° Pt electrode

Oxide 1on-conducting
electrolyte

Figure 1.14 A schematic of an electrochemical oxygen concentration cell [30].
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Figure 1.14 shows a schematic of an electrochemical oxygen concentration
cell consisting of a dense ionic conductor as electrolyte with porous Pt electrode.

When the two sides of the cell are exposed to different oxygen partial pressure Py, (1)
and P,,(2) at elevated temperatures, an open-circuit develops between the Pt

electrodes given by Nernst equation:

RT Poz(l)
0= Foin
4F Py, (2)

(1.26)

If the observed EMF is close to the theoretical value E,, the oxide can be regarded as
ionic conductor. When EMF is not zero but smaller than E,, the observed value would

be partially ionic and electronic.

As mentioned above, many perovskite-type oxides can deviate from their
stoichiometric composition resulting in the formation of excess electrons or electron
holes. This brings about n-type or p-type electronic conduction. Hence, it should be
noted that perovskite-type oxides have electronic conduction and the ionic conduction

is often accompanied by electronic conduction.

Generally, at elevated temperature, the electronic conductivity of oxide
electrolyte is influenced by partial pressure of oxygen in the atmosphere. N-type
electronic conductivity, oy, increases with decreasing oxygen partial pressure. On the
contrary with p-type electronic conductivity, o, increases with increasing partial
pressure of oxygen. The oxygen partial pressure P,, dependence of o, or o, is given

by the following equation (1.27) and (1.28).

G = o expPy /" (1.27)
and

o, = Opexp py /" (1.28)

2
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where n is natural number and o and op are the constants which are dependent of
P,,. For many oxide electrolytes, the ionic conductivity o; is independent of partial

pressure of oxygen. Thus, the total conductivity o is expressed as in equation (1.29).

6 =oc;+ clexp Po_zl/rl + op exp P(;Zl/n (1.29)
The dependence

of conductivity on partial pressure of oxygen is shown in
Figure 1.15.

Mixed Mixed
cond. cond.
domain domain
T Sn Sp
Tonic domain
o
) 1
)
&
logPoy, —>

Figure 1.15 Dependence of conductivity on partial pressure of oxygen [30].

The hatched regions illustrate the mixed conduction domains and between

them it is an ionic conduction domain. The outer sides of the mixed conduction
domains are the electronic conduction regions.

1.4.4 Oxygen transport processes [31]

The perovskite oxides are found to be good mixed ionic electronic materials.

Because of their mixed conducting property, these materials can be used as

membranes for oxygen separation. Based on the difference in the partial pressure of
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oxygen between the feed side and the permeate side, temperature and membrane’s

ambipolar conductivity, oxygen migrates from the feed side (P'o,) through a dense

mixed conducting material to the permeate side (P"'0,). The overall oxygen transport

processes occurs in five steps as follows [31-32]:

(i)

(i)

(iii)

(iv)

(v)

mass transfer of gaseous oxygen from the P’o, feed stream inlet to the
membrane surface (advection and diffusion)

adsorption onto the membrane surface, dissociation and ionization of
oxygen molecules and incorporation of the oxygen ions into the lattice
vacancies (feed side surface-exchange reaction)

transport of lattice oxygen ions through the membrane (simultaneous
bulk-diffusion of charged species and electron/electron holes in the
bulk phase)

recombination of lattice oxygen ions to oxygen molecules and
desorption from the membrane surface into the gas phase (permeate
side surface-exchange reaction)

gaseous oxygen mass transfer from the membrane surface to the P"o,

permeate stream outlet (diffusion and advection)

The progressive steps involved in oxygen transport during oxygen permeation

are shown in Figure 1.16.
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Figure 1.16 A multi-step mechanism of oxygen transport across the membrane: (i)
gas phase mass transfer (diffusion from the high oxygen partial pressure-side); (ii)
surface exchange (adsorption, ionization and incorporation); (iii) bulk diffusion; (iv)
surface exchange (association and desorption) and (v) gas phase mass transfer

(diffusion to the low oxygen partial pressure-side) [31].

The surface-exchange reactions occurred in step (ii) and (iv) can be described

as follows:

20+ V, —> 0F+ 2k (1.30)
and
0+ 20 > 0+ V) (1.31)

where V" is the oxygen vacancy, OF is the lattice oxygen ion, k" is the electron holes.
At steady state, the oxygen permeation flux can be expressed by the Wagner equation:

] — (RTGamb) In Péz
02 (4F)2L P}

(1.32)

where Jo, is the oxygen flux through unit area, R is the ideal gas constant, T is the
absolute temperature, L is the membrane thickness, F is the Faraday’s constant, Py, is
the high oxygen partial pressure at the feed side, Py, is the low oxygen partial

pressure at the permeate side. The ambipolar conductivity (o) is defined as:
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0c0;

B (Ge + Gi) (1.33)

Oamb
where g, and og; are the electronic and ionic contribution to the total conductivity,

respectively.

When oxygen transport is limited by the rate of oxygen exchange on the
surface of membrane, increasing surface area is an alternative to enhance the oxygen
permeate flux. One of the successful enhancement is to polish the membrane surface
resulted in the roughening surface which increases surface/volume ratio. Further
effective method to enhance the surface area is coating the porous layer on the top of
the dense mixed-conducting membrane. This option can promote the adsorption and
dissociation of oxygen and enhance the oxygen permeate flux. In addition, under bulk
diffusion control, the oxygen permeate flux can be correlated with the inverse of
membrane thickness. Therefore, decreasing the membrane thickness can increase the

oxygen flux when oxygen transport is limited by bulk diffusion.
1.5 Literature reviews

Rusmiati et al. [33] synthesized LaggSrg2,GagsMgo2-xFexOs.s with x = 0, 0.05,
0.1, 0.15 by solid state reaction at 1,450°C and the crystal structures of these
compounds were analyzed using X-rays diffractometer. The crystal structure of all
samples was cubic. The cell parameters of LaggSro.GagsMgo2-«xFexOss (x = 0, 0.05,
0.1, 0.15) were a = 3.924(1), 3.9183(7), 3.9126(1), and 3.9061(3) A, respectively.
The decreasing cell parameter resulted in the decreasing cell volume due to the

increasing substitution with smaller ionic size of Fe into Mg-site.

Ishihara et al. [34] explored mixed electronic—oxide ionic conductivity in
LaGaOs-based oxide doped with Fe, Co or Ni. The electrical conductivity was greatly
increased by doping Fe, Co, or Ni for the Ga site of LaggSro.Ga0O3. Compared to the
conventional mixed electronic—ionic conductors such as LaCoOjs, these LaGaOs-
based oxides exhibited a lower electronic conductivity but higher oxide ion

conductivity. In particular, Fe-doped LaGaO3 exhibited a high oxygen permeation rate
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and stability against reduction. Consequently, higher CH4 conversion in the partial
oxidation of CH, was attained by using LaggSro.GagsFeo4O3 in the place of the
conventional candidate material, LageSro4FepsC00203, for the oxygen permeation
membrane. As a result, this study revealed that LaGaOs-based oxide doped with Fe,

Co or Ni for Ga site is a new family of mixed electronic—oxide ionic conductors.

Ishihara et al. [35] investigated the effects of small amounts of Fe doping for
Ga site in LaGaOgs-based oxide on oxide ion conductivity. It was found that doping a
small amount of Fe is effective for improving the oxide ion conductivity in
Lap gSro2GapsMgo 203 (LSGM). The highest oxide ion conductivity was exhibited at
x=0.03 in Lap gSro.GagsMgo »-xFexO3 among the Fe-doped samples.

Shaula et al. [36] measured the oxygen permeability of perovskite-type
La1.xSr«Gag.s.yMgyMo 2035 (x = 0-0.2, y = 0.15-0.20, M = Fe, Co and Ni). For
La(Sr)Ga(Mg)Os-; (LSGM) ceramics, the oxygen transport increased in the sequence
Co < Fe < Ni. The highest permeation is observed for Lag ¢Sro1Gag esMgo.15Nio 2035
perovskite membranes, which exhibited level of the oxygen permeability similar to
that of La(Sr)Fe(Co)Os-s and La,NiO4-based solid solutions. The average thermal
expansion coefficients (TECs) of La(Sr)Ga(Mg,M)O3-s ceramics in air are in range
(11.6-18.4) x 10 ® K™ at 373-1273 K.

Can et al. [37] studied zirconia oxygen sensor for detection of CO and found
that the sensor was sensitive to a small amount of CO in an O,-containing gas stream
at operating temperature lower than 550°C and within £50 mV of the equilibrium
potential. They suggested that the sensing mechanism of the sensor was due to the
reduction reaction of O, and the oxidation reaction of CO occurred simultaneously on
the sensing electrode, then a local cell was formed.

Narducci et al. [38] developed the potentiometric solid state YSZ-based
sensors for CO detection. Two sensors were prepared with general structure as:
M, O,, COIYSZIO,, Pt, in which M was either Pt or RuO,. The EMF measurements

incorporated with temperatures presented a linear relationship for both sensors. The
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optimal working temperature at which EMF values could be used to measure CO with
an accuracy better than 50% was at 420°C. Unfortunately, response time at this
temperature was sufficiently low. Then, it was difficult to predict that this sensor

could be used as good CO-detected devices.

Barth et al. [39] prepared the potentiometric sensors consisting of oxygen-ion
conducting solid electrolyte (YSZ) cells combined with Pt reference electrodes and
Fe,03-Sh,0,4 working electrodes for studying the partial oxidation of propene. They
found that the working electrode acted as both electrode and catalyst during the study.
Considering the catalyst’s behavior, there were two different forms of surface oxygen
and EMF measurement indicated that the sensor was most sensitive to the more
reactive adsorbed oxygen and not lattice oxygen. In other words, the sensor would be
most sensitive to the most reactive forms of oxygen on the catalyst surface as these

oxygen forms were probably the most reactive forms for the electrochemical reaction.

LaGaO3; (LSGM) based solid electrolyte coupled with suitable electrodes was
demonstrated to be a highly sensitive hydrocarbon (C3Hg) sensor in the temperature
range of 523-673 K which was reported in 2004 [40]. The sensors were studied in the
amperometric mode. Keeping Pt as the active electrode, the various inactive electrode
materials were studied. It was found that LagsSrosCoO3z; (LSC55) gave the best
sensitivity among the studied LaCoOj3 catalysts. Furthermore, it was found that the
performance of the sensor with LagsSrosMnO; (LSM55) showed the highest
sensitivity ~600 pA/decade at 623 K among all the investigated perovskite oxides for
an cathode. The sensitivity of all the sensors was fast, reversible, and the current
linearly increased with increasing C3Hg concentration. Over a broad range of oxygen

concentration, the C3Hg sensitivity was found unaltered.

Dutta et al. [41] studied various C3Hg oxidation electrodes of Pt-based alloy
systems using LagsSrosMnOs3 as the oxygen reduction electrode. From this study, it
was found that addition of Co and subsequently cermet (CeO2)s(LaO15)02 (LDC)
produced very high sensor response and improved the performance of the sensor with

respect to that using only Pt paste as the electrode. The sensors were hardly
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influenced by the oxygen concentration variation (0.5-5%). At the best operating
temperature (623 K) the C3Hg sensitivity was above 800 pwA/decade, and the lowest
temperature of detection was 423 K. The sensors were fast, highly selective in the
presence of coexisting gases, e.g., NO, NO,, CO and Hy, in the exhaust, and stable.
Further study was performed on Fe doping at Ga site to C3Hg sensitivity [42]. It was
found that LSGF based electrochemical sensor exhibited very high sensitivity to
propene and high selective to hydrocarbons except methane. This means that this

sensor can be a promising candidate for low temperature applications.

Dutta and Ishihara [43] studied an amperometric NO sensor using a LaGaOs-
based solid electrolyte based on the difference of catalytic activity of the electrode. It
was found that oxygen pumping current increased upon exposure to NO when
SroslagsMnggNip 203 and LagsSrosMnO3; (LSM55) were used as anode and cathode
for NO oxidation, respectively. Effects of electrolyte on the NO sensitivity were also
investigated and the sensitivity to NO becomes higher with increasing oxide ion
conductivity for electrolyte. By applying LaGaO3; doped with Ni or Co, the sensitivity
of the sensor becomes 1842 pA per decade of NO concentration at 823 K. The
oxygen pumping current linearly increased with increasing NO concentration and the
sensor responded NO and recovered to the original level within 1 min. Cross-
sensitivity study revealed that NO in exhaust gas can be selectively detected in the

presence of coexisting gases.

Dutta and Ishihara [44] studied an amperometric NO sensor based on
Lag gSro2GapsMgo.1Nip103 (LSGMN82811) electrolyte at operating temperature 500-
700°C. For the optimization of the electrodes, LSM55 was fixed as the inactive
electrode and combined with Lag 4SrosMnggXp 203 (X = Cu, Ni, Co, Fe and Mg). The
NO sensing measurement was investigated. It was demonstrated that doping of
transition metal to Mn-sites significantly influenced the NO sensitivity. The highest
sensitivity was achieved at 550°C with Ni doping into Mn -sites. Therefore, the
optimized LSMN4682 electrode was fixed as active and further studied. The 90%
response time of the sensor was achieved within 90 sec. Therefore, the characteristics
response of the LSGMN82811 combined with LSM55 and LSMN4682 is fast. On the
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selectivity study, the sensor was tested with CO, CO,, C3Hg, NO, and H,. It was
demonstrated that the response to other gases was not significant. Hence, it can be
summarized that this sensor was stable and fast operating in the temperature range
500-700°C and very high selective to NO.

Solid-state amperometric CH,4 sensor using LaGaOs-based electrolyte was
investigated by Bi et al. [45]. The different electrolytes were used to study sensitivity
to CH,. It was found that the sensor sensitivity is affected by influence of electrolyte
materials in the order LaggSro1GapsMgo 203 (LSGM) = LagsSro2GapsMgo.15C00.0503
(LSGMC) > Smg,Cer 50, (SDC) > Yo.16Zr0.840, (YSZ). Hence, LSGM was used as
electrolyte and further studied on optimization of electrode materials by addition of
metal mixed with La-doped CeO,. From this study, it revealed that the CH, sensitivity
increased in the order RuO, > Pd > Rh > Pt. Other study was continued on the effect
of different types of oxides mixed with Pd on the sensitivity of CH,. It was evidenced
that ITO mixed with Pd displayed very large current change. Therefore, Pd-ITO was
the most suitable active electrode for CH4 sensors. The effect of inactive electrode
materials on the sensitivity to CH4 was investigated and the results showed that the
sensitivity increased in the order Co304 < Ag < Au < RuO,. It was well-known that
Co30, is normally active to oxidation reaction but low level of sensitivity could be

explained that CH, oxidation occurred on the active and inactive electrodes.

Li and Kale [46] investigated the sensing properties of the planar mixed
potential CO sensor coupled with ITO as the sensing electrode. It was shown that the
sensing properties of the fabricated sensor ITO/ScSZ/Pt could be greatly influenced
by the thickness of the ITO sensing film. As the thickness of ITO sensing layer is
reduced to micrometer range, the sensitivity of the sensor to CO was significantly
enhanced. However, if the thickness is decreased further to submicrometer scale (i.e.
~0.5 um), the sensor showed much lower sensitivity and sluggish response to CO.
The possible reason could be related to the decrease of the effective area of the triple
phase boundary and higher charge carrier transport resistance due to the much thinner
porous ITO film.
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Lee et al. [47] studied the oxygen-permeating property of
Lag 7Sro3GapsFep40s3.5 (LSGF) membranes. They found that LSGF exhibited the
limited oxygen permeation flux but it could be enhanced by coating on both sides of
membrane with porous LaggSro4Co0ss (LSC). These increasing oxygen fluxes
resulted from increasing of the effective surface area and surface activity to
dissociation and association reaction of oxygen. Moreover, the phase analysis of
LSGF before and after the oxygen permeation was investigated by XRD. It was found
that both XRD patterns exhibited only perovskite phases which confirmed the phase
stability of LSGF membrane [48].

Ishihara et al. [49] studied an amperometric CO sensor using a solid oxide
electrolyte. From this study, it can be concluded that the LaGaOs-based oxide
electrolyte combined with AulOwt%-In; 9Sny103 and RuO,-LageSro4Co03 as the
inactive and active electrode catalysts, respectively could be used for CO detection.
Moreover, doping Fe into Ga sites in LaGaOs-based perovskite oxide is also effective

for achieving high sensitivity and selectivity to CO.

1.6 The objectives of this research

Since the semiconductor SnO, type is popularly used to detect CO but it is
sensitive with other coexisting gases, in particular with H,. Many researches were
focused on the development of materials for CO sensor with high sensitivity and
selectivity. From our previous work [49], we studied the CO sensitivity of LaGaO3-
based electrolyte and found that Fe-doped LSGM sensor exhibited the highest CO
sensitivity and selectivity comparing with other interference gases. In this research,
further studies were performed on the effect of Fe dopant into lanthanum gallate
(LaGaO3)-based electrolytes including with the effect of temperature, modified anode

materials and cross-sensitivities on CO sensitivities.

Therefore, the objectives of this research are:
1. To synthesize Fe-doped LaGaOs-based electrolytes for carbon monoxide

Ssensor.
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2. To synthesize anode materials for carbon monoxide sensor.
3. To evaluate sensing properties and selectivity of the synthesized

electrolytes coupled with electrodes.
1.7 The scopes of this research

This research focuses on the following studies:

1. Effect of Fe dopant into LaGaOs-based electrolyte on CO sensitivity

2. Effect of temperature dependence on CO sensitivity

3. Cross-sensitivities of CO sensor for CO,, CH4 and H; and

4. Effect of metal additives into LageSro4Co0O3; electrode on sensing

measurements

Firstly, LaggSro.GapsMgooxFexOs (x = 0.05, 0.10, 0.15, 0.20) oxides and
Lag gSro2GarxFex0O3 (x = 0.10, 0.15, 0.20, 0.30) oxides are prepared. The synthesized
perovskite compounds were characterized by using X-ray diffractometer. For sensing
measurement, all samples are coupled with AulOwt%-Ingg5SNg0s015 (ITO955) and
RuO,-LagSrp4C003 (LSC64) as the inactive and active electrodes, respectively and

expose to CO at the operating temperature ranging from 300-500°C.

Secondly, the cross-sensitivities of the sensors are studied by exposing the

coexisting gases such as CO,, CH, and H; into the reactor chamber.

Lastly, RuO,-transition metal doped LaggSro4O3 electrode are synthesized by
impregnation of Ptlwt% and Pd10wt%+Pt5wt% and characterized by using X-ray
diffractometer. The sensing measurements are studied by using the optimized
electrolyte coupled with the synthesized active electrodes while inactive electrode is
fixed.



CHAPTER 11

EXPERIMENTAL

The chemical, apparatus and experimental procedures including processing
of perovskite powders synthesis, perovskite disc preparation and characterization of
materials, are described as below:

2.1 Chemicals

The chemicals listed in Table 2.1, were used without further purification.

Table 2.1 The chemicals used in this research.

Chemicals Name Purity% Company
La,04 Lanthanum oxide 99.99 Wako
SrCO; Strontium carbonate 99.99 Wako
Ga,0; Gallium oxide 99.99 Kishida
MgO Magnesium oxide 99.9 Wako
Fe,O4 Ferric oxide 99.5 Kishida
In,03 Indium oxide 99.99 Wako
SnoO, Tin oxide 99.99 Wako
8YSz Yttria stabilized zirconia 99.0 Tosoh
15SDC Samaria doped ceria 99.9 Daiichi Kigenso
HAuCl,-4H,0 Gold chloride acid 99.0 Chameleon
La(CH5;C00);-1.5H,0 Lanthanum acetate 99.9 Kishida
Sr(CH;C00),-0.5H,0 Strontium acetate 99.9 Kishida
Co(CH3CO0),-4H,0 Cobalt acetate 99.9 Kishida
H,PtClg Platinic acid 99.0 Wako
Pd(CHsCOO0), Palladium acetate 99.9 Kishida
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All components in Table 2.2 were synthesized by solid state reaction method

(SSR).

Table 2.2 The components of all samples

Dopant | Substituted site Compounds Abbreviation

Lag sSro2GapsMgo203.5 LSGM8282
Lag sSro2GapsMgo1sFep 05035 | LSGMF828155
Lao sSro2GapsMgo1Fep103.s LSGMF82811

Mo Lag sSro.2GagsMgo1sFep 05035 | LSGMF828515
Lag sSro2Gap sFep20s-5 LSGF8282

e LapgSro2GapoFep10s-5 LSGF8291

Lag gSro2Gap gsF€0.1503-5 LSGF828515

e Lag sSro2Gag sFep203-5 LSGF8282
Lag gSro2Gag 7Fep30s-5 LSGF8273

The perovskite oxides Lag gSrg.2GagsMgo.2-xFex0s.s (x = 0.05, 0.10, 0.15,
0.20) and LaggSro.GaixFex0s3.s (x = 0.10, 0.15, 0.20, 0.30) were prepared by

using solid state reaction. La;03, SrCO3, Ga,03, MgO and Fe,O3; were used as

the starting materials. All of raw materials except La,O3 powder which was pre-

calcined before use at 1000°C for 3 hours, were used without any purification.

The starting oxides in proper ratio (to ensure to the composition of synthesized

perovskites in 10 g) were mixed and ground thoroughly in an Al,O3 mortar. The

mixed powders were red resulting from dark red powder of Fe,O3 and calcined in

air at 1000°C for 6 hours within a furnace in order to achieve pure phase

compounds. At this stage, the calcined powder turned grey. The calcination

condition of the LaGaO3-based perovskite powders was set as follows:
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1000°C, 6 h

5h

Room temperature

Scheme 2.1 The condition of calcination for perovskite oxide.
2.3 Preparation of perovskite discs
The calcined perovskite powder was ground in the mortar. Subsequently,

2 g of grinding powder was loaded into the cavity of die and they were pressed

into discs by using KBr die.

1
)

i

{L D Sample disc

Figure 2.1 The KBr die.

The holder with perovskite powder was pressed by the uniaxial pressing
machine. The pressure was released after 5 min and a green disc was obtained
with 1 mm of thickness and 16 mm diameter. Ten grams of the starting materials

can provide 4 pellets. Then, the discs were sintered in air at 1500°C for 6 hours.



43

Finally, the black discs were obtained. The condition of sintering of perovskite

disk was exhibited in scheme 2.2.

1500°C, 6 h

5h

1000°C, 6 h

Room temperature

Scheme 2.2 The condition of sintering process for perovskite oxide.

2.4 Synthesis of electrodes

2.4.1 AulOwt%-1ng 95SNg0501 5 powder

INg.95SNo.0501.5 oxide was prepared by solid state reaction of In,O3; and
SnO,. The staring materials were used without any purification. The starting
oxides in proper ratio were mixed by ball mill mixer in ethanol. After dried, it
was calcined in a furnace. The calcination condition of the Ing¢sSngos015

powders was set as displayed in Scheme 2.3.
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1000°C-1400°C, 6 h

5h

Room temperature

Scheme 2.3 The condition of calcination for InggsSng 05015 powder.

Afterwards, InggsSngosO15 powder was impregnated with 10wt% aqueous
solution of HAuUCI4-4H,0. Subsequently, the impregnated solution was heated until
dried and calcined at 400°C for 3 h. Finally, the pale yellow-green powder of

Aul0wt%-ITO955 was obtained. The calcination step of Aul0wt%-1Ing 955N 05015
powders was illustrated in Scheme 2.4.

400°C, 3 h

40 min

Room temperature

Scheme 2.4 The condition of calcination for Aul0wt%-Ing 95Sno.05s01.5 powder

after impregnation of Au solution into Ing.g5SNg.0501.5 powder.
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2.4.2 RuO;-LagSro4Co0O3 powder

The perovskite powder LaggSro4CoO; was prepared by dissolving an
appropriate  mixture of La(CH3COO);3-1.5H,0, Sr(CH3C00),-0.5H,0 and
Co(CH3C00),-4H,0 with 1M acetic acid and heated until dried. The dried compound
was calcined at 400°C for 2 h and ground in Al,O3 mortar. The calcination condition

of the Lag gSro4Co0O3 powders was set as displayed in Scheme 2.5.

400°C, 2 h

40 min

Room temperature

Scheme 2.5 The condition of calcination for the dried mixture compound of

Lag ¢Sro4Co03 oxide.

Subsequently, the powder was calcined at 1000°C for 6 h and then
reground. The black powder of LaggSro4CoO3; was obtained and mixed with
RuO; (weight ratio 1:9) by ball milling in ethanol. The resulting compound was
then dried to obtain RuO,-Lag¢Sro4Co03 powder. The calcination condition of the

RuO,-Lag 6Sro4Co03 powder was set as shown in Scheme 2.6.
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1000°C, 6 h

5h

Room temperature

Scheme 2.6 The condition of calcination for LagSro4CoO3 powder.

2.4.3 RuO,-(Pt1wt%)L ag Sro4CoO3 powder

The LapeSro4Co0O3 powder was prepared as mentioned above. Afterwards,
impregnation of 1wt% aqueous solution of H,PtClg was required and heated until
dried. Subsequently, the mixed compound was ground and calcined at various
temperatures ranging from 900°C to 1000°C for 3h. The calcination process of

(Ptlwt%)Lag 6Sro.4C0o0O3 powders was illustrated in Scheme 2.7.

900°C -1000°C, 3 h

5h

Room temperature

Scheme 2.7 The condition of calcination for (Ptlwt%)Lag ¢Sro.4CoO3 powder.
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After (Ptlwt%)Lag ¢Sro4Co03 powder was obtained, RuO, powder was then
mixed with weight ratio 9:1 by ball milling in ethanol. The mixed compound was
dried to obtain RuO,-(Ptlwt%)Lag sSro.4Co0O3 powder.

2.4.4 RuO,-(Pd10wt%+Pt5wt%)Lag sSro4CoO3 oxide

Pd(CH3COO), was dissolved in distilled water and added few drops of acetic
acid into the solution. The 10wt% of palladium solution was impregnated into
Lag sSro.4Co0O3 powder and heated until dried. Then, a H; reduction was operated at
300°C for 3 h followed by calcination in air at 500°C for 3 h. Subsequently, a 5wt%
aqueous solution of H,PtClg was added and stirred. The Pd-Pt mixture was heated
until dried and ground in Al,O3 mortar followed by calcination in air at 500°C for 3
h. The (Pd10wt%+Pt5wt%)LagSro4Co03 powder was obtained and mixed with
RuO; at ratio 1:9 by using ball mill mixer. The resulting compound was then dried
to obtain RuO,-(Pd10wt%+Pt5wt%)Lag ¢Sro4CoO3 powder. The calcination process

in this preparation was illustrated in Scheme 2.8.

500°C, 3 h

50 min

Room temperature

Scheme 2.8 The condition of calcination for (Pd10wt%)LageSro4CoOs; and
(Pd10wt%+Pt5wt%)Lag 6Sro.4CoO3 powder.
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2.5 Preparation of slurry coating membranes

The synthesized powder of electrodes was dispersed into butyl acetate solution
and mixed thoroughly in mortar. The slurry of each electrode was then painted on
electrolyte membrane and calcined at 800°C for 1 h (with YSZ and SDC electrolytes)
or 1000°C for 1 h (with Fe-doped LaGaOs electrolytes). The calcination conditions of

slurry coating membranes were shown in Scheme 2.9.

800°C (or 1000°C), 1 h

3h

Room temperature

Scheme 2.9 The condition of calcination for slurry coated membranes.

2.6 Characterization of the perovskite oxides

2.6.1 X-ray diffractrometry (XRD)

The XRD patterns were taken by using Rigaku, DMAX 2002 Ultima Plus
X-Ray powder diffractometer equipped with a monochromator and a Cu-target
X-ray tube (40 kV, 30 mA) and angles of 20 ranged from 20-70 degree (step time
0.5 sec., scan step 0.020 degree) at Department of Chemistry, Faculty of Science,
Chulalongkorn University, Thailand and Rigaku (Rinto type 2500) at Department of
Applied Chemistry, Faculty of Engineering, Kyushu University, Japan.
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2.6.2 Scanning electron microscopy (SEM)

The morphology of the sintered disc was carried out using a SEM (Keyence)
with EDX (Edax) at Department of Applied Chemistry, Faculty of Engineering,
Kyushu University, Japan.

2.7 Sensing measurement

All electrolyte discs were polished with a diamond wheel to reduce thickness
to 0.4 mm. The slurry of Aul0 wt%-1TO955 was painted on one face of electrolyte
disc as the inactive electrode in a 6 mm diameter area. On the other side, the slurry
of RuO,-LSC64 was painted as the active electrode with the same size.
Subsequently, the painted disc was fired at 800°C for 1 h (YSZ and SDC
electrolytes) or 1000°C for 1 h (for LSGMF and LSGF series). Afterward, Au mesh
connected with Au wire and Pt mesh with Pt wire (used as current collectors) were
attached on the painted area of inactive (Aul0 wt%-1TO955) and active (RuO,-
LSC64) electrodes, respectively and set on the painted disc using commercial Au

and Pt pastes, respectively. The sensor element was shown in Figure 2.2.

\’\ +——e Pt mesh

- s Ru02-LSC64 (6 mm diameter)

.7 Electrolyte (0.4 mm thickness)

Auldwt%-ITO%335 (6 mm diameter)

/. +——— Aumesh

Figure 2.2 A schematic view of the planar sensor element.

The fabricated sensor was then placed inside a ceramic tube which was

attached with a gas flow assembly and external electrical contacts. The tube was put
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inside a furnace, and the temperature near the sensor was controlled with a
temperature controller and varied in the temperature range from 300°C to 500°C.
Reference air was fed into the sensor system during the time of study. The sample
gas from gas mixed-chamber was CO in ppm mixed with air and it was fed at 100
ml/min. The change in current was measured by the dc two-probe method. In the
amperometric mode, dc 1 V was always applied using a potentiostat/galvanostat as
the active electrode was always a positive one. The current was measured with a
digital electrometer. The sensor setup was illustrated in Figure 2.3. All of the

sensing measurements were repeated twice.

- Ru0,-L5C64 (+)

1.0V] Gasim Electrolyte
L

- 5
Au10wt’%-ITO955 (-)

Figure 2.3 A planar sensing equipment.



CHAPTER 111

RESULTS AND DISCUSSION

Since the synthesized perovskite oxides lanthanum gallate (LaGaOs3) using as
electrolytes were doped with different contents of metal ion into A-site (Sr) and B-site
(Mg and Fe), then each perovskite compound is expressed by the abbreviation of the
initial letters of each metal in A- and B-sites following by the corresponding number
of each proportional metal composition sequentially. For example,
LapsSro2GapsMgo203.s and LaggSro.GagsMgo1sFeesO3.5 are abbreviated as
LSGM8282 and LSGMF828155, respectively.

In this chapter, the results were divided into four topics as follows:
e Preparation and characterization of electrolytes;

e Preparation and characterization of cathode (inactive electrode);
e Preparation and characterization of anodes (active electrodes);

e Sensing properties of the sensor elements.

3.1 Preparation and characterization of electrolytes

3.1.1 LaggSro2GagsMgo2xFexOss (x =0.05, 0.10, 0.15) or LSGMF series

3.1.1.1 Preparation of LSGMF series

All of the LSGMF perovskite oxides were prepared by using solid state

reaction of the compounds La,03, SrCO3, Ga,03, MgO and Fe,O3. All of the mixed

samples were red resulting from dark red powder of Fe,O3 and calcined at 1000°C for

6 h. Subsequently, all discs were sintered in air at 1500°C for 6 h in order to make

them more uniform. Finally, the black discs were obtained.
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3.1.1.2 XRD characterization of LSGMF series

The structures of synthesized LSGMF compounds were characterized
by XRD which used to indicate the formation of the perovskite phase. The diffraction
peaks of perovskites were observed within angles of 26 ranging from 20-70 degree.
The XRD patterns of LSGMF series are shown in Figure 3.1.

25000

® [ aGaO;
20000 L

15000 | ° °

Intensity (cps)
<o
=
e
h, S
Le
e
I
-

10000 E h '
‘ x=0.10
5000 k- y18 )\L VT |
x =005
LA T ) I
20 310 410 slo 610 70
26/ degree

Figure 3.1 XRD patterns of LaggSro.GagsMgo2xFex0Oszs (X = 0.05, 0.10, 0.15)

perovskite compounds.

The XRD patterns of LaggSro2GapsMgo.2-xFexOs.s compounds where
x = 0.05, 0.10 and 0.15 revealed the pure phase of a cubic structure of ABOs;
perovskite oxides. It was illustrated that the XRD patterns are shifted toward the
higher angle as Fe contents in LaggSro2GapsMgo 2-xFexOs.s are increased as shown in

Figure 3.2 corresponding to the lattice shrinkage.
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Figure 3.2 Partial XRD patterns of LaggSro2GagsMgo2-«xFexOs.s (x = 0.05, 0.10, 0.15)

perovskite compounds.

This shift indicated that some of the Mg?* ions (rmgz+ = 0.72 A) with six-fold
coordination were substituted by smaller Fe** ions (rpe3+ = 0.645 A). The XRD result
in this work also shown same trend corresponding to the report of Rusmiati et al.[33].
The lattice shrinkages of LSGMF oxides were shown in Figure 3.3. Their lattice
parameters were calculated by Jade software as shown in Table 3.1. Due to smaller
ionic radius of Fe®* with respect to Mg?*, doping of LagsSro.2GaosMgg 2035 with iron

at magnesium-site leads to smaller unit cell volume with increasing Fe contents.
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3910
3.905 |-

3.900 - \

3.895 L L
0.05 0.10 0.15

Lattice parameter, a (A)

Fe contents, x
Figure 3.3 Plot of the lattice parameter, a against Fe contents, x of

Lao_gsro_zGao_gMgo_z.xFeXO3.5 oxides (X =0.05, 0.10, 015)

Table 3.1 The lattice parameters of cubic LaggSro2GaggMgo2xFex0Oss oxides
(x=0.05, 0.10, 0.15).

_ Lattice parameter; a (A)
Ratio
This work Ref. [33]
x =0.05 3.9119 3.9183
x=0.10 3.9019 3.9126
x=0.15 3.8981 3.9061

3.1.1.3 Tolerance factors of the synthesized LSGMF series

The perovskite structure was known to be stable only for
0.95 <t < 1.04 and was cubic in this range. As shown in Table 3.2, the tolerance
numbers of Fe doping into Mg-site of Lag gSro.GagsMgo 203 oxides were close to 1. It

is confirmed that structures of the samples were cubic perovskite—type.
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Table 3.2 The tolerance factors of Fe doping into Mg-site of LaggSro2GagsMgo.203

oxides.
Compounds Abbreviations Tolerance factor (t)
Lag sSro.2GaosMgo.203 LSGM8282 0.962
Lao sSro2Gap sMdo.15F€0.0503 LSGMF828155 0.964
Lag sSro2GapsMdgo.1Feo 103 LSGMF82811 0.966
Lao gSro2GagsMdo.osFe0.1503 LSGMF828515 0.968

From this table, the various amounts of Fe doping at Mg-sites resulted
in the change of tolerance factors. It is shown that partial substitution of smaller Fe**
ions into larger Mg?* ions caused the increase of tolerance factor. Even though the

contents of Fe increased, the t values are still in the range 0.96-0.97.
3.1.2 LaggSrpGayxFexOs3.5 (X = 0.10, 0.15, 0.20, 0.30) or LSGF series
3.1.2.1 Preparation of LSGF series
All of the LSGF perovskite oxides were prepared by using solid state
reaction of the compounds La,O3, SrCO3, Ga,03 and Fe,O3 as mentioned previously.
Lastly, the black LSGF discs were obtained.

3.1.2.2 XRD characterization of LSGF series

The structures of synthesized LSGF compounds were characterized by
using XRD as shown in Figure 3.4.
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Figure 3.4 XRD patterns of LaggSro.GasxFexOzs (x = 0.10, 0.15, 0.20, 0.30)
perovskite compounds.

The XRD patterns of LaggSrg2Ga;xFexOss compounds where
x = 0.10, 0.15, 0.20 and 0.30 revealed the main phase of a cubic structure of ABO3
perovskite oxides and some weak peaks from unknown impurities. Moreover, the

secondary phases decreased with increasing Fe concentration in the compounds.

Because the ionic radii of Fe** (rre3+ = 0.645 A, CN = 6) is higher and
that of Ga** (rgq3+ = 0.62 A, CN = 6), the expansion of M-O (M = Ga;xFe,) bond
length in a MOg octahedron illustrates the Fe substitution into Ga-site corresponding

to the diffraction peaks shift to lower angle as shown in Figure 3.5.
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Figure 3.5 Partial XRD patterns of LaggSro2Ga;«xFexOs.s (x = 0.10, 0.15, 0.20, 0.30)

perovskite compounds.

The unit cell parameters correlated with Fe contents in LSGF series
were demonstrated in Figure 3.6 and calculated by Jade software as shown in Table
3.3.

[}

Lattice parameter, a (A)
| |

3.85 1 1 1 | 1
0.10 0.15 0.20 0.25 0.30

Fe contents, x

Figure 3.6 The lattice parameter, a against Fe contents, x of LaggSrp2Gai«xFexOs-s
oxides (x = 0.10, 0.15, 0.20, 0.30).



58

Table 3.3 The lattice parameters of cubic LaggSrg.Ga;-xFexOs-s (x = 0.10, 0.15, 0.20,

0.30)

Ratio Lattice parameter; a (A)
x=0.10 3.8607
x=0.15 3.8702
x=0.20 3.8850
x=0.30 3.9097

From Table 3.3, the substitutions of Fe into Ga-site have an effect on

the enhancement of unit cell parameters and therefore the structures with increasing

Fe dopant into Ga-site are also expanded.

3.1.2.3 Tolerance factors of the synthesized LSGF series

The calculated tolerance factors for LSGF series were listed in

Table 3.4. It is seen that the tolerance factors of Fe-doped LSG was close to 1 and in
the range 0.95 <t <1.04.

Table 3.4 The tolerance factors of Fe doping into Ga-site of Lag gSro,GaO3 oxides.

Compounds Abbreviations Tolerance factor (t)
Lap gSro.2GagoFeg 103 LSGF8291 0.971
Lag Sro2Gao ssF€0.1503 LSGF828515 0.970
Lag gSro2Gap sFep 203 LSGF8282 0.969
Lag gSro2Gap 7Fep 303 LSGF8273 0.968

From this table, the various amounts of Fe doping at Mg-sites resulted

in the change of tolerance factors. In other words, the partial substitution with a small

different ionic size between Fe** and Ga** ions caused increasing tolerance factors. In
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spite of, the contents of Fe increased, the t values are still in the range 0.96-0.97.

These confirm that the structure of synthesized perovskites are stable.

3.2 Preparation and characterization of cathode (inactive electrode)

3.2.1 Aul0wt%-Ingg5Sng 05015 powder

3.2.1.1 Preparation of 1Ny gsSN 05015

ITO955 was synthesized by using solid state reaction of stoichiometric
mixtures of In,O3 and SnO, as mention in Chapter Il. It was calcined at various
temperatures ranging from 1000°C to 1400°C and phase formation was confirmed by

XRD analysis.

3.2.1.2 XRD characterization of 1nggsSng o501 5

The XRD patterns of ITO955 at various calcinating temperatures were
shown in Figure 3.7. The XRD patterns of ITO955 powder which were calcined at
temperatures ranging from 1000°C to 1300°C showed main phase of indium oxide
with the secondary phase of SnO,. Increasing the calcination temperatures resulted in
increasing the intensities of the characteristic peaks of indium oxide and decreasing
that of secondary phase. When the calcination temperature up to 1400°C, XRD
pattern exhibited only pure phase of indium oxide structure matching with In,O3 from
XRD database. This is illustrated that ITO955 can be achieved by calcinating an
appropriate mixture of SnO, and In,O3 at 1400°C for 6 h.
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Figure 3.7 XRD patterns of InggsSnges01.5 oxides after calcinations at (a) 1000°C,
(b) 1100°C, (c) 1200°C, (d) 1300°C and (e) 1400°C for 6 hours. Black dots expressed
SnO; phase.

3.2.1.3 Preparation of AulOwt%-1nggsSnoesO15 by conventional

impregnation

ITO955 powder was impregnated with 10wt% aqueous solution of
HAuUCI4-4H,0. Subsequently, the impregnated solution was heated until dried and
calcined at 400°C for 3 h. Finally, the pale yellow-green powder of AulOwt%-
ITO955 was obtained.

3.2.1.4 XRD characterization of AulOwt%0-1ng.e5Sng 05015

The formation of calcined AulOwt%-ITO955 powder was investigated
by XRD as shown in Figure 3.8.
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Figure 3.8 XRD pattern of AulOwt%-InggsSnoosO15 after calcined at 400°C for

3 hours.

This XRD pattern shows the mixed pure phase of Au and In,Os
without any secondary phase peak. Considering the peaks strength, the particle size of
Au seems to be small and highly dispersed state is obtained.

3.3 Preparation and characterization of anodes (active electrodes)
3.3.1 RuO;-LaggSro4sCo0O3 powder

3.3.1.1 Preparation of RuO,-LagSry4Co03

Firstly, the perovskite powder LSC64 was prepared and mixed with
RuO, with weight ratio 1:9 as mentioned in Chapter Il. The resulting compound was

then dried to obtain RuO,-LSC64 powder and phase formation was confirmed by
XRD analysis.
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3.3.1.2 XRD characterization of RuO,- Lag gSrg4C005

The formation of RuO,-LSC64 was studied by using XRD as shown in

Figure 3.9.
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Figure 3.9 XRD pattern of RuO,-Lag sSro4Co03 powder prepared by ball milling.

From XRD pattern, it showed the mixed pure phase of RuO, and
LaCoOg3 perovskite oxide with no impurity peak which confirmed the composite of
RuO, and LSC64 powder. Moreover, the particle size of RuO, corresponding to the

peak strength seems to be small and highly dispersed state is obtained.
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3.3.2 RuO,-(Ptlwt%)LagsSro4Co0O3; powder
3.3.2.1 Preparation of (Ptlwt%o)LagsSro4Co0;

The (Ptlwt%)LagSro4Co0O3 powder was firstly prepared LSC64 and

subsequently added 1wt% of Pt solution as mentioned in Chapter Il. The structure was

confirmed by XRD analysis.

3.3.2.2 XRD characterization of (Ptlwt%)Lag sSry4Co03

The formation of Ptlwt%-LagsSro4Co0O3 was investigated by using

XRD as shown in Figure 3.10.
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Figure 3.10 XRD patterns of (Ptlwt%)Lag¢Sro4C003 after calcined at (a) 900°C
and (b) 1000°C for 3 hours.

It was illustrated that XRD pattern of the compound calcined at 900°C

exhibited intense secondary phase of unknown mixing with Pt metal and LSC64
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phase. Increasing calcinations temperature up to 1000°C revealed the decreasing of
impurity peak strength and showed the mixed pure phase of Pt metal and LSC64
perovskite oxide. Considering the peak strength, the particle size of Pt seems to be
small and highly dispersed state is obtained. This can be confirmed the composite of
Pt and LSC64 powder achieving after calcined at 1000°C for 3 h.

3.3.2.3 Preparation of RuO,-(Ptlwt%)LagSro4C003

After (Ptlwt%)LSC64 powder was obtained, RuO, powder was then
mixed with ratio 9:1 by ball milling in ethanol. The mixed compound was dried to
obtain RuO,-(Ptlwt%)LSC64 powder and phase formation was confirmed by XRD

analysis.

3.3.2.4 XRD characterization of RuO,-(Ptlwt%)LagsSro4C00;

The formation of RuO,-(Ptlwt%)LagSro4Co03; was investigated by
using XRD as shown in Figure 3.11. The XRD pattern showed the mixed pure phase
of RuO,, Pt and LSC64 perovskite oxide with no other phase peak which confirmed
the composite of RuO,, Pt and LSC64 powder. The particle size of RuO;
corresponding to the peak strength seems to be small and highly dispersed state is
obtained which is similar to that of RuO,-LSC64.
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Figure 3.11 XRD pattern of RuO,-(Ptlwt%)Lag sSro.4C003 oxide after ball milling.

3.3.3 RuO,-(Pd10wt%+Ptbwt%)L agsSro4CoO3; powder

3.3.3.1 Preparation of RuO,-(Pd10wt%+Pt5wt%o)Lag sSro4C003

Firstly, (Pd10wt%+Ptbwt%)Lag ¢Sro4Co0O3 was prepared as mentioned
in Chapter Il and mixed with RuO at ratio 1:9 by using ball mill mixer. The resulting

compound was then confirmed its structure by XRD analysis.

3.3.3.2 XRD characterization of RuO,-(Pd10wt%+Pt5wt%)
LaoeSro.sCoOs

Phase analysis of this compound was studied by X-ray diffraction. The
XRD result was shown in Figure 3.12. From XRD pattern, it showed the mixed phase
of RuO,, PdO, Pt and LSC64 perovskite oxide with small weak peak of unknown.
This can be confirmed the composite of RuO,, PdO, Pt and LSC64 powder.
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Figure 3.12 XRD pattern of RuO,-(Pd10wt%+Pt5wit%)LagSro4C0o0O5 after ball

milling.

3.4 Sensing properties of the sensor elements

From previous study [49], the amperometric CO sensor on the basis of the
oxide ion pumping current changes in a LaGaOg3-based oxide was investigated. This
perovskite-based sensor showed high sensitivity and good selectivity to CO compared
to that against the coexisting gases such as CO, and CH, by a combination of the
inactive and active electrode catalysts, AulOwt%-ITO955 and RuO,-LSC64,
respectively. Moreover, the sensitivity to CO could be further improved by addition of
small amount (5 mol%) of Fe into Mg sites of LSGM8282. Therefore, the further
studies in this work were focused on the effect of Fe dopant into LaGaOs-based
electrolytes including with the study of their cross-sensitivities and the effect of

temperature dependence on CO sensitivity.
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3.4.1 SEM images of AulOwt%-1TO955 inactive and RuO,-LSC64

active electrodes of the sensor element

Before sensing study, the morphologies of both electrode catalysts painted on

each side of Fe-doped LaGaO3; membrane surface were shown in Figure 3.13.

Cross section Surface

100x 100p2m WD: 8.9mm 20kV 2011/05/03 12:58:43 S

(@) Aul0wt%-1ngg5Sng 501 5 inactive electrode

Cross section Surface

100x 100 pm WD: 8.2mm 20kY 2011/05/03 13:22:34 S

(b) RuO2-LagsSro4Co03 active electrode

Figure 3.13 SEM images of cross section and surface of (a) AulOwt%-1TO955
inactive and (b) RuO,-LSC64 active electrode.

Since our sensor was a sandwich type where an electrolyte coupled with two
different electrode materials, these electrodes under the sensing study were exposed
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with the same gas environment. The same electrochemical reactions could be possibly
occurred on both sides of sensor. Thus, the morphology and catalytic property of
these two electrodes played important role to sensing mechanism of the sensor. Due to
Ru0O,-LSC64 was connected to the positive terminal of external voltage source, this
electrode had to be active to CO oxidation based on the oxygen pumping principle
[25]. Therefore, the particle size and thickness of electrodes have to be considered. In
case of active electrode (active to oxidation reaction), the smaller particle size and
thicker electrode thickness than inactive one (inactive to CO oxidation) are required in

order to increase the active electrode surface and catalytic activity to CO oxidation.

From Figure 3.13, the large differences in particle size and thickness of
electrode between both electrodes were observed. Evidently, the particle size of
Aul0wt%-ITO955 electrode is larger than 6 um, but that of RuO,-LSC64 is ca. 1 um.
The thickness of electrodes is ca. 60 and 100 um for Aul0 wt%-ITO955 and RuO,-
LSC64, respectively. Therefore, the particle size and thickness of electrode are

acceptable from the chemical activity requirements for oxidation of CO.

At the beginning of this study, the CO sensing measurement was investigated
with different types of oxide ion electrolytes: 8YSZ, 15SDC and LSGMF828155
coupled with the same combination of electrodes as mentioned above. In case of
8YSZ and 15SDC, hoth of them were used by no purification and pressed into pellets.
The sensing performances of these sensors were studied by exposure of sample gas
(CO mixed with air) with 25, 50, 500 and 1000 ppm of CO gas concentration into the
chamber at 500°C and recorded the current change from base gas to sample gas. Their
response curves versus various CO concentrations were demonstrated in Figure 3.14.
It was shown that the current outputs of the sensor increased quickly upon switching
from the reference gas (air) to the sample gas and the response increases with

increasing CO concentration.
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Figure 3.14 The response curves corresponding to various CO concentrations of

sensors using (a) 8YSZ, (b) 15SDC and (c) LSGMF828155 as electrolyte at 500°C.
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Figure 3.15 The current changes against CO concentration of the sensor with

different types of electrolytes at 500°C.

The current changes of each electrolyte were plotted against log CO
concentration as shown in Figure 3.15. This figure shows a nearly linear relationship
between the current change and log CO concentration. The CO sensitivities of the

sensors at 500°C were listed in Table 3.5.

Table 3.5 The CO sensitivity of the sensors with different types of electrolytes
coupled with a combination of RuO,-LSC64 and AulOwt%-1TO955 as active and

inactive electrode, respectively at 500°C.

Electrolytes CO sensitivity (mA/decade) at 500°C
8YSz 0.01
15SDC 0.46

LSGMF828155 0.48
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From this measurement, it is indicated that the sensitivity to CO of the sensors
is dependent on the type of electrolyte materials. The CO sensitivity increases in the
order LSGMF828155 > 15SDC > 8YSZ. The higher sensitivity of the sensor is
obtained by the use of an electrolyte with the higher ionic conductivity. In other
words, the ionic conductivity of LSGMF828155 electrolyte is higher than 15SDC and
8YSZ [45]. Since LSGMF828155 exhibits the highest CO sensitivity, the effect of
various Fe substitutions into Mg-sites of LaGaOg3-based electrolyte on CO sensitivity

was subsequently studied.

3.4.2 Optimization of electrolytes

Previous study [49] showed that Fe substitution (5 mol%) into Ga site
of LSGM electrolyte exhibited the highest sensitivity to CO compared with that
substituted with Co, Ni and Ru. Due to the sensing signal is the oxide ion pumping

current through the electrolyte, the effect of Fe content was further investigated.

3.4.2.1 Effect of Fe dopant into LaGaOs-based electrolyte on CO
sensitivity with a combination of AulOwt%-1TO955 as
cathode and RuO,-LSC64 as anode

Lap sSro.2GapsMgo 2-xFex0s-5 oxides (x = 0.05, 0.10, 0.15, 0.20) were
synthesized by conventional SSR in order to use as electrolytes of the sensing cell.
The synthesized electrolyte discs were named as LSGMF828155, LSGMF82811,
LSGMF828515 and LSGF8282 which is the highest amount of Fe substitution in this
series. All the synthesized discs were polished with a diamond wheel in order to
reduce the thickness to 0.4 mm. Afterwards, cathode catalyst (Aul0wt%-1TO955)
was painted on one side and another side was painted by anode (RuO,-LSC64). The
sensor element was then annealed at 1000°C for 1 h and set up with Au mesh and Pt
mesh, respectively. The CO sensing measurements of each electrolyte were performed
at the operating temperatures ranging from 300°C to 500°C. The results were shown

in Figure 3.16 and summarized in Table 3.6.
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Figure 3.16 Plot of current changes with various CO concentration of

Lag sSro.2GapsMgo.2xFexOs (X = 0.05, 0.10, 0.15, 0.2) sensor at operating temperatures

(a) 300°C, (b) 400°C and (c) 500°C.
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Table 3.6 Summary of CO sensitivity of LaggSry.GagsMgo2xFexOs (X = 0.05, 0.10,
0.15, 0.20) sensors at operating temperatures ranging from 300°C to 500°C. The CO

concentrations are in the range 25 ppm to 1000 ppm.

LaoSro2GaosMgo.2-«FexOs CO sensitivity (mA/decade)
electrolytes 300°C 400°C 500°C
x=0.05 0.01 0.05 0.48
x=0.10 0.13 0.24 0.50
x=0.15 0.37 0.38 1.80
x=0.20 1.50 6.47 12.87

Table 3.6 revealed that Fe contents in LSGMF series have an effect on
CO sensitivity of the sensor at each operating temperature. With increasing the
amounts of Fe substitution in Mg-site of LSGM8282 electrolytes, the sensitivities to
CO and their response times increase (as presented in Appendix B). Doping with
maximum ratio at 20 mol% of Fe into Mg-site (LSGF8282) showed the highest
sensitivity to CO. In other words, the sensitivity increased with increasing of Fe
amount. Figure 3.17, the correlation between CO sensitivity, 90% response time and
Fe contents at 400°C of LSGMF series was represented and the data was listed in
Table 3.7.
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Figure 3.17 The CO sensitivity and 90% response time as a function of Fe content in
Lap gSro.2GagsMgo.—Fex0s (x = 0.05, 0.1, 0.15, 0.2) electrolytes at 400°C.

Table 3.7 The CO sensitivity and 90% response time as a function of Fe content in
Lap gSro2GagsMgo,—<Fex0Os (x = 0.05, 0.1, 0.15, 0.2) electrolytes to CO concentration

ranging from 25 ppm to 1000 ppm at 400°C.

Fe contents, x | Abbreviations | CO sensitivity (mA/decade) at 400°C | Tg (sec)
x =0.05 LSGMF828155 0.05 90.41
x=0.10 LSGMF82811 0.24 90.19
x=0.15 LSGMF828515 0.38 90.37
x =0.20 LSGF8282 6.47 145.98

This table revealed that the CO sensitivity increases in the order

LSGF8282 > LSGMF828515 > LSGMF82811 > LSGMF828155. As mentioned
above, the higher sensitivity of the sensor is obtained by the use of an electrolyte with

the higher ionic conductivity [45]. In other words, the ionic conductivity of
LSGF8282 electrolyte is higher than that of LSGMF ones. In addition, Ishihara et al.
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have reported that the substitution of Fe** at Mg?* site in LSGM could be improved
the ionic conductivity [35]. Even though, the substitution of Mg?* with Fe** resulted
in the decreased content of oxygen vacancies. The improved ionic conductivity could
be explained by the improved mobility of the oxide ions as reported by Yoo et al.
[50]. Therefore, increasing amount of Fe content into LSGM tends to increase the
ionic conduction of LSGMF series. From the result of this study, it is shown that
LSGF8282 exhibits the highest CO sensitivity, further study on CO sensing
performances was continued by varying Fe contents in Ga-site of LaggSry,GaO; as

electrolytes.

Figure 3.18 illustrated the plot of current changes as a function of CO
concentration of LaggSro2Gai-xFexOs (x = 0.10, 0.15, 0.20, 0.30) sensor at operating
temperatures (a) 300°C, (b) 400°C and (c) 500°C and the data was summarized in
Table 3.8.
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Figure 3.18 Plot of current changes with CO concentration of LaggSry2GaixFexO3

(x=0.10, 0.15, 0.20, 0.30) sensor at operating temperatures (a) 300°C, (b) 400°C and

(c) 500°C.
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Table 3.8 Summary of CO sensitivity of LaggSro.Gar-xFexO3 (x = 0.10, 0.15, 0.20,
0.30) sensors at operating temperatures ranging from 300°C to 500°C. The CO

concentrations are in the range 500 ppm to 5000 ppm.

Lap 5STe.Gar_Fe,Os CO sensitivity (mA/decade)
electrolytes 300°C 400°C 500°C
x=0.10 4.35 15.79 17.20
x=0.15 10.59 29.55 31.47
x=0.20 7.92 23.19 30.52
x=0.30 7.81 15.91 18.32

Table 3.8 revealed that all of LSGF sensors exhibited the higher
sensitivities to CO than that of LSGMF ones. Moreover, the amounts of Fe in LSGF
series had an effect on CO sensitivity of the sensor and exhibited the same trends at
each operating temperature. The sensitivities increase with increasing of Fe
concentration up to 15 mol% in Ga-site (LSGF828515). Above x > 0.15, the
sensitivities to CO decrease. This could be explained that LSGF compounds with
large amount of Fe exhibited the lower ionic conductivities. This resulted from the
partial formation of Fe** (rre++ = 0.585 A) within LSGF membranes [42] which
decreased the content of oxygen vacancies. Figure 3.19 represented the correlation
between CO sensitivity and 90% response time corresponding to Fe contents at
400°C.
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Figure 3.19 The CO sensitivity and 90% response time as a function of Fe content in

Lap sSro2Ga;—FexOs (x = 0.10, 0.15, 0.20, 0.30) electrolytes at 400°C.

It can be seen that LSGF828515 exhibits the highest CO sensitivity
compared with that of other compositions in this series. The detail of this figure was
listed in Table 3.9.

Table 3.9 The CO sensitivity and 90% response time as a function of Fe content in
LapsSro2GarxFexOs (x = 0.10, 0.15, 0.20, 0.30) electrolytes to CO concentration
ranging from 500 ppm to 5000 ppm at 400°C.

Fe contents, X Abbreviations CO sensitivity (mA/decade) Tgo (sec)
x=0.10 LSGF8291 15.79 142.62
x=0.15 LSGF828515 29.55 148.51
x=0.20 LSGF8282 23.19 146.03
x =0.30 LSGF8273 15.91 142.57

From this table, it was shown that LSGF sensors exhibits high
response to CO. The 90% response of current value was achieved within 2-3 min

including the time for exchanging the gas atmosphere inside the measurement
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chamber. Therefore, the response time of these sensors are a little longer.
Nevertheless, it is reasonable to confirm that the observed responses of Fe-doped
LaGaOs are fast for CO detection. The reproducible response characteristics curves at
each concentration of CO can be seen in both LSGMF and LSGF series.

To explain the sensing mechanism in both LSGMF and LSGF series,
the planar amperometric sensor attached with two different types of electrodes which
are Aul0wt%-ITO955 (cathode) and RuO,-LSC64 (anode) form the electrochemical

cell as follows:

Air, Aul0wt%-1TO955 | LSGMF or LSGF | RuO,-LSC64, CO  (3.1)

The left side of the cell is an oxygen-sensitive half-cell and the right side of the cell is
a CO-sensitive half-cell in which the electrode potential depends on the CO
concentration. The electrochemical reactions occur at the three-phase boundary of
electrode (AulOwt%-ITO955 or RuO,-LSC64), electrolyte (LSGMF or LSGF) and

gas phase as the following two electrochemical reactions.

The oxidative reaction: CO + 20 & CO, + 4de” (3.2)

The reductive reaction: 0, + 4e~ & 20%" (3.3

Since this is a planar sensor design, both electrodes of each sensor are
exposed to a homogenous environment. These two reactions will occur at each
electrode. From the previous work [49], it is found that RuO,-LSC64 is highly
sensitive to CO oxidation and AulOwt%-1TO955 is an oxygen-sensitive electrode
related to dissociation of oxygen molecule to oxide ion. Hence, it can be expected that
reaction (3.1) and (3.2) are dominant on RuO,-LSC64 and AulOwt%-1TO955,

respectively as illustrated in Figure 3.20.
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Figure 3.20 The expected reaction mechanism of AulOwt%-ITO955ILSGFIRUO,-
LSC64.

Because a local oxygen gradient will be formed, the presence of CO concentration in
the amperometric sensor has an effect on the oxygen pumping current. With
increasing CO concentration, the oxygen pumping current increases. Since RuO,-
LSC64 electrode is always positive, the oxygen concentration on this electrode is
always smaller than that on Aul0wt%-I1TO955 electrode. This suggests that the RuO,-
LSC64 is more active to CO oxidation. Therefore, the CO oxidation reaction takes
place at anode (RuO,-LSC64) and the oxygen reduction occurs at cathode (Aul0wt%-
ITO955) as we expected.

3.4.2.2 XRD Characterization of sensing elements

It is necessary to investigate the sensor stability under the sensing
condition; hence the XRD analysis of the sensor before and after sensing
measurement was studied. Figure 3.21(a) and Figure 3.21(b) showed the XRD pattern
of RuO,-LSC64 and AulOwt%-ITO955 coated on LSGF828515 electrolyte before
and after sensing measurement, respectively. From this figure, there is no any
additional phase which displayed the interaction between electrode and electrolyte
taken place after sensing measurement. It is evident that the LSGF828515 is quite

stable under sensing condition.
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and (b) LSGF828515 painted with Aul0wt%-1TO955, before and after sensing.
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3.4.3 Effect of temperature dependence on CO sensitivity of the sensing

element

The effect of operating temperature on the sensitivity to CO of the sensors was
also investigated. As shown in Figure 3.22, the CO sensitivities of all sensors coupled
with AulOwt%-1TO955 and RuO,-LSC64 increased with elevating the operating

temperatures.
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Figure 3.22 Temperature dependence on CO sensitivity of the measurement cells
using (Top) LSGMF series and (Bottom) LSGF series as electrolytes.
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From this figure, it was shown that the sensitivity to CO increased with
increasing temperature from 300°C to 500°C. This can be explained by the following
reason: at the higher operating temperature, the electrode reaction proceeds much
faster [15, 40]. In other words, the catalytic activity of anode to the oxidation reaction
increases with the increasing temperature. Thus, it is evident that the increasing CO
sensitivity of all sensors with elevating temperature of operation was affected by the
higher catalytic activity of the active RuO,-LSC64 electrode to CO oxidation at

higher temperature.

3.4.4 Cross-sensitivities of CO sensor for CO,, CH, and H, of the

optimized sensing element

In the exhaust gas, there is not only carbon monoxide, but also other
coexisting gases such as carbon dioxide, hydrocarbons, etc. Therefore, effect of these
interference gases to sensor response is including investigated. The cross-sensitivities
of LSGF828515 sensor for CO,, CH4 and H, were monitored in this study.
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Figure 3.23 Cross-sensitivity of LSGF828515-based sensor to various coexisting

gases at 400°C.
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Figure 3.23 displayed the sensitivities of the sensor to the interference
gases. From this figure, the sensitivity to CO is obviously high compared with Hy,
CH, and CO,, respectively. In other words, the sensor exhibited the very high
response to CO and almost no response to other gases at the same condition. The

sensitivity and selectivity of this sensor were listed in Table 3.10.

Table 3.10 Sensitivity and selectivity to various gases of LSGF828515 sensor at the

operating temperature 400°C.

Gases | Concentration (ppm) | Sensitivity (mA/decade) at 400°C | Selectivity
CO 500-5000 27.79 1.00
CO, 25000-50000 -0.26 0.01
CH4 125-500 0 0.00
H, 125 - 890 0.38 0.01

It is clear that this LSGF828515 sensor with a combination of inactive AulOwt%-

ITO955 and active RuO,-LSC64 is very suitable to detect carbon monoxide.

In addition, other additional work of this research on the improvement
active electrodes on CO sensitivity was investigated along with the sensing
measurements of the optimized sensor. That was the modification of anode electrode
to enhance its catalytic activity by addition of other additives into LSC64 and study
the sensor response using LSGMF828155 as electrolyte at that time.

3.4.5 Effect of additives into LSC64 electrode on sensing measurements

of the sensor

It is well-known that both Pt and Pd are active for the oxidation
reaction, they were then used as additives to modify active electrode. The (Ptlwt%)
and (Pd10wt%+Pt5wt%)LSC64 were firstly prepared, subsequently mixing with
RuO, by ball milling was done. Pt or Pd-Pt electrode was coated on the anode side of
LSGMF828155 electrolyte and AulOwt%-ITO955 which was fixed as cathode was
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painted on another side. The sensor responses to CO of these sensors were monitored

(as shown in Appendix B) and CO sensitivities of each sensor were shown in

Figure 3.24 and summarized in Table 3.11.
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Figure 3.24 Oxygen pumping current change of the CO sensor with undoped and

additives-doped active electrodes. The AulOwt%-1TO955 was fixed as inactive

electrode and the operating temperature was 400°C.

Table 3.11 The CO sensitivity of LSGMF828155 sensors with the combinations of

various anode materials as active electrode by fixing Aul0wt%-1TO955 as inactive

electrode at 400°C.

Anode materials

CO sensitivity (mA/decade) at 400°C

RuO,-LSC64 0.05
RuO,-(Pt1wt%)LSC64 0.13
RUO,-(Pd10wt%+Pt5wt%)LSC64 0.15
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From this table, both modified anodes influenced to the sensitivity to CO. The
addition of small amount of additives to LSC64 was improved the catalytic activity of
anode to CO oxidation and increasing amount of additive to LSC64 was further
enhanced the CO sensitivity. As seen in Table 3.11, the sensitivity became three times
larger compared with non-additives one. It is clear that the sensitivity to CO can also

be further enhanced by improving the oxidation activity of anode.



CHAPTER IV

CONCLUSIONS

4.1 Conclusions

The planar-type amperometric electrochemical sensors based on Fe-doped
lanthanum gallate electrolyte were mainly studied in this work and their sensing
property is described and following results are obtained.

1) The Fe-doped LaGaOs-based perovskites were successfully
synthesized and operated in the amperometric mode as electrolytes in this study.
Sensors coupled with a combination of the optimized electrode catalysts were stable
and showed fast responses in the operating temperatures range from 300°C to 500°C.
It is revealed that the highest sensitivity to CO can be achieved when LaggSry,GaOs
was doped with 15 mol% Fe into Ga-site (denoted as LSGF828515).

2 Increasing operating temperatures from 300°C to 500°C can further
improved the sensitivity to CO. In other words, the CO sensitivity increases with

increasing the operating temperature. The highest sensitivity was obtained at 500°C.

3) The optimized sensor also showed very high selectivity to CO and

independent response to other typical interference gases.

4) The additions of additives into LaggSro4CoO3; (LSC64) can further
improved CO sensitivity. The Pt and Pd-Pt doped LSC64 were successfully prepared
by conventional impregnation method. In addition, increasing amounts of additives

into LSC64 were also effective for enhancing CO sensitivity.
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It can be concluded that the enhancement of CO sensitivity of the sensor
seems to be influenced from:

Q) the amounts of Fe dopant into LaGaOs electrolyte,

(i) the operating temperatures and

(iii)  the modification of LSC64 anode.

4.2 Suggestions for future work

From the experiment results, the additional works should be further done in
order to improve the sensing performance of the CO sensor and make them more
widely useful which are shown as follows:

1. Sensing performance of other modified anodes and other types of anode

materials.

2. Sensing performance of other types of oxygen ion conducting electrolytes.

Effect of sensor structure for miniaturization.

4. Long term stability under humidified condition.
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APPENDIX A
Tolerance number

Goldschmidt (1926) defined the tolerance limits of the size of ions through a

tolerance factor, t as equation (A.1)

(ra +710)

= V2 +10) Ay

where 14, 15, and r, are the radii of respective ions. For the substituted perovskite at
A and B site, A1.xA'xB1B'yOs.5, 14 and rz were calculated from the sum of each metal
at A site and B site, respectively, time its compositions. The atomic weight, ionic
charge, coordination number, and ionic radius of all concerned metals were shown in
Table A.1

Table A.1 lonic charge, coordination number (CN) and ionic radius of related ions in
LSGMF and LSGF systems [51].

Site in ABO3 Element Charge CN lonic radius (A)
) La 3+ 12 1.36
A site
Sr 2+ 12 1.44
Ga 3+ 6 0.62
B site Mg 2+ 6 0.72
Fe 3+ 6 0.645
Oxygen O 2- 6 1.40

Therefore, as equation A.1 the tolerance number of perovskite compounds such as
LSGF8282 was calculated as below.
(1.36 x 0.8) + (1.44 x 0.2) + 1.40

Tolerance number of LSGF8282 = = 0.969
V2[(0.62 x 0.8) + (0.645 x 0.2) + 1.40]
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Sensitivity of the sensor is a change in current against a one-order-of-

magnitude change in CO concentration (current change unit/decade) which is

calculated by a linear fit analysis using Microcal Origin program. The slope of

equation: y = mx +c is the sensitivity of the sensor related to gas concentration.
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Figure B.1 The response curves and current change against CO concentration of the

sensor using 8YSZ as electrolyte at 500°C.
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sensor using 15SDC as electrolyte at 500°C.
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Au10wt%-ITO955/LSGMF82811/Ru0 -LSC64

1000

1200

2641 —=—300°C .
263 |
A 1000 ppm
E 262 |
£ ~
|
= 261f 300ppm 5
] i
g 25 ppm 50 ppm /'l ; 5
O 2601 ; : [ ]
" ol W il \
i
) b o -
1 1 1 L 1 1
0 200 400 600 800 1000 1200
Time (sec)
Au10wt%-ITO955/LSGMF8281 1/RuOZ-LSC64
68.0
—=—400°C .
67.8 |-
. 676L
5 4 1000 ppm
< ’ I ramw—
E =i
= 672] " &
S 500ppm &
= 50 ppm u
> 67.0 |- 25ppm — _I -
v s __= " -
66.8 | = = o = J i
| - -_— -
I. -I
66.6 |-
1 1 1 1 1
0 200 400 600 800
Time (sec)
Au10wt%-ITO955/LSGMF8281 1/RuOZ-LSC64
117} —=—500"C .
16 L
< 1000 ppm
g PP
== 500 ppm
T nst 50 ppm .lﬂ'
= 25 ppm . 1
€ A 1 [
@ ’ﬂ F | H
S 4y - W A R
O ' ] . e = Y 3
4 "l... . [ ™ ]
3l ® 12 : 1 -
1 1 1 1 1 1
0 200 400 600 800 1000
Time (sec)

2,
Cugrent danes (mA/cmz) Current change (mA/cm’)

Current change (mA/cmz)

98

Au10wt%-ITO955/LSGMF82811/Ru0 -LSC64

3.25

035
—=—300°C i
030 |
n
025 )
P
oo
ol
020 |
015 |
0.10 |
0.05 |
0.00 < L L L L | |
125 150 175 200 225 250 275 3.00 325
Log (CO concentration / ppm)
Au10wt%-ITO955/LSGMF8281 1/RuOZ-LSC64
o
—=—400°C
0.7 |
06|
05 |
04|
0.24mA /decade -
03} e
,/
02| o
,// -
04l r/
' =
w_—
00" . . . . L .
12 150 175 200 225 250 275 3.0
Log (CO concentration / ppm)
Au10wt%-IT0955/LSGMF82811/Ru02-LSC64
26
—=—500C -
24|

L
2.00

Log (CO concentration / ppm)

Figure B.4 The response curves and current change against CO concentration of the

sensor using LSGMF82811 as electrolyte at 300°C to 500°C.
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Figure B.5 The response curves and current change against CO concentration of the

sensor using LSGMF828515 as electrolyte at 300°C to 500°C.
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Figure B.6 The response curves and current change against CO concentration of the

sensor using LSGF8282 as electrolyte at 300°C to 500°C.
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Figure B.7 The response curves and current change against CO concentration of the

sensor using LSGF8291 as electrolyte at 300°C to 500°C.
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Figure B.8 The response curves and current change against CO concentration of the

sensor using LSGF828515 as electrolyte at 300°C to 500°C.
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Figure B.9 The response curves and current change against CO concentration of the

sensor using LSGF8282 as electrolyte at 300°C to 500°C.
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Figure B.10 The response curves and current change against CO concentration of
the sensor using LSGF8273 as electrolyte at 300°C to 500°C.
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Table B.1 Summary of the CO sensitivity of LaggSro2GagsMgo2xFexOs.s (X = 0.05,

0.10, 0.15, 0.2)
CO sensitivity (mA/decade) at various operating
Compounds temperature

300°C 400°C 500°C

LSGMF828155 0.01 0.05 0.48

LSGMF82811 0.13 0.24 0.50
LSGMF828515 0.37 0.38 1.80
LSGF8282 1.50 6.47 12.87

Table B.2 Summary of the CO sensitivity of Lag gSro.Gas-xFexOs-s (x = 0.10, 0.15,

0.20, 0.30)
CO sensitivity (mA/decade) at various operating

Compounds temperature
300°C 400°C 500°C
LSGF8291 4.35 15.79 17.20
LSGF828515 10.59 29.55 31.47
LSGF8282 7.92 23.19 30.52
LSGF8273 7.81 15.91 18.32
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APPENDIX C

Selectivity

Table C.1 Sensitivity and selectivity to various gases of LSGF828515 sensor at the

operating temperature 400°C.

Gases | Concentration (ppm) | Sensitivity (mA/decade) at 400°C | Selectivity
CO 500-5000 27.79 1.00
CO; 25000-50000 -0.26 0.01
CH4 125-500 0 0.00
H, 125 - 890 0.38 0.01

Selectivity (S) to CO is calculated from the following equation:

S
Selecticity = % (C.1)
co

Therefore, the selectivity of CO; is:

Sco, 026

= —— =0.01
Sco  27.79

Selectivity =
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