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Abstract

In this experimental work, a series of chemical sensor designs utilizing a solid
electrolyte consisting of Ag;SO; and Li,SOs combined with thin/thick film
depositions were fabricated and tested [1, 2]. The sensors were exposed to mixtures

of SO, in air varying from 0.6 to 2400 ppm SO, at 535 °C and 525 °C.

Cell No. 1: Pt working electrode — solid electrolyte (25 m/o Ag;S0O4-75 m/o LizSOy)
— composite reference electrode material (2:1 wt. ratio of Ag: 25 m/o Ag;S04-75 m/o
Li,SO4). The cell was found to display the following response to mixtures from 94 to
900 ppm SO, in air at 535 °C:

Emf (V) = (0.2176 % 0.0043) + (0.0725+0.0016) log[SO, — ppm] (94 —900 ppm SO,)
R*=0.9847

Cell No. 2: Pt thin film working electrode — solid electrolyte (25 m/o Ag,S0O4-75 m/o
Li,SOy4) — thin film Ag reference electrode. Cell displayed fluctuating voltage when
exposed to a mixture of 496 ppm of SO, in air at 535 °C.

Cell No. 3: Pt thin film working electrode — solid electrolyte (25 m/o Ag;SO4-75 m/o
Li,SO4) — Ag thick film reference electrode. The cell was found to display the
following response to mixtures from 100 to 2400 ppm SO, in air at 525 °C:

Emf (V) = (0.1755%0.0044) + (0.0821+0.0014) log[SO, — ppm] (100—2400 ppm SO,)
R*=0.9931

Cell No. 4: Pt thin film working electrode — solid electrolyte (25 m/o Ag;S04-75 m/o
Li,SO4) — composite thick film reference electrode material (2:1 wt. ratio of Ag: 25
m/o AgzS04-75 m/o Li;SO,). The maximum gas concentration in each experimental
run for cell No. 4 was determined according to the concentration of SO, in each gas
cylinder utilized. In this part of the cell testing, five different cylinders of SO, in air
were used. The cell was found to display the following responses for varying SO,

ranges at 535 °C:
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Emf () = (0.1658 £ 0.0046) + (0.0824+0.0016) log[SO, — ppm] (100—2400 ppm SO,)
R>=0.9968

Emf(V) = (0.1864%0.0027) + (0.0743+0.0012) log[SO, — ppm] (10— 496 ppm SO,)
R*>=0.9906

Emf(V) = (0.168620.0027) + (0.0816+0.0012) log[SO, — ppm] (50— 496 ppm SO,)
R*=0.9995

Emf(V)=0.2613+0.00162[SO,]-1.425x10"°[ SO, T* +5.255x10°[SO,T (5.4—9.4 ppm SO,)
R?*=0.9998

Emf(V) = 0.2460 + 0.0024[SO, — ppm] ~1.389x10°[SO, — ppm]® (0.6-11.6 ppm SO,)
R>=0.9983

Emf (V) = (0.1810£0.0010) + (0.0769 +0.0005)log[SO, — ppm] (14.4—2400 ppm SO,)
R*>=0.9975

Emf (V) = (0.1723£0.0010) + (0.0802+0.0005)log[SO, — ppm] (50— 2400 ppm SO,)
R* =0.9982

Cell No. 5 Pt thin film working electrode — thick film solid electrolyte (25 m/o
Ag;S04-75 m/o Li;SO,4) — composite thick film reference electrode (2:1 wt. ratio of
Ag: 25 m/o AgyS04-75 m/o Li;SOy). The cell was found to display a fluctuating
response to mixtures from 71 to 947 ppm SO, in air at 535 °C.

The response of the sensor was found to closely match the theoretically expected
values from 10 ppm to 2400 ppm of SO,. Below 10 ppm the sensor was found to
deviate from Nernstian behaviour. Several suggestions for the origin of the non-linear

response at low concentrations are given. Recommendations for improvements to the
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existing design and for future work directed towards miniaturization and full

integration of this chemical sensor are also provided.
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List of Symbols

Chapter 2

Symbol Description Units

T Kelvin, thermodynamic temperature K

e elementary charge C

F Faraday constant C mole™

R gas constant JK! mole™

Yo, resistivity Qm

o, total conductivity Q'm?

q; charge on ionic / electronic charge carrier C

7 mobility of charge carrier m?Vv's?

¢ carrier density charge carriers m>

I, total current A

a surface area cm®

i current density of species k Am?

o, partial conductivity of species &k Q'm?

Z, charge number dimensionless

i, electrochemical potential of species & J mole™

Cion ionic conductivity Q'm?

Aexp pre-exponential factor Q'lm’!

E,, ionic activation energy J mole™!

n vacancy concentration per m’ m>

H, vacancy mobility m’V!s!

E, activation energy for vacancy migration J mole™!
total number of vacancies per m’ m?

e excess electron C
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Po’2
F,
Fo,
P,
R

T

F
Au'
A u n
Pt
pt"
Pl

50,

positive hole

oxygen anion

measured voltage

resistance

sheet resistance

partial current as a function of time
indicial impedance

signal as a function of time
alternating voltage

ratio of alternating to variable current

Description

oxygen anion

excess electron

partial pressure of oxygen
partial pressure of oxygen
partial pressure of carbon dioxide

partial pressure of carbon dioxide

gas constant

Kelvin, thermodynamic temperature
Faraday constant

gold contact at electrode

gold contact at electrode

platinum contact at electrode
platinum contact at electrode

partial pressure of sulfur trioxide

n nH < 0O 0

A

VA'
cycles sec’!
\Y%

VAl

Units

C
C

atm

atm
atm

atm

J K" mole™
K

C mole™

\Y

\'%

v

\Y%

atm
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OoP
P
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[

ahj R
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r.e,

E

random

Ssystematic

STDEV
N

partial pressure of sulfur trioxide

Description

silver cation

Description

variance in pressure
pressure

variance in emf
charge number
Faraday constant
gas constant

Kelvin, thermodynamic temperature

chemical potential
partial pressure of gas phase

partial pressure of gas phase

constant

absolute error

average -

accepted value
relative error
random error
systematic error

standard deviation

number of measurements

atm

Units

Units

atm

atm

v
dimensionless
C mole™

J K 'mole™

K

J mole-1
atm

atm
VK
dependent

dependent

dependent
dimensionless
dependent
dependent

dependent
dependent
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Chapter 7

Symbol

cell voltage

cell voltage at time, t
time

equivalent time constant

Description

micron

evaporation pressure
surface tension
enthalpy of evaporation

Boltzman constant

Avogadro number

Kelvin, thermodynamic temperature
rate of evaporated mass from source
per unit area per unit time

molecular weight

Description

ionic conductivity
pre-exponential factor

ionic activation energy
Boltzmann constant
Kelvin, thermodynamic temperature

electrical current density of electrons

secC

s€C

Torr

Nm'
J mole-1

JK!
mole™
K

kg cm™ sec”

gm mole™

Units

Q'm?!
KQ'm!
J mole™!

T K ! mole™

Am?
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electrons
14

xi

nelectrons

\%

const

Pr

in x-direction
change in charge

area
increment of time

applied electrical field

elementary charge

velocity of electrons

number of electrons

velocity of i™ electron

number of electrons per unit volume

volume of material
electron movement

mass of electron

velocity of electron i in x-direction
after collision

average free time between collisions

mean free time between collisions

drift velocity of electron
temperature independent constant
resistivity

resistivity at temperature, T
conductivity at temperature, T

temperature independent constant

residual resistivity

température coefficient of resistivity
reference temperature, typically 273K
resistivity at reference temperature

change in resistivity

C

m2

second (sec)
A%
C
-1
m sec
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1
m sec

electrons m™
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Om
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50,
1)S02 (in)
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Chapter 11

Symbol

[50,]

aAg2S04

T.P.B.

Chapter 12

Symbol

change in temperature

Description

cell voltage, electromotive force
standard cell voltage, electromotive force

partial pressure of oxygen

partial pressure of sulfur trioxide
partial pressure of sulfur dioxide input
activity of silver sulfate

equilibrium constant

Description

concentration of SO,
activity of silver sulfate

triple point boundary

Description

cell voltage
standard cell voltage
gas constant

Faraday constant

Units

atm
atm

atm
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atm’” 172

Units

atm
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T K ' mole™

C mole™!

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T Kelvin, thermodynamic temperature

AE shift in voltage

E,, measured experimental cell voltage
E,ooreiical theoretical cell voltage

F, partial pressure of oxygen

E, partial pressure of oxygen

Py, partial pressure of sulfur trioxide

P§03 partial pressure of sulfur trioxide

J, mass diameter of gas species 1

0, mass diameter of gas species 2

D, ordinary diffusion coefficient

D, thermal diffusion coefficient

£ volume of heavier gas species 1

£ volume of heavier gas species 2

ky thermal diffusion ratio

[c,]2 concentration of gas species 1 at location 2
[« ]1 concentration of gas species 1 at location 1
a, thermal diffusion constant

q initial concentration of gas species 1

c, initial concentration of gas species 2

T, temperature in Kelvin at hot zone

I temperature in Kelvin at cool zone

R, thermal separation ratio

Ac, change in concentration of gas species 1
o, thermal diffusion constant for gas species

land 2

< < <R

atm

atm

atm

nanometer (nm)
nanometer (nm)
m” sec”

m? sec”

m3

m’
dimensionless

atm

atm
atm™
atm

atm

K

K
dimensionless

atm

atm’
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thermal diffusion constant for gas species

land 3

initial concentration of gas species 3

change in oxygen concentration

oxygen concentration at hot zone

oxygen concentration at cool zone
thermal diffusion constant O,-N,
concentration of N,

thermal diffusion constant for 0,-SO;
concentration of oxygen

thermal diffusion constant for species I
molecular weight of species i
molecular weight of species 1

change in SO; gas concentration

ionic transference number

standard free energy of formation

atm

atm

atm

atm

atm

atm’
atm
atm
atm
dimensionless
gm mole™
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J mole™!
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Chapter 1: Introduction

In all facets of industrial processes, chemical sensors, which can measure real time
operational parameters, are becoming/of increased importance. Sensors are required
for measurement and control of physical and chemical phenomena, of which chemical
sensors are utilized in numerous applications. These applications include analytical
equipment, chemical processes, food industry, environmental control, and biomedical

applications. Sensory detection of oxidic gases such as NO, NO,, NO,, CO,, and
SO, has become important for protection of both global and local environments.

With respect to chemical sensors, electrochemical sensors have the advantage of
converting the chemical concentrations directly into an electrical signal. In addition,
if solid electrolyte or superionic solid materials are utilized, the sensor can be

assembled in an all solid-state form.

Sulfur dioxide and trioxide (SO, / SO, ) are the most important compounds defining

the acidic properties of earth’s atmosphere. They are emitted in large quantities by the
combustion of fossil fuels (coal and oil) and subsequently oxidized into sulfuric acid
and sulfates. The sensor technology reported here is suitable for mass production of
an inexpensive and compact atmospheric or industrial chemical sensor for pollution,
corrosion and process control. Complementary to the development of selective, solid-
state chemical sensors is the application of microelectronic fabrication techniques,
ideally suited for mass production. Solid-state ionic conductors are amenable to these
methods of fabrication, through the deposition of thin and/or thick films. A thin film
1s defined as having a thickness of from 50 to several thousand angstroms but less

than 5 gm . Thin films are typically deposited on a substrate via vacuum deposition in

combination with either an additive or a subtractive photolithography process. In

comparison, a thick film has a thickness of between 5-50 um and is deposited through

a silk or stainless steel screen by selective deposition of a paste or slurry.
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Through the experience gained in constructing this SO,/ SO, sensor, additional

sensors for the detection of nitrous oxides and carbon oxides, for instance, could also
be fabricated. Other solid electrolytes displaying oxygen, silver, sodium, potassium,
hydrogen, or copper conduction are also suitable candidates for miniaturization and
integration. The ultimate goal of this work is to construct a reliable, miniaturized and

integrated SO,/ SO, chemical sensor.

This thesis reports on progress in the fabrication and testing of materials and
deposition techniques for construction of a sulfur oxide chemical sensor. This sensor
directly measures SO,/SO; as opposed to many electrochemical gas sensors that
require calibration curves. In relation to fabrication of the sensor, several designs
were examined including: solid electrolytes fabricated as composite mixtures of
AgS04-LipSO4 both in bulk form and as thick films, working electrode structures
consisting of Pt thin films and Pt gauze, reference electrodes as composite mixtures of
Ag: AgyS04-Li,SO4 both in bulk form and as thick films, and reference electrodes

consisting of thin or thick films of pure Ag.

The sensor was shown to accurately measure SO,/SO; concentrations over a wide
range from 10 to 2400 ppm of SO, in air for several months, without degradation in
the signal strength. This is primarily due to the use of a highly stable two-phase solid
electrolyte. From the successful completion of fabrication and application of thick
and thin films in this work, it is now possible to produce a miniaturized sulfur oxide

sensor. The miniaturization of this sensor would provide the following benefits:

e lower cost per sensor unit as mass production would be possible with
minimal material

o reliability would be enhanced through integration of sensor components

e the use of thin and thick films would significantly reduce sensor response
time

e power consumption would be dramatically lowered, especially if the active
sensing area were to be fabricated onto an isolated micro-machined heater

structure
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In addition, it would be possible to apply this technology to a wide range of additional
gas sensors, e.g., O, CO/CO,, NOy, Cl,, and H, . With the development of new types
of solid electrolytes and auxiliary electrodes, gas sensors could be created that would
be able to detect gases not possible at this time. In particular the development of a
solid electrolyte capable of ionic conduction of sulfide ions would be highly
beneficial for both the detection of sulfur-based gases and in the electrochemical
decomposition of hydrogen sulfide into hydrogen and sulfur. The resulting hydrogen

could be utilized in the production of electric power via fuel cell technology.
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Chapter 2: Potentiometric Chemical Sensors

Ionic Conductivity

In most ionic solids, the ions are trapped in lattice sites and despite the fact that these
ions continuously vibrate, ions rarely have enough thermal energy to escape from
lattice sites. If the ions are capable of moving into adjacent lattice sites, this would
permit either ionic conduction or diffusion. At higher temperatures, ionic conduction
is more likely to occur since ions have greater thermal energy and, therefore, vibrate
more vigorously. There is also a higher intrinsic defect concentration at higher

temperatures.

It has been discovered that a relatively small group of solids called solid electrolytes,
fast ion conductors, or superionic conductors, possess ions which can move very
rapidly. These materials have unique crystal structures with open tunnels or layers in
which the mobile ions can move through. For example, the conductivity resulting

from Na' jon migration in S —alumina is in the range of 10° S cm™ at 25 °C, which

is comparable to liquid electrolytes.

In a perfect crystal all atoms are at rest in their correct lattice positions; such a perfect
crystal can be obtained theoretically only at absolute zero. At temperatures above
absolute zero, atoms vibrate which in itself can be considered a defect, but a number
of atoms are inevitably misplaced from their lattice positions. For some crystals the
number of defects can be quite low (i.e., <1 per cent) such as with high purity
diamond or quartz. In other crystals high defect concentrations may be present due to

a reduction in free energy from the creation of defects. These crystal defects are

divided into two groups:

e Stoichiometric defects — in which the crystal composition is unchanged on

introducing defects
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¢ Non-stoichiometric defects — where defects are a consequence of a change in
composition
In addition, the defects can be classified according to their size and shape of the

defect as either:

¢ Point defects — involving only one atom or lattice site, consisting of vacancies
or interstitials, with the surrounding atoms somewhat perturbed

e Line defects (dislocations) — dislocations which are effectively point defects in
two and three dimensions

o Planar defects — where whole layers in a crystal are defective

Two parameters can be modified to increase the conductivity of a solid, either the
carrier concentration and/or the mobility. The carrier concentration consisting of ionic

defects can be increased by the following methods:

¢ by doping, or adding aliovalent impurities (i.e., additives with a different
valence state than the host material), which require the generation of ionic

defects opposite in charge to maintain electrical neutrality

¢ by deviation from stoichiometry through reaction with a gas phase that results
in a reduction or oxidation of the material and the formation of excess
vacancies or interstitials. This process also simultaneously produces electronic

species, resulting in mixed ionic-electronic conduction.

Electrical Conductivity
The total electrical conductivity (o, ) of a solid is the sum of the partial conductivities

of the ionic and electronic charge carriers. Total conductivity is defined by the

following equation:
O = 22q; I ¢ 2.1

where g, is the charge, 4, is the mobility and ¢, is the carrier density.
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The total cell current is obtained by multiplying the total current density by the

surface area of the electrode. The cell current is equal to the individual current

densities, (i,), for the charge carrier k, which are proportional to the corresponding

conductivity and electrochemical potential gradient. This relationship is defined by:

. o, [ 0]~
I =a)y i = —aZkZ—L‘F—(é—;—]yk (2:2)
k

where Iy is the total current of the cell, a is the surface area in cm?, o, the
conductivity of species k, z, the charge number on species k, F'is the Faraday
constant and jz, is the electrochemical potential of species k.

Typically the temperature dependence of ionic conductivity, o, , is described by the
Arrhenius equation as:
-E
c,, =4, ex 20 : 23
ion eXp p( R T ] ( )

where A4, is the pre-exponential factor consisting of several constants including the

vibrational frequency of the mobile ions, E,,is the activation energy for ion
migration, R the gas constant and T the temperature in Kelvin.

It is customary to produce a graph of log, o versus 1/T for an ionic material resulting

in a straight linear line of slope of the general form —E/R as shown in Figure 2.1.

In the extrinsic region, conductivity depends on both the vacancy concentration and

vacancy mobility as given by:

Gy = NZEW, exp(—RE; ) 2.4)

where n is the vacancy concentration or charge carrier concentration, z is the
valence, e the charge on the current carrier (vacancy), E, is the activation energy for

vacancy migration, R the gas constant, T the temperature in K and where g, is the pre-
exponential term in the equation:
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~Eu/RT

t=A, (2.5)

Intrinsic
G o exp-(Ep, +E¢/2)

logo

Extrinsic

Increasing Impurity [] ——————>»

1T

Figure 2-1. Ionic conductivity versus temperature.

As the concentration of dopant is increased, the vacancy concentration also increases
followed by an increase in the ionic conductivity of the solid electrolyte. There is a
significant increase in the conductivity of the extrinsic form of the electrolyte in
comparison to the intrinsic version of the electrolyte, without doping, at the same

temperature. This phenomena is displayed in Figure 2-1 in the extrinsic region of

conductivity.

In the high temperature region the thermally induced vacancy concentration is greater

than that created by the dopant. The concentration of vacancies, n, is given by:
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_E
=N ! 2.6
7 eXp(sz) 2.6)

where N is the total number of ions in the crystal, and E is the activation energy of
vacancy formation.

Therefore, it follows that the conductivity in the intrinsic region is given by:

_E ~E, E,+E /2
O-ion = Neluo eXp R]T exp e e Aexp exp T (2'7)

RT

The transition between ionic conduction and electronic conduction (semiconductor)
can be induced in the same material. If it is an oxide ion conductor such as ZrO,
based solid electrolytes, this transition can be induced by varying the partial pressure
of O, in the surrounding atmosphere (see Figure 2-2). This is typical of materials
such as yttria-stabilized zirconia (YSZ) which possess an electrolytic domain over
which the ionic transference number, t;  is unity. In fact, measurement of constant
conductivity over a range of partial gas pressure is a good indication of ionic
conductivity. With an oxide ion conductor, upon varying the oxygen pressure there is
a tendency for O, molecules to absorb or desorb from the solid electrolyte. At high

oxygen pressures the material becomes a positive hole (p-type) conductor according

to:

0, =220” +4i° (2.8)

Whereas at low oxygen pressures the material becomes an excess electron (n-type)

conductor according to:
207 = 0, + 4¢ 2.9

The discussion to this point relates to solid electrolytes which have high ionic
conductivity but which are insulators electronically. In practical use as batteries,

sensors and fuel cells, electronic conductivity must be avoided as it will result in
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internal short circuits and, therefore, a loss in performance and accuracy. In materials
that are mixed conductors, both ionic and electronic conduction occur

simultaneously; these materials finding application as electrodes.

logo

n-type p-type
semiconduction Electrolytic Domain | semiconduction

log Po2

Figure 2-2. Ionic and electronic conductivity domains as a function of oxygen

partial pressure.

Measurement of Conductance

The ionic conductivity in an electrolyte with negligible electronic conduction
(G = 1, ) May be determined by using Ohm’s law, provided that non-polarizable
reversible electrodes are utilized. These electrodes will ensure the unimpeded
delivery of the mobile ions from one side to the other side of the sample. This is
accomplished through the use of separate voltage probes in the form of identical
electronic leads connected to the electrolyte at positions separated by distance L.

With this configuration, the ionic conductivity is given by:
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iL
= —— 2.10
O-ton AV ( )

where o, is the ionic conductivity, i the measured current, L the distance between
the electrical probes, and AV the measured voltage.

The technique known as the four-point dc technique [3] is commonly used for
measurement of the conductivity of thin films produced in the fabrication of
semiconductor products. The resistance/conductivity of thin films is measured
according to sheet resistance, which is defined as the resistance of a rectangular

shaped section of film as shown in Figure 2-3.

Figure 2-3. Sheet resistance.

The resistance of a rectangular shape is given by:

Yo,
R. =L 2.11
Q d ( )

L
b
where p is the resistivity, / is the length, b the width and d the thickness of the
rectangular section.

If /=bthen equation 2.11 becomes:

R =R =

s

2.12)

SW A

With this formula the sheet resistance R, of one square of film is independent of the

size of the square, depending only on the resistivity and thickness of the thin film.
The sheet resistance is expressed in ohms per square. If the thickness of the film is

known then the resistivity of the thin film is calculated by:

p=dR, (2.13)

-10-
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The four-point probe method allows measurement of sheet resistance without
fabrication of a rectangular thin film structure. The most common form of this

technique is the in-line four-point probe as displayed in Figure 2-4.

PROBES

SAMPLE

Figure 2-4. In-line four point probe.

When the probes are placed on a material of semi-infinite volume, the resistivity is

given by:
AV 211
= 2.14
L= s, +1/5,=1/(5,+5,) =1/(5, +55) @14)
When s, =s, =s,, this reduces to:
p= A—IV; 2[s (2.15)

If the material on which the probes are placed is an infinitely thin slice resting on an

insulating support, equation 2.15 becomes:

= ——— 2.16
=T 1 (2.16)
which can be arranged to:
R=L-4522 2.17)
d I
-11-
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High Impedance Conductivity Measurements

The measurement of ionic conductivity in high impedance solid electrolytes results in
specific experimental challenges. The presence of very small leakage currents
returning to ground potential via sensitive elements in the detector circuit can result in
large errors in the measured conductivity. Even faint conductivities due to
nanoampere or picoampere leakage currents through otherwise excellent insulators
can enter the amplifier circuit and create error in measurement. Through the addition
of a guard-ring circuit as shown in Figure 2-5 ground current leakage problems can be

avoided or significantly reduced.

Figure 2-5. Guard-ring circuit for ionic conductivity measurements.

Impedance Spectroscopy

Determining the electrical conductance by DC measurements gives the sum of
electronic contributions of electrode contacts, grains, intergrain boundaries, etc. By
utilizing impedance spectroscopy it is possible to discriminate between these
individual contributions. Impedance spectroscopy is used extensively in solid state
ionics to separate bulk and interfacial contributions consisting of grain-boundary and
electrode effects. It may be used to investigate the dynamics of bound or mobile

charges in the bulk or interfacial regions of any kind of solid or liquid material. This
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includes ionic, semiconducting, mixed electronic-ionic, or insulator (dielectric)
materials. The ionic solid electrolyte material can be amorphous, polycrystalline or a

single crystal.

For the evaluation of electrochemical behaviour of electrode or electrolyte material,
electrical measurements are usually made with cells having two identical electrodes
(in the form of a circular cylinder or rectangular shape) applied to the faces of a
sample. The properties of the electrode-sample material are assumed not to change
over time. Then an electrical stimulus consisting of a known voltage or current is
applied to the electrodes and a response consisting of the resulting current or voltage
is measured. There are three different types of electrical stimulus utilized in

impedance spectroscopy consisting of:

e A step function of voltage is applied with the resulting time varying current

i(t) measured. The ratio defined by V,/i(t)is called the indicial impedance

and quantifies the impedance resulting from the step function voltage
perturbation. However, the results are usually Fourier-transformed into the
frequency domain providing frequency dependent impedance. This

transformation is only valid when the absolute value of ¥, is small and the

system response is linear. The advantage of this approach is that it is easily
accomplished experimentally and that the independent variable, voltage,
controls the rate of the electrochemical reaction at the interface. However, the
frequency is not directly controlled so the impedance may not be well

determined over the desired frequency range.

¢ The second technique is to apply a signal v(¢) composed of random or white

noise to the interface and measure the resulting current. These results are also
generally Fourier-transformed into the frequency domain to acquire the
impedance. This technique is restricted to frequencies between 50-100 kHz,

with application of Fourier transforms below 10 Hz being difficult. The upper
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end of the frequency range is dictated by the speed of analog to digital

conversion computer equipment which is steadily increasing every year.

e The third approach, which is the most commonly utilized technique, consists
of measuring the impedance directly in the frequency domain through the
application of a single-frequency voltage to the interface and measuring the
phase shift and amplitude, or real and imaginary parts, of the resulting current
at that frequency. The most significant advantage is that commercially
available equipment can measure the impedance as a function of frequency
from 1 mHz to 1 MHz. Therefore, the experimentalist can examine the
frequency range of most interest in relation to the application. It is also
possible to combine the two previous techniques with this approach to
generate other forms of stimulus. The most important of these techniques, ac
polarography, combines a linearly varying unipolar transient signal with a

much smaller single-frequency sinusoidal signal [4].

This electrical stimulus consists of a small alternating voltage (¥ (@) ) applied to the

sample and the induced current is measured. The impedance which is derived from

V()

I(o)

plotted on complex impedance diagrams (i.e., Nyquist or Cole-Cole plots) where the

is evaluated as a function of the alternating-current frequency. These data are

imaginary part (Z") is plotted versus the real part of the impedance (Z"') . Depending
on the overall equivalent electrical characteristics of the cell, different plots are
obtained. For example, the response of an ideal parallel circuit consisting of
resistance R and capacitance C appears as a semi-circle centered on the real axis. The
resistance of the circuit is calculated by measuring the diameter of the semi-circle,

whereas C can be calculated from the maximum frequency of the semi-circle.
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Chapter 3: Potentiometric Gas Sensors - Classification System

A solid state electrochemical sensor consists of a membrane of the solid electrolyte
(an ionic conductor) with a pair of electrodes (i.e., cathode and anode) which are
electronic conductors. From these fundamental structures a classification system can
be used to describe a series of sensor configurations. This definition will be applied to
potentiometric sensors otherwise known as galvanic sensors, which are divided into
equilibrium and mixed-potential types. The classification system to be presented will

be for equilibrium potentiometric sensors.

Type I Solid Electrolyte Gas Sensor

Type I gas sensors are constructed from a solid electrolyte in which the mobile ion is

the same as that derived electrochemically from the gas phase. An example of this

type would be an oxygen chemical sensor utilizing an O*” ionic conductor such as
yttria stabilized zirconia (YSZ). This sensor forms an oxygen concentration cell as

follows:

0,,Pt'|YSZ | Pt",0, 3.1)

At the three-phase contact zone consisting of the solid electrolyte (YSZ), electrode
(Pt) and the gas phase (O,) the following electrochemical reaction takes place:

0, +4¢' — 20~ (3.2)

This reaction links the mobile ion species,0*", to the gas phase, O,, as stated

previously. When the partial pressures of oxygen, Po'2 and sz , are established at

either side of the solid electrolyte at the electrodes, the electrochemical force (emf) is

given by the Nernst equation:

.
E=""In-% (3.3)
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where F is the Faraday constant, R is the gas constant and T the temperature in K. If
one of the oxygen partial pressures is known, then the other partial pressure can be

determined using equation 3.3.

In Figure 3-1 a schematic of the cell structure for a Type I solid electrolyte gas sensor
(in reference to a A" conductive electrolyte) is provided. For the case of a YSZ
oxygen concentration cell the mobile ionic species would be equivalent to B (i.e.,
mobile species is B~) with the gas phase and reference activity refering to species B.
The double arrows indicates the mobility of the ionic species throughout the

electrolyte.

A+
ref SOV——
ap A
AB

o
W

Figure 3-1. Type I solid electrolyte gas sensor.

Type I gas sensors are available for simple gases such as O,, H, Cl,, and Na vapour,
using electrolytic conductors with mobile species consisting of O*, H', CI" or Na*
(see Table 3-1). For the oxidic gases such as CO,, NOy and SOy there are no type I

electrolytes available at this time.

Type II Solid Electrolyte Gas Sensor

Type II sensors convert the gas being measured into the immobile ion of the

electrolyte. This class of chemical sensors provides a means for detection of CO,,

NO, and SO, with electrochemical cells consisting of oxy-acids such as K,CO,,
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Ba(NO),, and Na,SO, (see Table 3-2). For example, to measure CO,, a chemical

sensor can be fabricated with the following configuration:

CO,-0,,4u | K,CO, |44, CO, -0, (3.4)

In this configuration, the solid electrolyte consists of K,CO, with ionic conduction

occurring via K ionic conduction. The gaseous components interact with the

electrode, Au, and the electrolyte, K,CO, , via the following electrochemical reaction:

2K"+CO,+50,+2¢' > K,CO, (3.5)

Table 3-1. Material configuration of Type I chemical sensors.

Configuration Solid Llectrolyte Gascous Phase
Zr0,-Y,05 (0%) 0,
N
o - A HUO,PO,:4H,0 (H") H,[5]
()
Sb,PO5:2H,0 (H") H, [6]

In this fashion the gas is converted into the immobile ion of the electrolyte. The emf

of a CO, -0, concentration cell is given by:

12

P, (5,)

. 3.6
PC02 (PO'2 )1/2 G0

RT
Emf()y=—1I1
mf (V) Yk
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Table 3-2. Material configuration of Type II chemical sensors.

Conliguration Solid Electrolyte Gascous Phase

Li,S0, (Li") SO

[7]
Na,SO4 (Na*) SOy
[8]
A+
arf P B
* Ba(NO;),-AgCl (Ag") NO;,
(V) [9]

K,CO; (K" CO;
[10]

SrCL-KC1 (K" Cl,
[11]

If F, =F, it follows that the emf for the cell is given by:

Fo
Emf (V) =—§§ln{P, 2 } 3.7

In Figure 3-2 a schematic of the cell structure for a Type II solid electrolyte gas

sensor is displayed.

A+
ref B ——
ap B
AB

O

Figure 3-2. Type II solid electrolyte gas sensor.
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The sulfur oxide chemical sensor in this work is classified as a Type II sensor,
consisting of a solid electrolyte fabricated with Ag;SO4—Li,SO4, and a reference
electrode consisting of either pure Ag or a mixture of Ag and Ag,S0O4—Li,SOs4, along
with a working electrode fabricated with a Pt gauze or thin film. In the gas flow inlet
quartz tube upstream of the working electrode, Pt strips and wire were placed in a

quartz chamber for conversion of SO, to SO; according to the equation:
SO, +30,= SO, (3.8)

At the Pt working electrode, equilibrium is established according to the reaction:

SO, +10,+2¢'= SO (3.9)

Following a Type II chemical sensor displayed in Figure 3-2, the component AB is
equivalent to Ag,SO, contained within the solid electrolyte (Ag,SOs-Li,SO4), B

consists of SO.~ which is derived from the gaseous SO, phase, and the mobile ionic

species (A") is equivalent to Ag*. The reference in this work consists of pure silver

(Ag®) or Ag mixed with the electrolyte, Ag;SO4~LiSO,.

Various electrolytic membranes consisting of metal sulfates such as:
Ag,80,-K,80,, Ag,SO,-Li,80,, or Na,SO,-Li,SO,-Y,(SO, ), —SiO, have
been determined to be suitable for measurement of SO,. There are available a series

of isovalent and aliovalent sulfates suitable for use as Type Il sensors. The sulfates of
the form Me,;SO; , in order of highest conductivity to lowest, consist of: Rb,SO,,
Cs2804, K3S04, Li,SO4, and Na,SO4. However, with these electrolytes the reference
electrode would be somewhat difficult to fabricate due to the reactivity of the metallic
components (Group 1A elements) in air. The next group consists of sulfates of the
form MSO,, in order of highest conductivity to lowest: MnSQO4, CoSQ4, NiSOq,
ZnS04, CuS0O4, CaSO4, MgSO4, BaSO4, and PbSO4. From this group the best choices

use metal - metal sulfate reference electrodes with the following compositions: Co-
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CoS04, Ni-NiSQ;, Zn-ZnSO,, Cu-CuSO4 or Pb-PbSO,. These reference electrodes
are preferred since the metallic components are stable in air. The remaining reference
electrodes would require handling of Ba, Ca, Mn, and Mg in an inert atmosphere, due
to their reactivity with air and/or moisture. Finally, sulfates of the form M»(SOy4); in
order of highest conductivity to lowest, consist of: Gd»(SO4)3, Lax(SO4)3, Y2(SO4)s
and Dy,(SO4)s. From this group the best choice would require construction of a
reference electrode consisting of Gd-Gd,(SO4)3. For the remaining choices, La, Y and
Dy require an inert atmosphere during assembly, followed by encapsulation for

protection from air.

Selection of a sulfate solid electrolyte and sulfate based reference electrode is based
on the thermodynamic stability of the solid electrolyte for the intended application,
temperature of operation, required ionic conductivity, compatibility with respect to

interfacial reactions, and ease of assembly.

Type III Solid Electrolyte Gas Sensor

Type III sensors conform to an electrochemical device of unconventional structure.
This type of sensor conmsists of an oxy-acid of the gas being measured, which is
attached to a solid electrolyte membrane. In this case the solid electrolyte cannot
measure the gas concentration without the addition of an auxiliary phase (oxy-acid
salt). This type of sensor has a significant advantage in that the monolithic membrane
of an oxy-acid can be replaced by a more conventional and proven solid electrolyte,
such as NASICON, a ZrO, based electrolyte, or f-alumina, etc. In this situation the
solid electrolyte can detect the intended gas with the addition of an auxiliary electrode

consisting of a sulfate, carbonate, or nitrite/nitrate.

Type III sensors were initially developed by Maruyama and Saito [12] using an

electrochemical cell constructed with NASICON ( Na,Zr,Si,PO,,), a Na* conductor,
for the measurement of SO, concentrations. It was observed that when NASICON was

exposed to SO,, Na,SO, formed spontaneously on the surface. Therefore, in this
-20 -
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case the auxiliary oxyacid consists of Na,SO,. The configuration of the cell is of the

form:

S0, -0, - SO,,Na,SO,, Pt | Nasicon|Pt", Na,S0,, 50, - 0, - SO, (3.10)

In this situation, SO, is produced up to its equilibrium concentration through the
oxidation of SO, in the quartz catalyzing chamber and at the Pt electrodes. It follows

that the electrochemical reaction for both electrodes consists of:

2Na* +80, +10, +2¢' = Na,S0, (3.11)

Therefore, this cell would measure the concentration SO, via the overall cell reaction
as given by:

" (p 1/2
E=XT 1 ff‘-’—("—)l/z (3.12)
2F |\ Fo, (B,

In these devices the solid electrolyte membrane consists of NASICON in which the
mobile ion is Na*, combined with an auxiliary phase consisting of Na,SO,, with the
same mobile ion Na®. Typically, Type III sensors are further classified into three
subtypes according to the relation between the mobile ions of the solid electrolyte and

the auxiliary phase.

Type II1a Solid Electrolyte Gas Sensor

For a Type IIIa sensor the mobile ion (i.e., A*) contained in the solid electrolyte and
in the auxiliary phase are the same (see Figure 3-3). In Table 3-3 some typical
material configurations for a Type Illa gas sensor are shown. Included in this table
are some previously examined sensor configurations along with some additional

proposed systems. These systems would consist of a Li* based fast ionic conductor
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with Li;SO, as the auxiliary, or a Ag+ based fast ionic conductor with Ag>SQO, as the

auxiliary.

It is important to choose a solid electrolyte that can be fabricated with high enough
density to ensure gas tightness. The auxiliary phase also needs to be dense and gas
tight so as to ensure proper coupling of the measured gas phase through the auxiliary
to the solid electrolyte. As will be discussed later, fabrication of sulfate based
electrolytes and auxiliary electrodes is crucial in implementation of these types of

SCnsors.

Auxiliary
Phase
At AT
ref -— -
ap C
AB AC

©

Figure 3-3. Type IlIa solid electrolyte gas sensor.

Type IIIb Solid Electrolyte Gas Sensor

For a Type IIIb sensor the mobile ions in the solid electrolyte and the auxiliary
electrode are different but have the same valence. As shown in Figure 3-4 the mobile
ions in the solid electrolyte and auxiliary electrodes are depicted as A*and A™,

respectively. Presented in Table 3-4 are some typical material configurations for Type

ITIb gas sensors.

In addition, it would be possible to construct Type IIIb sensors for the detection of
SOy utilizing sulfates in the auxiliary with the form Me;SO4 (the mobile ions are

different but must have the same charge). As previously discussed there are several
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sulfates from this group which possess high ionic conductivity (at 250-400 °C) which

would be ideal candidates for this type of sensor. In addition, there are various

techniques available for the deposition of thin films of NASICON [13-25].

Table 3-3. Material configuration of Type IIla chemical sensors.

Configuration

Auxifiary
Phase
At A*
ref -— pr—
ay C
AB AC

Solid Electrolyte

Auxiliary Phase

Gascous Phase

B-Alumina (Na") Na,SO4 (Na*) SO«
[26]
B-Alumina (Na") NaNO; (Na*) NO,
[27]
NASICON (Na") Na,CO; (Na") CO,
[28]
Li* Conductor Li,COs (LiY) CO,
[29]
Li* Conductor Li,SO, (Li%) SO,
(proposed)
Ag" Conductor Ag,SO4 SO«
(proposed)
“fast” cation with matching SO
conductor cation conducting (proposed)
(Me;S0Oq, sulfate
M62804, or (M62SO4, M82SO4,
MSOy) or MSOy)
LaF; (La™) LaOF (La") 0,
[29]

Reproduced with permission of the copyright owner.
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Type IIlc Solid Electrolyte Gas Sensor

For a Type Illc sensor the mobile ions in the solid electrolyte and the auxiliary

electrode are different and also have a different charge. As depicted in Figure 3-5 the
mobile ions in the solid electrolyte and auxiliary electrode are depicted as B~ and

A", respectively. Presented in Table 3-5 are some typical material configurations for
Type Illc gas sensors. This an extremely flexible form of a gas sensor, in that the
solid electrolyte typically consists of ZrO, based electrolytes which are available
commercially with high gas tightness. It is also possible to deposit thin films of ZrO,-
Y-,0;, via sputtering, sol-gel, screen printing or electrophoretic deposition processes
[30]. This would be advantageous in the development of micro-machined gas sensors.
The solid electrolyte thin film would be combined with an auxiliary sulfate(s) phase
from the groups consisting of either Me,SO4, MSO4, or M(SQO4)s for detection of
SOy. Since the mobile ions in the solid electrolyte and the auxiliary phase can be of
different charge and different type, this allows considerable flexibility with sensor

configurations.

Auxiliary
Phase
At At
ref S O .
ap C
AB A'C

S

Figure 3-4. Type IIIb solid electrolyte gas sensor.
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Table 3-4. Material configuration of Type I1Ib chemical sensors.

Conliguration Solid Auxiliary Phase Gascous Phase
Electrolyte
o | == 2= NASICON LiCO; (Li%) CO;
AB AC (N a+) [3 1]
—()-
NASICON Ba(NO;), (Ba") NO
(Na") [32]
NASICON Mest4 SOX
(Na") (same valence charge (proposed -
— different mobile Eastman
ion)
Auxiliary
Phase
B AT
ref - -
ap c
AB AC

Figure 3-5. Type Illc solid electrolyte gas sensor.
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Table 3-5. Material configuration of Type Illc chemical sensors.

Gascous Phase

Solid Electrolyte Auxihiary Phase

Configuration

Zr0,-MgO (0%) Li,SO4 (Li") SO,
[33]
o | = =] Zr0,-MgO (0%) Li,COs (Lih CO;
AB Ac [34]
—(-
ZrO;-MgO (0%) | Bay(NO;), (Ba™) NO,
[35]
LaF; (F) Li,COs (Li") CO,
[36]
Zr0,-MgO (0) | Me,S04, MSO,, SO,
M,(SO4)3 (proposed)
-26 -
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Chapter 4: Literature Review — Sulfur Chemical Sensor Technology

The production of SO, gas in industrialized economies results in the acidification of
rain due to the formation of sulfuric acid (H,SO,) causing a significant negative
impact on the environment. Major industrial sources of SO, emissions originate from
coal-fired power plants, oil and gas production, non-ferrous smelting operations, and
diesel engine road vehicles. Methods for detection and measurement of SO, in stack
gases consisting of chemical analysis (i.e., West-Gaeke coulometric and hydrogen
peroxide techniques) and instrument analysis (flame photometric detection and UV
fluorescence technique) are considered to be complicated and expensive to operate.
Therefore, considerable effort has been expended in finding suitable methods for the
continuous detection and monitoring of SO, emissions. One of the possible solutions
is the development of potentiometric or galvanic cells utilizing solid electrolytes. As
measurements can be made in situ, superior accuracy is possible. Sensors based on
solid electrolytes have a relatively more complicated design but are more selective to
SOy. In comparison, gas sensors constructed with metal semiconductor oxides may be
simpler, but suffer from lack of selectivity and interference from other gaseous

species with similar chemical and physical properties.

Fused salts
Early work performed by Salzano and Newman [37] consisted of fused salts, i.e.,

Na,S0,,K,S0,,Li,SO,, as the electrolyte in conjunction with a cationic permeable

quartz. Contained within quartz envelopes, platinum leads were placed in contact

with additional fused salt. In both of the quartz envelopes mixtures of SO, + O, were
flowed; the reference electrode with a known concentration of SO,, and the working
electrode with an unknown concentration of SO,. These cells were found to be
capable of measuring concentrations of SO, in the ppm range according to the Nernst

equation (i.e., Nernstian response) .
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Sulfate solid electrolytes
In work performed by Gauthier et al. [9, 38], the fused salts previously utilized by

Salzano were replaced with a solid electrolyte consisting of K,SO,. Using gas
mixtures of SO, + O, at the working and reference electrodes, the cell responded to

SO, concentrations between 0.5 and 40,000 ppm. The limitations of the gas mixture
preparation prevented determination of the lower concentration limit. It was shown
that the emf was essentially constant with a flow rate between a few cm®/min to 500
cm’/min, unlike previous work by Salzano. However, at higher concentration levels
(above 1000 ppm) and at temperatures below 700 °C, it was apparent that conversion
of SO, to SO; was not reaching equilibrium, with a subsequent drop in the cell emf

noted.

These sulfate-sensor investigations continued with electrolytes such as K;SOq,
Na,S0O, and Li,SO4 by Liu and Worrell [39, 40] . It was shown by Mari et al [41]
that decreasing the thickness of the solid electrolyte reduced the response time of the
sensor. In work performed by Worrell [7], it was shown that it is possible to utilize a
two-phase electrolyte consisting of Ag;SO4 and Li,SO, for the measurement of SO,
and SO;. In the two phase region (containing the phases ali,SOsss and (Ag,
Li),SOsss), the chemical potential of each phase is constant at constant temperature.
A chemical reaction can change the amount of each phase, but not its composition or
chemical potential. In addition, if the Ag-Ag,SO, reference electrode is constructed
with the same chemical potential as the two-phase electrolyte, there will be no
chemical interaction between them. Qualitative experiments clearly indicate that the
lower SO, concentration limit for reliable measurements is determined by the
thermodynamic decomposition of Ag,SO4 [38, 42] which is, in theory, approximately
10" ppm SO; in air at 530°C. The upper limit is related to the transport of SO, and/or
SO; from the gas mixture to the silver components of the two-phase electrolyte.
Hence, the upper limit is related to kinetic factors that vary with cell design and are,
therefore, more difficult to determine. Evidence obtained from work by Liu and

Worrell [40] has determined that the upper limit is at least 10,000 ppm SO2/SOs. The
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construction of a sensor with these materials has the potential for measurement of
S0,/SOs concentrations from sub-ppm to 10,000 ppm with a single sensor.

The ionic conductivity of Ag,SO4 was determined to increase several times with the
addition of either A;SO,, with A = Li, Na or K, or MSQO,, with M = Sr or Br [43].
With the addition of 5.3 m/o of K,SO4 the conductivity increased five times over pure
Ag:SO;. The conductivity varied from ~1.9x107 S/cm at 250 °C to ~0.12 S/cm at 560
°C. There was a smooth linear increase in conductivity without the large increase in
conductivity of pure Ag,SO,4 at 420 °C due to a phase transformation. It was also
observed that the addition of 0.27 m/o BaSQO4 to Ag,SOy increased the conductivity
about half an order; however, a large step increase in conductivity at 420 °C was
observed as in pure Ag;SO,. The conductivity of BaSO, doped material varied from
~2.4x10° S/em at 260 °C to ~0.02 S/cm at 560 °C. The activity of Ag,SOy in
Ag,S0,4-(0.27 m/o) BaSO, is very close to unity and is expected to remain at this
level over time. In addition, the thermal shock resistance is significantly improved

with a small amount of BaSO,. The sensor was of the following configuration:

Pt|Ag,SO,-(0.27mol% BaSO, )| Ag @.1)

The working electrode consisted of a Pt mesh with the reference electrode consisting
of Ag wire. This is an extremely simple design which is very amenable to
miniaturization. The sensor was found to display a linear relationship between emf
and the log of SO, concentration from 10-10,000 ppm at 600 °C. This sensor would
also be suitable for operation between 450 and 600 °C and possibly lower
temperatures, depending on the kinetics of the electrode reactions and the ionic
conductivity of the solid electrolyte. Two different types of catalyst for the
conversion of SO, to SO; were tested, one consisting of porous V,0s powder, the
other being a Pt —coated quartz fiber catalyst. The V,0s5 catalyst was found to take a
long time to adjust to changes in SO, concentration (i.e., 40 min for a change from
713 to 484 ppm SO;) due to adsorption and desorption of SO, and SO; on the surface

of the powder. In comparison the Pt-coated quartz fibre took three minutes to respond
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to a change in concentration from 467 to 267 ppm of SO,. Clearly, a properly

designed catalyst is required as part of the overall sensor design.

Alternative solid electrolytes

SOx Sensors:
The solid electrolyte CaF, had been utilized in a SO, sensor with a CaSO4 auxiliary

electrode [44]. Unfortunately, the sensor displayed a very slow response to SO, of
between 2-8 hr. It was also found that CaF, is not stable in a humid atmosphere

according to the following reaction:

CaF, + H,0 + SO, = 2HF + CaSO, 4.2)

It is also possible to utilize NASICON (Na,,, ZrSiP,_,0,(0<x<3)) with an

auxiliary electrode consisting of Na;SO4-BaSO4 [45]. In this work the cells were of

the configuration:
Cell I Pt,S0O,,0,|Na,SO,|NASICON|O, in air, Pt
(4.3)
Cell IL: Pt,S0,,0,Na,SO,-BaSO, |NASICON|Na,SiO,, Pt
4.4)

In cell II the reference electrode consists of Na;SiO4 and Pt. The cell that utilized O,
in air as a reference electrode was found to be very unstable. However, in Cell II with
the solid phase reference electrode, good agreement between measured and calculated
slopes from the Nernst equation was observed. This was studied with mixtures
consisting of between 5-98 ppm SO, in air. It is well known that Na,SO, is
deliquescent and will absorb water. Therefore, the addition of 40 m/o BaSOy4 to the
auxiliary electrode was found to eliminate the water vapour effect when exposed to a

wet SO, atmosphere. However, all the measured experimental data were somewhat
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below the calculated values. The explanation provided was that the reaction between
the inlet SO, gas and water vapour results in the formation of H,SO4, with the gas
composition being reduced according to the extent of this reaction.

A series of micro-machined thin film solid state electrochemical sensors capable of
detecting CO,, NO, and SO, were fabricated [46]. The SO, sensor consisted of the

following configuration:
SO, Sensor SO,, Pt|Na,SO, — BaSO, — Ag,S0, | Ag, SO, (4.5)

The SO, microsensor had a 90% response time of 1-2 seconds for introduction of SO,
with 5 seconds required to reach the 90% recovery time upon removal of SO,.
Sensitivity was observed to be 50+ 3 mV/decade as compared to the theoretical value
of 51.9 mV/decade at 250 °C.

The power requirement of the micro-machined gas sensors compared to bulk sensors
was 5 mW versus 15 W, respectively, and response and recovery times were between
6-15X faster with the micro-machined sensor. Since the solid electrolytes were
deposited as thin films, the reaction rate was not governed by the ionic conductivity,
an important benefit with miniaturization. The selectivity of the various sensors was
determined with the addition of CO, CO,, NO,, SO,, oxygen and humidity to the gas
streams. With the CO, sensor there was no measurable interference for CO, oxygen
or humidity, but both NO, and SO, had an effect between 10-100 ppm, causing the
emfto change by 75 mV.

An SO, sensor was fabricated with a working electrode consisting of a Ag plated Pt
mesh, a yttria stabilized zirconia (YSZ) solid electrolyte, an auxiliary phase of
Ag,S04-BaSO; and a reference electrode constructed with a Pt thin film and a bonded

Pt gauze [47]. This sensor was of the following configuration:

Ag (silver plated Pt),SO, | Ag,SO,-BaSO, | Yttria-Zirconia|Pt,O, (4.6)
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The YSZ disk was 15 mm in diameter and ~0.5 mm (500um) thick, with a 90%

response time to 100 ppm SO, of 40 seconds at an operating temperature of 600 °C.
However, the time for recovery to an emf corresponding to 5 ppm SO, was about 1
minute. The sensor was tested with a concentration of between 1 and 1,000 ppm SO,
in air. Over this range the emf was linear to the logarithm of [SO,] with a slope of -
85.6 mV/decade, which was considered to be very close to the theoretical calculated
value of -86.6 mV/decade. For the auxiliary phase, Ag,SO,; was utilized instead of
Li,SO4 due to its lower water solubility. This is an important distinction since typical

combustion exhausts contain a substantial amount of water vapour.

A SO, potentiometric sensor consisting of a Agt-glass-Ag,SOs composite solid
electrolyte was investigated for the measurement of SO in a temperature range from
573-773 K [48]. In this work a glass phase consisting of 10Ag,0:30Si10,:60B,0; was
dispersed into Ag,SO, forming the glass electrolyte. Polycrystalline ion conductors
are preferred over single crystal and glasses due to their ease of fabrication, isotropy
in physical and mechanical properties, good response time and thermodynamic
stability. However, polycrystalline materials have built-in micropores which both
hinder the mobility of ions and allow permeation of gas. This is especially a problem
with temperature cycling as the microcracks will continue to grow and eventually
degrade the sensor. An alternative is glass dispersed composite electrolytes, which
have been reported to be less porous as well as highly conductive [49]. The glass was
found to not only fill the pores in the Ag,SO,4 material, but also to reduce the grain
size with an optimum reduction of voids at 30 wt.% glass. However, at 20 wt.% glass
the maximum conductivity was obtained. With these materials a cell was constructed

with the following configuration:

Ag-Ag,S0O, |Glass-Ag,SO, | Pt 4.7)

The reference electrode consists of a Ag-Ag,SO4 mixture with the solid electrolyte
formed from the glass-Ag,SO, mixture and a working electrode fabricated out of a

thin film of sputtered Pt.
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This sensor was tested with a gas mixture consisting of either 500 or 1,000 ppm of
SO, with a fixed oxygen partial pressure of 21 vol% oxygen at a temperature of 773
K. It was determined that this sensor is capable of measuring from 100-10,000 ppm
of SO, in 21 vol.% O,. The time to reach 90% of final response value was found to be
50 seconds for a solid electrolyte pellet with a thickness of between 1-2 mm ( 1,000-

2,000um). It was determined that in comparison to a pellet constructed of pure

Ag;S0,, the glass composite yielded a higher emf. This was attributed to the fact that
since pure Ag,SO,4 will present voids and micro-cracks at the surface, inferior ohmic
contacts will result at the interfaces between the solid electrolyte and the electrodes. It
was suggested that the uniform distribution of fine Ag,SO, grains at the surface of the
composite solid electrolyte provide a large number of triple points ( Pt-Ag;S04-SO3)
resulting in rapid equilibration and a shortened response time. This would explain the
relatively short response time of 50 seconds observed, for the thick pellets used (1-2
mm). In addition, after five thermal cycles, it was determined that pure Ag;SO,

developed micro-cracks, whereas the glass composite remained intact.

A solid state electrochemical sensor for measurement of SOy was constructed with a
bi-electrolyte structure consisting of Na3Zr,Si,PO1, (NASICON) and Y,03(8m/0)-
Zr0O; [50]. The sensor was of the form:

Pt, YSZ(thin film)| NASICON|Na,SO,, Pt (4.8)

In previous work, biphasic reference electrodes consisting of either Na,TiOg + TiO;,
Na,Ti307 + Na,TigOq3 , or NayTi307 + NayTigO13 were utilized for the measurement
of CO, gas [51-53]. However, if any of these biphasic reference electrodes were
exposed to SOy, thermodynamics predicts the formation of Na;SO4 from Na,O
present in the reference electrode material and the SOy gas. This would result in
instability of the open circuit voltage of the SOy sensor over time. The bi-electrolyte
design was chosen for the following reasons: to prevent the formation of Na,SO4 at
the reference electrode surface of the NASICON solid electrolyte, to eliminate the

need of isolating the reference electrode from the sensing electrode, and to provide a
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planar sensor design that is simple to fabricate. This sensor’s emf was measured from
823-1123 K at concentrations ranging from 100-3000 ppm SO; in air. The SO, gas
mixture was converted into SO; by passing the gas stream through a heated ceramic
honeycomb Pt catalyst before it arrived at the working electrode. It was determined
that the measured emf of the sensor varied non-linearly as a function of temperature
between 823-1123 K with a gas mixture containing 1000 ppm SO,. The theoretical
emf values were about 230 mV lower at higher temperatures and about 280 mV lower
at lower temperatures in comparison to the measured values. With operation of the
sensor between 973-1023 K in gas mixtures of 100-3000 ppm SO, in air, the
measured emf was about 120 mV lower; however, the slope of the theoretical
calculations agrees very well with the observed values. The deviation from the

theoretical emf was attributed to:

e Non-equilibrium conditions prevailing in the gas mixtures at lower
temperatures

¢ Uncertainty in the thermodynamic data for Na,SO,4, Na,O and SO;

e The composition of the NASICON was closer to x = 1.5 (Nay sZr,Si; 5P; 5012)
instead of x =2 (Na3Zr,Si,POy7)

The time required for the sensor to reach 90% of the stable emf value was found to
vary between 10-20 minutes depending on the temperature. Therefore, this sensor

displayed a slow response to changes in gas concentration.

A NASICON based sensor was constructed utilizing a Na,SO4-BaSO, auxiliary

electrode consisting of the following structure [54]:

Pt,S0,,0,|Na,SO, -xBaSO, |NASICON|Na,SiO, |Pt (4.9)

NASICON is a good choice for use in SO,, NO, and CO, sensors due to its high Na*
conductivity at even relatively low temperatures (200-250 °C), no crack formation
during thermal cycling and a negligible electronic transference number of 107, As
previously noted the use of a Na,C0O3;-BaCO; auxiliary in a NASICON based CO,

-34 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



sensor improved the effect of moisture on this sensor [55]. Therefore, the addition of
x = 0-40 mol% BaSQ4 (water solubility of 0.000115 in 100 parts of water) into the
auxiliary was added to reduce the effect of moisture in the measured gas stream. The
reference electrode consisted of Na,SiO;. Gas mixtures consisting of between 5-95
ppm SO; in air were introduced into the sensor at a flow rate of 200 cm*/min. The
effect of moisture was observed by bubbling the gas mixtures through a water
reservoir at a given temperature. Cells with an auxiliary electrode consisting of
Na,SO, only displayed unstable sensing behaviour (i.e., 50 mV spread in response) at
the lower operational temperature of 400 °C. However, cells constructed with either
pure Na,SO4 or Na,SO,;-xBaSO, auxiliary electrodes exhibited stable behaviour
above 550 °C in dry SO, atmospheres, arising from the lack of moisture and the
complete conversion of SO, to SO; at the higher temperature. For cells with either
pure Na;SOs4, 10 m/o BaSO4, 20 m/o BaSO4 or 30 m/o BaSQys, the slopes in the plot

of emf versus log( Psoz<.-n) ) were in good agreement with the expected Nernstian slope

at 550 °C in dry SO,. Cells consisting of pure Na,SO,4 only were found to become
unstable after only 10 days, even with dry SO,. By comparison, with an auxiliary
consisting of 10 m/o BaSO,, a cell operated at 550 °C with gas concentrations
between 5-95 ppm SO, was stable for 30 days. As the BaSO,4 content was raised from
10 to 40 m/o in the auxiliary electrode, the shift in the cell emf due to water vapour (
~4 vol%) declined from 25 mV to 3 mV. The remaining shift of 3 mV was attributed
to the formation of H,SO,4 from water vapour, oxygen and SO, according to the

reaction:

SOy + 705 THyO = H,S80,, (4.10)

2e)

Extended long-term testing of more than six months needs to be performed, as 30
days is too short for long term or commercial applications. Response times of 5, 3 and
4 minutes at 550 °C for pure Na;SO4, 10 m/o BaSO;, and 20-30 m/o BaSQy in 90 ppm
SO, were observed, respectively. The shortest response time was with a cell

consisting of a 10 m/o BaSO;, auxiliary electrode due to a porous, needle-like surface.
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In most instances the reference electrode is physically separated from the working
electrode. This requires gas tight electrolytes with good sealing between the sensing
and reference sides of the sensor. Since sensors operate at relatively high
temperatures, i.e., > 250 °C, there are sealing problems due to differential expansion
coefficients in the materials that are commonly used. It is somewhat difficult to
construct gas tight, long lasting cells, especially when temperature cycling occurs.
The application of a gas reference electrode is not practical except for a few

specialized applications.

To eliminate the need for a separate reference electrode, various sensor configurations

have been developed and tested. In one configuration an SO, sensor based on
temperature gradients and mobile Na® in B"-alumina without a reference electrode

was tested [56]. The temperature difference between the reference and working
electrode was about 100 °C, resulting in a large deviation in the experimental emf as
calculated using the Nernst equation for an isothermal system. Response time for this
cell was 10 minutes, too long for most applications, but the simple design holds

promise if micro-machined.

The most recent work consists of an electrochemical cell constructed with a Na;SO,
auxiliary, combined with a divalent (Mg®") solid electrolyte consisting of
MgZr4(POg)s [57]. This cell had the following structure:

Pt, SO,,0, |Na,SO, [MgZr, (PO,), | 0,,SO,, Pt @.11)

The porous Na;SO,4 auxiliary layer was attached to one side of the MgZrs(POy)s
electrolyte by coating with Na,SO, paste and sintering at 1173 K for 5 hr. As the
sensor responds to SOj, the measurement of SO, requires conversion to SOs.
Therefore, alumina pellets containing 1% Pt adjacent to the auxiliary electrode were
used as a catalyst. The sensor was tested under controlled conditions at various SO,
concentrations, operating temperatures and partial pressures of O,. For the SO, flow (

set at 100 cm*/min) the mixture was prepared by diluting a parent gas consisting of
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5,000 ppm of SO, in air + N, with synthetic air. The SO, concentration was varied
from 0-1,000 ppm in air with F, = 20.95%. Temperatures from 873-1073 K were

investigated with the sensor. The measured emf response of the sensor versus the
log(Pso;) was determined to be linear along with a negative slope at all test
temperatures. The number of electrons transferred in the electrochemical reaction,
given as n, varied from 0.95 at 673 K, 1.16 at 923 K, 1.54 at 972 K, to 1.56 at 1021
K. It was observed that n approached the value of 2 at higher temperatures. The
response time to achieve 90% of the stable emf value was less than 3 minutes, with
response times decreasing as the SO, concentration increased. In comparison, the

recovery time on switching off the SO, flow was 5 minutes.

H,S Sensors:
A potentiometric gaseous sulfur sensor consisting of Ag B-alumina was constructed

and tested for the range between 908-1043 K with H,S gas [58] . The sensor

examined in this work consisted of the following configuration:

Ag| Ag'B-Alumina|Ag,S, MoS,, S,,,,N,,Au (4.12)

It was determined that Pt at the working electrode had an adverse effect on the
equilibration of H,S/H, and was, therefore, replaced with gold. This improved the
response but the addition of an in-situ layer of Ag,S and MoS, was also required. To
activate this layer, a 17 hr activation via a flow of 1% H,S at 825K was performed.
This sensor was found to be capable of measuring sulfur fugacity as low as 100 Pa
(10® atm) which were obtained from dissociated H,S in a narrow range of

temperature from 950-1050 K in oxygen-free non-reducing atmospheres.

For the measurement of H,S in coal gasification atmospheres, a sensor was

constructed consisting of Na-B-alumina as the solid electrolyte and Na,S as the

auxiliary phase [59]. The configuration of this sensor is as follows:
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Pt,Na,S|Na-p-alumina|Fe,0,-Na,O-Fe,O, (4.13)

This sensor was placed into a coal gasification unit with H,S concentrations set at
2000 ppm. With the addition of limestone, the concentration drops to below 200 ppm.
The sensor was capable of measuring H,S concentrations from 2000 to 150 ppm at an
operational temperature of 860K. The experimentally obtained emf values
corresponded with theoretical values. Since the coal gasification atmosphere has an
oxygen concentration of only 0.2 vol%, this atmosphere is considered to be reducing.
It was determined that this sensor is usable as an online H,S gas sensor and will

survive in an aggressive coal gasification atmosphere.
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Chapter 5: Sensor Performance Factors

Selectivity

This is probably the most important characteristic of a chemical sensor, the ability to
discriminate between different substances. The behaviour is primarily a function of
the selective component, although the operation of the sensor or transducer can
contribute to the selectivity. Solid state ionic chemical sensors are inherently selective
to their associated gaseous species. This is not the case with other chemical sensors
based on semiconductor and optical technology, with interference from other gas

species being a serious problem.

Sensitivity

Sensitivity of an instrument is the minimum detectable change of the variable being
measured (the measurand). The required sensitivity can vary depending on the
intended application, with liquid sensors typically requiring sub-millimolar
sensitivity, but in some special cases sensitivity can be necessary into the femtomolar
(10"° M) range. In comparison with gas sensors, the required sensitivity is typically in

the ppm range, with special cases requiring ppb sensitivity.
The equation for the sensitivity of a potentiometric sensor is given by:

§B= nFP
8E RT

(5.1)

where 6P is the variance in the pressure, OE the variance in the cell emf, n the number
of electrons transferred, F the Faraday constant, P is the pressure, R the gas constant
and T the temperature in Kelvin.

It follows that the sensitivity or relative error (5 %) in measurement of a gas

pressure is given by:

® _1nF g (5.2)
P RT
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For the sulfur oxide sensor studied in this work, the sensitivity is given by:

sensitivity = S—P _2F oE (5.3)
P RT

With the sensor operating at 535 °C the sensitivity is equivalent to:

sensitivity = %P— = 28.7(8E) 54

where OE = accuracy in the measured voltage, which is 0.001 V.

Therefore, the sensor in this work has a sensitivity of 2.9x107, For example, a gas

concentration of 100 ppm in SO, would result in a sensitivity of 2.9 ppm.

It is important that measurement of the open circuit voltage is performed with a high
impedance voltmeter or an electrometer. If the impedance is not high enough, the
electrodes can become polarized. For continuous measurements of cell voltages it is
recommended to utilize an electrometer with an input impedance of 10'* ohms or

higher.

It is important in the design of the sensor that effective shielding of the external
voltage measurement circuit is incorporated, so as to maximize the accuracy of the
voltage signal. Also, the higher the ionic conductivity, the less susceptible the sensor
is to interference from stray electrical fields, resulting in a more accurate
measurement of voltage. Properly shielded and grounded lead wires along with a

grounded shield around the sensor would also be beneficial.

Variation in temperature across the sensor will also create an additional contribution
to the measured cell voltage or emf. For example, with an oxide based solid

electrolyte cell this contribution is defined by:

E = (1P~ (B, ) ] + @(B-T) (55)
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where T, and T; are the temperatures at the two electrode-electrolyte interfaces,

My, and Py are the chemical potential and partial pressure of the gas phase X, and &

is the seebeck coefficient consisting of the partial entropies and heats of transfer of

the electrolyte and the electrode.

Accuracy

The accuracy of an instrument indicates the deviation or error of the reading from a
known input. Related to the accuracy is the precision or the ability to reproduce a
certain reading with a given accuracy. Uncertainty differs from the error in that it is
an estimate of uncertainty or confidence in a measurement without having a known

value with which to compare.

Accuracy is expressed in terms of either the absolute error or relative error. The

absolute error, E,, of the mean or average, X, of a small set of measurements is

given by the relationship:

E, =%-x, (5.6)

where x; is the accepted value of the quantity being measured.

The relative error, E, , , is typically given by:
E, = (x - x") 100% (.7)
X;
The absolute error, E,, consists of random or indeterminate errors, E, ., and
systematic or determinate errors, E ..., as given by the equation:
E, =E .ion + E, somai (5.8)
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When a set of measurements is repeated on the same sample, the data are typically
scattered due to the presence of random or indeterminate errors which is an indication

of the imprecision in the data. Random error is typically described by the equation:

 STDEV = (5.9)

where STDEV is the standard deviation and N the number of measurements.

Typically, during measurement, random errors result in the data not all falling exactly
on the line of a curve fit. It is usually assumed that deviation from the expected values
is due to errors in measurement of the values on the ordinate axis. The values on the
x-axis are considered to be known exactly. This is of course relative, as error in gas
concentration is not insignificant in this experimental work. The vertical deviation of
each point from the straight line is called a residual. And the line generated by the
least-squares method (see Appendix B) is the one that minimizes the sum of the
squares of the residuals for all of the points. This technique is utilized in
determination of error in the experimental cell equations with respect to the slope and

y-intercepts.
Systematic error has three sources consisting of instrumental, personal and method:

o Instrumental errors include drift in electronic circuits, leakage in vacuum
systems, temperature effects on detectors, induced currents from ac power
lines, decrease in voltage of battery sources, and calibration errors in meters,
weights and volumetric equipment. It is, therefore, important to perform

periodic calibration with quality standards so as to reduce systematic error.

e Personal errors are those introduced into a measurement due to judgments
made by the experimentalist. For example,v estimating the position of a pointer

on a scale, the color of a solution in a titration, and prejudice contribute to
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personal error. This type of error is reduced through the automation of data

collection with computerized systems.

e Method errors result from non-ideal chemical and physical behaviour of
reagents and reactions upon which the experiment is based. This is the result
of slow kinetics of chemical reactions, losses due to volatility, adsorption of
the analyte on solids, instability of reagents, contamination and chemical

interference.

The sequence for the deployment of an accurate sulfur oxide sensor would require the
creation of a calibration curve covering the span of the desired concentration range. It
is, therefore, important that the concentration of the gas species is provided with the
highest precision possible. From the creation of a calibration curve associated with
each chemical sensor, measurements of the cell emf (volts) permit calculation of the

gas concentration, [SO,, ppm], and the associated error, s in the calculated

measured >

value of concentration. It is apparent that the calibration curve needs to be created
with the highest accuracy possible. Since measurement of the cell emf is accurate to 1
part in one thousand (10.1%), the SO, concentration in the cylinders accurate to
+1% and mixtures of SO, in air accurate to £5%, gas concentration is the major

factor in experimental error.

In more general terms, accuracy can be expressed either in terms of a percentage of
the absolute value measured or as a percentage of the accuracy of the range being
measured. For example, a sensor with a measurement range of between 0-100 ppm
with an accuracy of +5% would be accurate to =5 ppm. This is compared to a
chemical sensor with an absolute measurement accuracy of +5% , which would have
more demanding requirements. For example at a sensor reading of 5 ppm, the
accuracy would be +0.25 ppm whereas for a reading of 90 ppm it would be accurate
to + 4.5 ppm. Regardless, attention must be paid to how accuracy is specified. For
high quality chemical sensors, the required accuracy is typically 5% of the absolute

measurement value. There is also a close relationship between the sensitivity of the
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sensor and obtainable accuracy. This must also be taken into consideration in the

design and performance characteristics of the sensor.

Long-term Stability

Sensors can be divided into two groups, unstable sensors with irreversible drift in the
measured signal and stable sensors with slight reversible fluctuations of the measured
signal. An unstable signal can be explained in terms of a continuous change of
transference numbers of different ions and electrons leading to the change in both »
(the number of electrons transferred) and the value of the measured voltage. Changes
in the ionic transference number are attributed to reactions between the electrodes and
the electrolyte. The composition of the reference electrode also has a significant
influence on the long-term stability of sensors. With stable sensors, fluctuations in the
measured voltage can be due to the formation of phases at the interface between the

reference electrode and electrolyte.

Response Time

The response of a sensor can be defined as the response time in relation to a step
change in concentration. For an increase in concentration, the time required to reach
90% of the steady state value, E; is given as to. When there is a drop in
concentration, the time to reach 10% of the lower steady state value is defined as t;o.
The transient response is given by:

t

E=E,|1l-e (5.10)
t

where 7 is the equivalent time constant of the whole sensor circuit.

The time constant, T, , is equivalent to the time constant of the slowest mechanism.

2 eq’
For comparison, the fastest response times are typically in the range of a few
milliseconds with most other response times in terms of a few seconds or minutes. In

a sensor, the response time is generally imposed by the kinetics required to reach a
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new equilibrium state. Extrinsic phenomena can also occur such as diffusion in liquid
or gaseous phases, convection, and interaction with all components of the sensor (i.e.,
adsorption and desorption phenomena), with all of these phenomena slowing down
the response time. In Figure 5-1 a schematic of an equivalent circuit for a chemical
sensor is given. It is apparent that impedance spectroscopy is a useful tool in
determining the individual components and their effect on response times.

internal external
reference elacirode reference electrode

interface membrane interface

Figure 5-1. Equivalent circuit for a potentiometric sensor

Recovery Time

This is the time that elapses before the sensor is ready to analyze the next sample, the

shorter time required the better — typically less than a couple of minutes for a

chemical sensor.

Working Lifetime

The working lifetime is determined by the stability of the detection material. For
biological sensors it can be as short as a few days; for other applications it should be
several months or years. In general, it is required that a gas sensor should exhibit a

stable and reproducible signal for at least 2-3 years ( 17,000-26,000 hr).
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Chapter 6: Fabrication Techniques

In the fabrication of the sulfur oxide chemical sensor, various techniques were
utilized in its construction. This included compaction and sintering of the base

material as well as thick film and thin film deposition techniques.

Forming and Pressing

In the initial phases of the experimental work, mixtures of Ag,SO4 and Li,SO,4 were
transformed into a green product followed by sintering at 500 °C in an atmosphere
consisting of 500 ppm SO, in air. The final product must be controlled with respect to
density, size, shape, surface and microstructure. For these reasons it is imperative that
the green product is carefully controlled with respect to density and microstructure. It
is also important that if a smooth surface is required, it is initially obtained in the

green product.

Dry pressing utilizes punches which are pushed into hardened alloy or carbide dies
and is commonly used for pressing parts thicker than 0.5 mm and parts with surface
features in the pressing direction. The die and punch sets are typically fabricated with
hardened steel and, if wear is a concern, tungsten carbide or other ceramic inserts are
added. When pressing micron-sized particles the clearance between the die and punch

is between 10-25 um , for granular particles the clearance is up to 100 um.

The maximum pressure used in dry pressing is from 20-100 MPa, with higher
pressures being used for technical ceramics as compared to clay based materials. If
products with two or three dimensional shapes are required, isostatic pressing in

flexible rubber molds would have to be utilized.

Thick Film Deposition

The deposition of thick films is based upon the formation of patterns through the use

of woven screens and viscous pastes. What makes this technique incredibly versatile
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is that virtually any material can be made into a viscous paste, including most liquids
and solids.

Thick film technology originated out of the need to fabricate resistors onto flat
surfaces in combination with the printing of metallic conductors onto circuit boards.
The need for thick film printing of capacitors onto flat surfaces also exists, but for
various reasons, both technical and economic, this process has not been applied to

date.

The thick film technique relies on the sintering of powders together to form either
conductive or insulating layers. This technique is a high temperature process despite
the fact that some metals can be sintered at around 300 °C. Regardless, particle sizes
and distributions should be chosen such that sintering temperatures for both the

conductor and insulating layers possess a common range.

The equipment required for deposition is relatively simple, with a wox}en mesh screen
made of either stainless steel or nylon, mounted under tension typically on a metal
frame. In Figure 6-1 a picture of the screen utilized for thick film depositions with the
sulfur oxide chemical sensor is shown. To define the circuit pattern or deposited
layer, an ultra-violet (U.V.) photosensitive layer was attached to the screen, then
exposed to U.V. light through a mask followed by chemical development. The thick
film paste was then placed onto the printing screen, with the screen suspended about
0.5 mm above the substrate to be coated. A scraper blade called a squeegee traverses
the screen under pressure, bringing the screen with the thick film paste into contact
with the substrate and, therefore, depositing the paste onto the substrate. Since the
screen possesses elasticity, once the pressure on the squeegee is removed, the screen
rebounds from the substrate leaving the thick film deposited onto the underlying
substrate (in this case a round alumina disc). The scraping motion can be performed
by hand or by machine; in this instance manual operation was adequate for
fabrication of the chemical sensor given its moderate patterning requirements. To

achieve dimensional accuracy with printed patterns in the range of 250 um line

widths, simple hand operated equipment is adequate.
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Figure 6-1. Thick film screen and holder

Thick film pastes typically consist of three major components:

e The powdered metal or compound which makes up the functional
component which provides the electric and/or sensing properties

o A glass frit or oxide also in particulate form which acts as a bonding agent
for joining of the functional layer to the substrate

e An organic vehicle in which the above components are suspended that acts
as a vehicle for the components to be sintered. This vehicle typically
consists of a blend of volatile solvents, polymers and/or resins which
provide a homogenous suspension of the functional materials and a

rheology suitable for screen printing.
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In this work, the materials utilized as the solid electrolyte possess a melting point
within 50 °C of the maximum operational temperature; therefore, the addition of a frit

is not practical.

The organic vehicle is required to possess a low temperature coefficient of viscosity
and should also be constituted so as to burn off in air without leaving any residue. To
lower the sintering temperature, the mean particulate size of the powders should be

kept below 5 um . During the firing process a large amount of shrinkage (up to 30%)

will occur as the organic binders are burnt out and as higher temperatures are reached.
The final size of the crystals formed is related to the firing temperature, the particle

size and size distribution of the original powder, and the cooling rate (if very slow).

Thick film metallic conductor compositions typically consist of finely divided metal
powder combined with a small amount of glass frit, which is carried in an organic

vehicle. Typical components for a thick film paste are outlined in Table 6-1.

A simple formulation of organic vehicles typically consists of terpineol-type solvents

and cellulose-type resins, most commonly « —terpineol and butylcarbitol as the

solvents and ethyl cellulose as the polymeric viscosifier. The relative fractions of
these ingredients are varied according to the types and amounts of the inorganic
materials in the paste. These thick film vehicles are utilized in the printing of a variety

of solid systems.

As the base metal systems became more common, nitrogen firing of the thick film
depositions required a different selection of organic vehicles. In the normal firing of
thick films in air, pyrolysis or burn-off of the organic carrier occurs. However, in
nitrogen firing, many thick film compositions will not burn-off properly. Therefore,
alternative solutions have been developed that utilize resins that de-polymerize during
heating in the presence of nitrogen. These materials consist of acrylic resins and nitro-
cellulose which decompose in the absence of oxygen. In certain types of solid

electrolytes this would be invaluable.
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Table 6-1. Thick film composition

Functional Phase Consists of either metal powders ( i.e., Pt, Pd, Ag, Au, etc.) in
conductive inks, metals and metal oxides (i.e., RuO,, Bi;Os,
Ru;,07, Pd, Ag) in resistors, ceramic/glass (BaTiO;, glass) in
dielectrics and in our application solid electrolyte materials (i.e.,
Ag2804-LiZSO4,, Agst4-Bast4, etc.).

Binder Phase To hold the ink to the ceramic substrate and merge with the ceramic
materials during high temperature firing.

Vehicle Acts as the carrier for the powders and is composed of both volatile
(solvents) and non-volatile (polymers) organics. These evaporate and
burn off during the early stages of drying and firing, respectively.

Modifiers Small amounts of additives which control the behaviour of the inks
before and after processing.

Another option for thick film depositions is the use of slurries, which consist of free
flowing printable suspensions of fine solid materials in either an organic solvent or
water. These are typically applied with brushing or ink jets. There are also polymer
based thick film pastes that don’t require high temperature firing and do not contain a
glassy binder. Instead they utilize a resin consisting of a phenolic, alkyd, modified
alkyd, polyester or acrylic composition. Recently, there has been considerable use of

higher temperature resistant polymides which provide enhanced durability.

Screen printing requires that the ink viscosity be controlled within limits determined
by other rheological properties, such as the amount of inorganic powders in the ink.
Ambient temperature will also influence the viscosity of the ink, altering a vehicle by
as much as 4% per degree Celsius. Therefore, the temperature in the print room

should be maintained with a constant temperature of 20 +/- 2° Celsius.
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The printing screen is prepared by stretching stainless steel wire mesh cloth across the
screen frame and attaching it, maintaining high tension in the mesh. The thick film
emulsion is then spread over the entire mesh, filling all open areas. As the squeegee
moves the ink across the screen, a shearing action causes a decrease in viscosity,
allowing the ink to pass through the patterned areas, onto the substrate. As the
squeegee passes, the screen peels away and the ink viscosity recovers, leaving a well

defined print.

To control the thickness of the deposited layer, the dry print thickness is varied by
employing a different screen mesh. In Table 6-2 the typical final dry print thicknesses
obtained with various screen sizes are provided. The screen mesh size utilized with
thick film depositions in this work was 280 mesh; therefore, the dry print thickness is
in the range of 18-20 um. In designing a miniaturized layered structure, be it an
integrated circuit or a chemical sensor, the thickness of the deposited layers will

determine the lateral spacing of the functional elements.

Table 6-2. Dry print thickness.

Screen Mesh Wire Diameter (pm) Dry print thickness (um)

200 53 25
220 41 23
250 36 21
325 28 16

In this work, the flow of thick film material upon deposition must be both restricted
and controlled once laid done. This is required when holes or vias are required that
allow conductive connections between metal layers and when other dimensions are to
be retained during several firing or sintering cycles. The design of an integrated
sensor would have several structures of this type. There must also be low porosity in
some fired films so as to ensure electrical isolation. This is extremely important in

fabrication of the solid electrolyte layer.
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Thin Film Deposition

Since fabrication of the working electrode consists of a thin film of platinum which
was deposited via physical deposition (evaporation), a discussion on thin film
deposition methods is necessary. Physical deposition of thin films typically utilizes
either evaporation or sputtering techniques. The metal layers for all early
semiconductor technologies were deposited by evaporation, due to the modest
requirements at that time. Since then sputtering has replaced evaporation as the
method of choice, primarily due to its ability to cover surface topology, otherwise
known as step coverage. This has become even more critical as the geometries
continue to shrink into the sub-micron and into the nanometer size ranges. In
fabrication of the sulfur oxide sensor, the main reason for using the evaporation
method was the prohibitive cost of acquiring a platinum sputtering target. However, if
the lateral and vertical dimensions of the sensor are to be shrunk into the sub-micron
ranges for faster response times, deposition of the functional layers would have to be

changed to thin film sputtering.

Traditional Evaporation

Thin films are deposited by applying heat to the source material resulting in
evaporation. As the temperature of a sample is raised, the source material typically
goes through solid, liquid and gas phases. At every temperature there exists an

equilibrium pressure, p,,,, , of vapour above the material. When the sample is below

the melting point it is called sublimation, above the melting point it is called
evaporation. For the case where the sample charge being evaporated is liquid it has

been shown that the partial pressure in torr, p,,,, is givenby:

pevap =3x1012 0_3/2 T—1/2 eAHV/NkT (6.1)
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where o is the surface tension of the metal, N is Avogadro’s number, AH, is the

enthalpy of evaporation, kis the Boltzmann constant and 7 is the temperature in
Kelvin.

In practise, even small errors in the determination of AH, will result in large errors in

calculation of vapour pressure. Therefore, the vapour pressures are generally
determined experimentally. In Figure 6-2 the vapour pressure curves for commonly
evaporated substances is given. These values were derived from equations tabulated

in Metallurgical Thermochemistry, 5™ edition [60].
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Figure 6-2. Vapour pressure of evaporation materials

It is possible to determine the vapour pressure experimentally under high vacuum
conditions. If the heated source resides in a high-vacuum environment, the vaporized
atoms or molecules are likely to strike the surface of the substrate without any
intervening collisions with other gas molecules. The rate of mass evaporated from the
source per unit area per unit time, I', due to this evaporation can be estimated from

the Langmuir-Knudsen equation and is given as:
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172
[ (gmeecm™es")=5.834x107 (yf—) ® Derer (6.2)

where M is the molecular weight and T the temperature in Kelvin.

Assuming a uniform evaporation rate across the entire evaporation area and no
variations during time, I" can be obtained from experimental measurements and

inserted into equation 6.2 to obtain the evaporation partial pressure, p,,,, . Typically

metal evaporation rates are found to be I'=10" gm/cm? sec for pressures in the range

of 10 millitorr. For more information on metal evaporation rates refer to “Scientific

Foundations of Vacuum Techniques” [61] .

To obtain reasonable deposition rates, the partial pressure of the material being
evaporated must be at least 10 millitorr. It is apparent from Figure 6-2 that several
materials need to be heated to very high temperatures to achieve vapour pressures
which provide reasonable deposition rates. These materials known as refractory
metals, i.e., Ta, W, Mo and Ti have the highest melting points. Platinum which was
utilized in the fabrication of the working electrode for this sensor has a melting point
1768.4 °C and requires evaporation temperatures in excess of 2000 °C. For the
evaporation of refractory and other high melting point materials specialized
equipment is required. Since ionic contaminants such as K have significant vapour
pressure even at room temperature, the purity of the material charges is extremely
critical. In addition, the cleanliness of the evaporation chamber and the vacuum
obtained prior to evaporation are extremely important. During deposition, the vapour
pressure created from the evaporated sample charge has to be significantly higher
than the contaminants present in the evaporation chamber. This ensures that the thin

film deposited contains a minimal level of impurities.

The evaporation of materials is performed under high vacuum conditions in the range
of 107 torr which is obtained with either a diffusion or turbo-molecular vacuum pump
prior to the initiation of the evaporation. As the source material is first heated the
pressure rises initially as contaminants are desorbed from its surface prior to

evaporation of the source material.
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The characteristics that are responsible for the widespread use of thin film

evaporation consist of the following:

¢ Thin films can be deposited at high rates (e.g., 0.5 gm/min for Al)

e The low energy of the impinging evaporated atoms onto the substrate (~0.1
eV) leaves the surface undamaged

e Substrate heating assists in the surface mobility of the adsorbed atoms and is
the result of the heat of condensation of the deposited film and from heat
radiation due to heating of the source material

e Since evaporation is performed at high vacuum, the thin films are deposited

with low levels of residual gas incorporation.

With respect to evaporative techniques, the least complex method of depositing thin
films is via resistance-heated sources. Usually, a wire of a low pressure metal such as
tungsten (W) is used to support small strips of the metal to be evaporated. The W
wire is then resistively heated, with the metal charge first melting and wetting the
heated filament which is then followed by evaporation. In Figure 6-3 a series of wire

and metal foil sources is displayed.

1. v r;“:wﬁ _ szmﬁ;

(1.) Hairpin Source. (2.) Wire Helix. (3.) Wire Baskets. (4.) Dimpled
Foil. (5.) Dimpled Foil with Alumina Coating. (6.) Canoe Boat

Figure 6-3. Evaporation sources
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The hairpin source and wire helix are typically made with 0.51 mm to 1.5 mm
diameter tungsten wire with the evaporant species attached in the form of wire. Upon
melting, the evaporant must wet the filament and be held by the filament due to its
surface tension. In Figure 6-4 a schematic of a thin film evaporator is displayed.
These systems consist of a mechanical roughing pump which first lowers the pressure
in the vacuum chamber down into the millitorr range. This is backed up by a diffusion
pump combined with a cold trap (liquid nitrogen) resulting in a base pressure in the
vacuum chamber of 107 to 10® torr. At this point electric power is applied to the
crucible resulting in evaporation of the material charge and subsequent coating of the

substrate material.

Figure 6-4. Evaporator — thin film deposition

This technique is simple but has several drawbacks in the fabrication of layered thin
film microelectronic devices. Poor step coverage of topography and difficulty in
producing well-controlled alloys are typical problems. In response to these
drawbacks, two other techniques have become widely adopted for performing

evaporation depositions - electron beam evaporation and inductive heating
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evaporation. In fabrication of the sulfur oxide chemical sensor, deposition of the

platinum thin film electrodes was performed with an electron beam evaporator.

Electron Beam Evaporation

With electron beam evaporation, a stream of electrons is accelerated to high kinetic
energy (5-30 kV) and then directed at the material to be evaporated, with the kinetic
energy being converted into thermal energy upon impact. An electron stream can melt
and evaporate any material as long as the energy supplied to the material is equal or
greater than the rate at which heat is lost. Electron beam guns are typically able of
supplying 1-2 kW of highly concentrated electron energy; therefore, very high film

deposition rates in the range of 0.5 um/min can be attained. Also since the beam

energy is concentrated on the surface of the target material, a molten region is created
in the center of a cooled structure. This eliminates the problem of the molten
evaporant material reacting with or dissolving the crucible leading to contamination
of the evaporated species. Therefore, highly pure thin films are possible. In Figure 6-5
a simplified e-beam evaporator system is depicted. Underneath the crucible an
intense, high energy beam is ejected. The electron source consists of a tungsten
filament located underneath the crucible, so as to minimize the deposition of filament
material onto the substrate to be coated. Deflection of the electron beam through an
angle of 270 ° with a strong magnetic field is performed steering the beam onto the
surface charge. The beam can also be steered and rastered across the charge, melting
only the centre of the charge. Therefore, the hot portion of the charge is effectively

contained within the cooler portion of the charge.

However, there are two problems which can arise from electron beam evaporation:

e With voltages higher than 10 kV the electron beam will result in the emission of
x-rays from the evaporant materials. These x-rays can create damage through the
creation of trapped charges. This is particularly a problem with the gate oxides of
metal oxide semiconductor (MOS) devices. To remove such damage requires an

annealing process.
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e If excessive power is applied to the source, metal droplets that are blown out of
the charge source by the expanding metal vapour will deposit on the surface of the
substrate. Therefore, the power applied to the electron beam must be carefully

controlled.

Filament

/

ma!eraans Detiection plates Bentling magnet

Figure 6-5. E-beam evaporator

If an even higher quality film is required, the technique of sputter deposition is
typically utilized. It has enhanced step coverage compared to evaporation, induces
less radiation damage than electron beam evaporation and is better at depositing
layers of compound materials and alloys. These are the reasons that the majority of

metallic thin film depositions in semiconductor manufacture occur via sputtering.
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Chapter 7: Components of Experimental Sulfur Oxide Sensor

Solid Electrolyte Layer: Two Phase Ag,SO,-Li,SO, Mixture

The ionic conductivity of alkali metal sulfates has been measured, e.g., Na,SO4 at
2.1x10 S/cm at 700 °C [8] and K,SO4 at 1.6x10 S/cm at 800 °C [62]. These values
of conductivity are considered to be too low for practical use, especially at these
already high operating temperatures. Regardless, the ionic conductivity needs to be

increased for the following reasons:

o the higher the conductivity of the electrolyte, the less the effect on the

measurement of the emf due to interference from stray electrical fields

¢ higher ionic conductivity results in a higher ionic diffusion coefficient which

is necessary for faster response to changes in gas concentration

For pure Ag,SOy, the conductivity is found to follow the Arrhenius rate equation for

both the « and the S phases as defined by:
o. T= (0'2 ) exp(————’”") (6.3)
o 0 kT

where o, is the ionic conductivity, T is the temperature in Kelvin, (o T)O is the pre-

exponential factor, E,, the activation energy, and k is the Boltzmann constant.

In Figure 7-1 the variation of log (0'. T)Versus 1/T is displayed for pure Ag,SO,.

on

There is a significant change observed in the conductivity of pure Ag,SO4 due to a

phase transition from the orthorhombic phase(B)to the hexagonal phase(o) at 416

°C. The conductivity of pure Ag,SO4 at 530 °C is equal to 0.0193 S/cm which is less
than ideal since a lower electrolyte conductivity results in a sensor which is more

susceptible to stray electrical fields.

Other candidates for the detection of SO,/SO; will now be discussed. Li,SO,
possesses reasonable conductivities of 0.5 S/cm at 530 °C, 1.78 S/cm at 700 °C and
2.56 S/cm at 800 °C [63] - see Table 7-1.
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Figure 7-1. Variation of log(o,,,.I') versus 1/T*1000 for pure Ag,SO; [64].

ionic

Table 7-1. Conductivity of sulfates.

Composition

Conductivity

Conductivity Conductivity

(S/cm) (S/ecmy) (S/em)
Temperature 530 °C 700 °C 800 °C
a-Ag,SO, 0.0193 - -
23m/o Ag,SO; - 77m/o LizSO04 [64] 0.88 : ;
45m/o AgySOz - 55m/o LizSO4 [64] 1.17 - ;
L1,S0, [63] 0.5 1.78 2.56
Na,SO4 [8] 0.00031 0.0021 0.005
K>S0, [65] 0.00005 0.0004 0.0016

It is apparent that mixtures of Li,SO4 containing 23 m/o Ag;SO4 and 45 m/o Ag;SO4

possess much higher conductivity at the lower temperature of 530 °C than the other
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sulfates listed. In Figure 7-2 a plot of conductivity versus temperature for 23 m/o
Ag:S80, -77 m/o Li,SO; is provided. With the solid electrolyte Li,SO4-AgrSO4, there
are two step changes in conductivity at temperatures between 390 to 405 °C and at

~515 °C which correspond to the transition between the « and S phases, respectively,

as present in pure Ag,SO4. Li;SOy is stable in exhaust stack environments; however,

unfortunately, Li,SO4 will decompose into Li,S as encountered in coal gasification
environments (see Figure 7-3).

T(°C)

600550 500 450 400 350 300
rrrivrv1rr 1t 1t t 1 1 i
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Figure 7-2. Conductivity of Ag;SO,4 (23 m/o) — Li;SO4 (77 m/o).

The regions defined by ovals in the figure are in reference to exhaust stack and coal
gasification environments. Regardless, the most serious problem with Li;SOy is its

hygroscopic nature. Fortunately, it was discovered that Ag;S04-Li;SO, solid
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solutions are both ionic conductors and non-hygroscopic even when the Ag,SO4
- concentration is as low as 5 mole percent (m/o) [66, 67]. In addition, for pure
Ag,S0y, it can be seen in Figure 7-4 that Ag,SO, is also stable in exhaust stack

atmospheres, but not in coal gasification atmospheres.

Li-S-0, 808 K
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Figure 7-3. Phase stability diagram for the Li-S-O system at 808K.

According to the Li;SO4-Ag,SO4 phase diagram (see Figure 7-5), there is a two-phase
region between 515-560 °C where this solid electrolyte is particularly well suited for
operation in a chemical sensor. The most important benefit in operating a two-phase
electrolyte sensor is the potential for long-term chemical stability. As observed in the
Li;S04-Ag,SO;, phase diagram, a variation of Ag,SO4 concentration from 21 to 35

m/o in the two phase region will only change the amount of each phase (i.e.,

«Li,SO, and (Ag,Li), SO,), but not the concentration or activity of each phase. It is
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also possible to utilize a solid reference electrode fabricated with a combination of
silver powder and the two-phase electrolyte. In fact it would be possible to predict the
buffering ability of the two-phase electrolyte according to the level of silver present

in the reference electrode, especially in the case with a pure silver reference electrode.

Ag-S-0, 808 K
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Figure 7-4. Phase stability diagram for Ag-S-O system at 808K.

As listed in Table 7-1 the conductivity of 45m/o Ag,SO, -55m/o Li;SO4 is actually
higher than that of 23m/o Ag,SOs -77m/o Li;SO4; however, the solid electrolyte
would operate in a less desirable single-phase region. Operation with this electrolyte
may result in cation interdiffusion between the electrolyte and the reference electrode
resulting in long-term stability problems. Therefore, the higher conductivity solid

electrolyte of 45m/o Ag,SO4-55m/o Li,SO;4 is not the best choice.
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Figure 7-5. Ag;S04-Li;SO, phase diagram [68].
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Mechanism of Conduction in Sulfate Electrolytes

In fast ion conducting sulfate solid electrolytes, the ionic conductivity is due to the
cations only, with the sulfate ions forming a translationally fixed lattice. It has been
determined that the activation energy for cation diffusion in fcc-Li;SO4 is 0.34 eV
and even higher at 0.52 eV for both Li+ and Ag+ in bee-LiAgSO, [69]. Both phases
are also characterized by a high degree of oxygen disorder along with a high latent
heat of transformation (solid-solid transition) in comparison to their heat of fusion. It
has been suggested that these properties indicate a pre-melting process with rapid
rotational re-ordering of the sulfate groups [70]. This was then expanded to a “paddle-
wheel” model where rotations of the sulfate ions enhance the cation diffusion
resulting in high conductivity [71-73]. In more typical solid electrolytes, an ionic
species with the optimum ionic radius is more mobile than ions that are either smaller
or larger. This is not the case for some high temperature sulfate phases where both
monovalent and divalent cations are mobile. For example, the paddle wheel
mechanism is present with ionic conduction in fcc Li;SO4, bece LiNaSO4 and bec
LiAgSO4 but not with hexagonal Na,SO, [69]. Studies have determined that the
diffusion coefficients are in the order of 10 cm’sec” for monovalent ions and 107
cm’sec for divalent cations. The diffusion coefficients for trivalent and sulfate ions
are, however, much smaller [74]. In Table 7-2 values of diffusion coefficients for

monovalent and divalent cations are provided.

Table 7-2. Diffusion coefficients (D x 10° cm’sec™) for some ions in solid sulfates

lonic Species fee Li,SOy Bee LiNaSQ;
750 °C

Mg" 0.22 0.13
Zn" 0.22
Ca™ 0.51 0.08
sor 2.9x 10"
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Reference Electrode: Ag:Ag,S0,-Li;SO; Mixture

The reference material consists of silver combined as a mixture with the dopant-host
sulfate electrolyte. It may also be possible to utilize pure silver as the reference
electrode as in previous work with a BaSOj4 (0.27 mol%) — Ag,SO4 electrolyte [43]. If
this were proven to perform properly, this change would dramatically simplify the
fabrication of this sensor, especially with respect to deposition of a silver layer and

the overall fabrication process.

In most cases, one is only concerned with a reaction at one of the electrodes. An
experimental cell would, therefore, be constructed of a working (or indicator)
electrode coupled with an electrode of known potential that approaches ideal non-
polarizability, the reference electrode. Reference electrodes are utilized to fix a
certain chemical potential in the sample next to the interface with the electrolyte. The
reference electrode’s potential should be constant enough so that any change in
potential due to current, time or other variables is sufficiently small and that the
overall cell measurement is not adversely affected. They are expected to maintain
their chemical potential even when material is either removed or added to the
reference electrode. An example would be pure metal references such as Ag
electrodes that retain a constant chemical potential, regardless of mass loss or mass
gain. Pressed mixtures of CuO/Cu,O, which maintain fixed oxygen and copper
chemical potentials regardless of changes in overall oxygen content, is an example of

how a reference electrode should perform.
The factors in selecting a reference electrode consist of the following:

o The materials utilized in constructing the reference electrode should be readily
available and easy to fabricate. Air is always present and platinum is the best
established electrical lead material in potentiometric cell studies. Even with
condensed phase reference electrodes such as CuO/Cu,0 for oxygen sensors,

platinum is invariably used as the lead wire.
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e Reference electrodes should be highly reversible and, therefore, not polarized
easily. A highly reversible electrode would be indicative of a good electronic
conductor with high oxygen diffusivity over the required temperature range of
operation. Solid phase reference electrodes typically get polarized irreversibly
on passing macroscopic quantities of charge. This is particularly important in
coulometric studies where a calculated number of coulombs of electrons is
passed through the cell. Reference electrodes for oxygen measurements have

been ordered with respect to reversibility as follows [75]:
CuO/ Cu0 >Fe/ Fe, O > Ni/NiO > Cr/Cr,03

Air/Pt and O,/Pt reference electrodes are considered to be far superior to even
CuO/CuO [76, 77].

o Inert gases containing O, could be used as reference electrode materials
combined with a platinum lead. However, these electrode systems display
considerable flow rate dependence of cell voltage depending on the oxygen
content of the inert gas carrier gas [78-80]. The same phenomena is also
experienced with Hy/H,O or CO/CO, buffer gas mixtures [76]. In contrast,
reference electrodes consisting of O,/Pt or air/Pt are almost unaffected by

flow rate with air/Pt and even working with a static air supply.

o The reference electrode should also be well characterized thermodynamically.
Considerable work has been performed with the oxides Cu;O and NiO which
satisfy this criteria very well [81]. For Fe,O, the AG/ has been well assessed
after an analysis of numerous published papers prior to 1973 [82]. However,
since this publication, sufficient evidence has appeared for revising these data
[83]. The best metal/metal oxide reference electrodes possess an uncertainty

in the range of +200J. These reference electrodes consist of either air/Pt or

O,/Pt which display minimum uncertainty [84].
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o The reference electrodes should have a small dependence on temperature of
their associated chemical potential. For example M/MOy reference electrodes

have a steeper temperature dependence owing to the significant value for

ASp, of oxygen. Whenever the temperature of a galvanic cell is changed, the

chemical potential will require time to readjust to a value close to that of the
phase boundary between the metal and the coexisting metal compound (e.g.,
metal oxide). Also, if the mutual solubility of the metal and its oxide changes
rapidly with temperature, more time will be required to reach equilibrium

during thermal cycling. In the case of the air/Pt reference electrode the F, is

temperature independent; therefore, there is no readjustment of the

composition at the phase boundary.

o The reference electrode material should be inert chemically with respect to the
electrolyte and the electrical lead. It is well known that the condensed phase

electrodes have high temperature restrictions with respect to inertness.

e A wide temperature range of applicability is a required characteristic of a

reference electrode. For example, it is relatively easy to obtain AG} data from

emf measurements but not so with entropy data. This is due to large
uncertainties in the temperature coefficient of emf over relatively narrow
experimental temperature ranges. If the experimental range is increased, more
reliable entropy data could be acquired. However, condensed phase reference
electrodes are frequently restricted in temperature range due to: low
temperature irreversibility, solid state transitions such as melting or
vaporization, and high temperature chemical reactivity with the electrolyte
and/or lead. In comparison, the air/Pt reference electrode provides emf
measurements over several hundreds of degrees and, therefore, is considerably

more accurate in the calculation of entropy.
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Working Electrode: Platinum Thin Film

Alternative names for this electrode consist of indicating electrode or test electrode in
addition to working electrode. This is the electrode at which the electrochemical
phenomena is measured and may be constructed of inert materials, but not always.
The working electrode always exists as a separate physical electrode from the
reference electrode and, if present, also separate from the auxiliary electrode. In a
three-electrode arrangement, an auxiliary or counter-electrode serves as a source or
sink for electrons so that current can be passed through the cell. Typically, the current

or potential of the auxiliary electrode is not known or measured.

The critical factors to consider in the performance of the working electrode consist of:

o Stability of the electrode and electrolyte with respect to temperature and gas
atmosphere. If the electrode and electrolyte materials chemically react with
the gas atmosphere and form compounds, the interfacial impedance will
increase. Pt is assumed to be inert with respect to high-temperature oxidation;
however, there is some evidence that various oxygen compounds form on the
surface of Pt [85]. In the case of a sulfur oxide sensor, the presence of
SO,/SO; in the gas stream may result in the formation of Pt-sulfide

compounds.

o The kinetics of the working electrode reactions which determine the exchange
current density must be fast enough to maintain equilibrium conditions in a
potentiometric sensor. These kinetics will be a function of temperature, gas
concentration, electrode and electrolyte materials, and the length of “triple
phase boundary” (TPB) presented by the working electrode. The working
electrode reactions are described by a combination of mass transfer of gaseous
species through a porous electrode (Pt deposited on electrolyte surface),
adsorption and surface diffusion of reactant gas species. In this work with the

sulfur oxide sensor, there will be a series of steps including adsorption of O,
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and SO; molecules, followed by surface diffusion, and combination and
reduction of the adsorbed species resulting in the formation of SO? in the

solid electrolyte. These reactions will occur at the T.P.B. between the gas
phase, platinum electrode and electrolyte material. It is important that the
T.P.B. area is maximized to ensure the highest possible sensitivity and

shortest response times in a chemical sensor.

e If the gases at the working electrode are not in thermodynamic equilibrium at
the electrode surface and at the interface to the solid electrolyte, mixed
potentials will result. This is determined by the kinetics of the different
electrode reactions and by the catalytic reactions at the electrode surfaces. In

the sulfur oxide sensor this would involve the kinetics of the reaction

SO, + -3—02 +2¢” = SO.". To some degree the kinetics of the reaction of

SO, + —:1):02 == SO, may have some influence on the cell potential; however,

the inclusion of a significant amount of Pt catalyst upstream from the working

electrode should minimize this contribution.

e A good match of thermal expansion coefficients (TEC) is required between
the working electrode and the electrolyte; otherwise stresses will develop
resulting in separation or delamination of the two layers. If utilizing a thin
film for the electrode as in this work, additional consideration must be given
for the chosen materials. The T.E.C.s for the deposited thin films differ from
the bulk material values depending on the method of deposition and the
thickness of the deposited thin film. For example, the TEC for thin film
aluminum varies from 18.2 ppm/°C to 9.0 ppm/°C when the thickness varies
from 0.3 to 1.7 um [86]. There are various methods which can be utilized to
measure the TEC of deposited thin films including micro-machined

cantilevers [86] and X-ray analysis [87].
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o Adequate adhesion combined with good electrical/ionic contact with the
electrolyte is necessary. Adhesion between the thin films and the substrate, in
this case the electrolyte, is extremely important for overall performance and
reliability of a chemical sensor. Classical adhesion tests [88] consist of the
scotch tape test, scratching, bending, pulling and the deceleration techniques
(ultrasonic and ultracentrifuge). The cleanliness of the surface also has a
significant influence on the adhesion of the thin film. The addition of surface
roughness will provide more surface area and result in mechanical locking.
Adhesion is enhanced through the formation of intermediate compounds
between the thin film and the electrolyte, resulting in the reduction of stress
between the two materials due to different thermal coefficients of expansion
and through the formation of a strong mechanical bond between the two

layers.

e Variations in the conductivity/resistivity of a metal correspond to changes in
the mean free path of the conduction electrons. An electron will experience a
reflection when it reaches a surface. When the thin film becomes thinner the
electrons will increasingly reflect off the surfaces and once the internal
dimensions of the film become comparable to the mean free path of the
electrons, the resistivity will increase. The surface scattering of electrons at
room temperature becomes important in pure metals of thickness less than
between 2 to 300A, depending on the metal. On the other hand as the
temperature is increased the mean free path of electrons is dramatically
reduced (see Table 7-3). Therefore, at higher operational temperatures, the
thickness at which surface reflections of electrons becomes significant is

actually reduced, compared to room temperature. As can be observed in Table

7-3 the mean free path for Pt is only 79 10X at 100 °C. From these facts it can
be concluded that in the operation of the Li,SO4-Ag,SO; sensor at 535 °C, the
Pt working electrode would not experience reductions in conductivity due to
electron scattering. However, there will be a decrease in conductivity due to

the temperature coefficient of resistivity (T.C.R.) according to bulk material
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considerations. The T.C.R. is defined as the fractional change in resistivity
per unit temperature increase from a reference temperature, T,, usually at

273.15K.

¢ The cost of electrode materials is an important consideration in the fabrication
of typical chemical sensors. However, material costs become less of a concern
when deposition of thin films is involved. This is especially true with an

integrated sulfur oxide sensor as the Pt being deposited is less than 1 um in

thickness.

Table 7-3. Electronic mean free path of several metals.

Mectal Calculated Mecan Free Path Temp. Coetf.
(A) (A) (A) Resistivity (T.C.R.)
ppm/’C (0-100 °C)
-200 °C 0°C 100 °C
Li 955 113 79 4220
Na 1870 335 233 4400
K 1330 376 240 5500
Cu 2965 421 294 4330
Ag 2425 575 405 4100
Au 1530 406 290 4000
Ni - 133 80 6750
Co - 130 79 6580
Fe 2785 220 156 4110
Pt 720 110 79 3920
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Chapter 8: Theoretical Considerations-Sulfur Oxide Sensor

Theoretical Cell Voltage

The sensor consists of a solid-state reference electrode or anode in combination with
a working electrode or cathode, which is exposed to a gas flow containing SO in air.

For this sensor the following reactions apply:

248"+ SO, +10,+2e” = Ag,S0, @ Cathode - Working Electrode

(8.1)

24g = 24g"+2e” © Anode - Reference Electrode
(8.2)

24g+50,+10,=4g,50, Overall Sensor Reaction

(8.3)

Accordingly, the voltage of the sensor is defined by the following equation:

%
E=E"+Eln(£2—)——(1)sL’) (8.4)

A 4g,50,

where E is the measured cell voltage and E° is the standard voltage of the overall
sensor reaction (Equation 8.3) under standard conditions at the operating temperature.

The partial pressure of oxygen Po, at sea level is equivalent to 0.2095 atm due to the
air in the air-SO, mixture. The activity of Ag;SO4 (aagyS04) In a two-phase mixture

of 77 m/o Li;SO4 — 23 m/o AgySO, has been stated as being equal to 0.25 at 530 °C
according to the literature [40, 89] .
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The partial pressure of the sulfur trioxide (Pso;) at the working electrode is related to

the partial pressure of the sulfur dioxide entering the sensor ( Py, ;) by:

(8.5)

where PSOy(in) is the partial pressure of the sulfur dioxide in the incoming gas stream,
Kp is the equilibrium constant for SO,+30,=SO, at the sensor operating
temperature, Po, is the partial pressure of oxygen in the gas stream, and Pgo; is the

partial pressure of sulfur trioxide measured at the working electrode.

Utilizing published thermodynamic data [60, 90], the value for E° was calculated to
be equal to 0.6571+0.0391V at 535 °C or 0.6685+0.0391V at 525 °C (see Appendix

C). Since atmospheric pressure was observed to range between 690 to 710 mm Hg,

therefore assuming an average of 700 mm Hg, F, = (;—28—) 0.2095atm=0.1930atm .

The activity for silver sulfate, aag,s0,, is quoted as being equal to 0.25 at 530°C in the

literature [43, 89], however it was determined experimentally to be equal to 0.2932
£0.0242 at 535 °C or 0.3714 +£0.0276 at 525 °C (see Chapter 11, Calculation of
Ag,S0;4 Activity). In addition, (ppm SO) = 1x10° Pso,(in).

It follows that the theoretical voltage (Eineoretica) Of the sensor at 535 °C is:

(V)=(0.1839 +0.0391) + (0.08018 +0.00020) log(ppmS0,)

E535°C

(8.6)

The theoretical cell voltage (Emeoretica) at 525 °C is:

E, 0. (V)=(0.1963 +0.0391) + (0.07919 +0.00020) log(ppmSO,)  (8.7)

The error in the y-intercept (i.e., £0.0391) and the slope (i.e., £0.00020) is described
in Appendix D.
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Chapter 9 : Experimental Sulfur Oxide Sensor — Fabrication
Process

Thick Film Sulfur Oxide Sensor Fabrication

In this work the sulfur dioxide/trioxide sensor was constructed with various reference
electrode configurations consisting of either: 2:1 weight ratio composite mixtures of
Ag:Li;S04-AgySO;4 in the form of a disc or thick film paste, or a thin or thick film of
Ag deposited onto a solid electrolyte substrate (see Figure 9-1). The solid-state
electrolyte substrate is formed by compressing a mixture of 75 mol% lithium sulfate
powder (LipSO4 - 99.9993% pure from Aldrich Chemical Co.) and 25 mol% silver
sulfate powder (AgaSO4 - 99.9999% pure from Aldrich Chemical Co.) in a carbide
lined steel die at 280 MPa. These substrate discs were then sintered in a furnace

atmosphere consisting of 500 ppm of SO; in air for two days at 535 °C.

For construction of the various sensor designs, the reference electrodes were as
mentioned either: thin or thick films of Ag, or a composite in disc form or as a thick
film consisting of a 2:1 weight ratio of Ag: Ag;S04-Li,SO4. The thin film material
(Ag- 99.99% pure) utilized for deposition of Ag was acquired from Kurt J. Lesker
Company of Pittsburgh, PA. Thick film material (silver conductor, 903-A) utilized for
fabrication of the Ag thick film reference was acquired from ESL Electro-Science
(King of Prussia, PA). This material is a lead free conductor designed for use with
ceramic tapes. The material utilized for fabrication of the composite reference
electrode consisted of Ag powder (99.99+%, -325 mesh from Aldrich Chemical Co.)
mixed with the electrolyte (25 mol% Ag;SO4 and 75 mol% Li,SOy) in a 2:1 weight
ratio. When used to form a thick film this powder was, in turn, mixed with an organic
carrier consisting of: butyl cellusolve, terpenieol, phenoxypropanol and butyric acid
to form the suspended thick film. The powder content and chemical composition of
the carrier were adjusted so as to obtain the optimum viscosity and flow
characteristics for this application. The thick film was then deposited via a silk screen
onto the solid-state electrolyte substrate. The reference electrode produces a constant

chemical potential at the operating temperature of 535 °C.
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The working electrode is exposed to a flow of SO; in air, which is converted to SO;
in a Pt containing quartz chamber, consisting of a porous thin film structure of Pt. The
cylinder gas mixtures utilized in the testing of the sensor were certified mixtures
accurate to +1% supplied by Liquid Air Products. On the face of the sensor at the

working electrode, a porous Pt thin film facilitates the reaction SO, + 10, = SO}

due the abundance of the TPB areas. A previous investigation by Imanaka et al. [91]

proved the advantage of utilizing sputtered thin films of platinum. In this work, a

platinum thin film about 10,0001& (1um) thick was deposited via evaporation onto
the reference electrode side of the sensor to ensure good electrical contact. For
contact to the external electrical circuit and the electrometer/voltmeter, a platinum
gauze with an attached Pt lead wire was placed against the working electrode. Contact

at the reference electrode was made with a solid Pt foil disc and attached Pt lead.

Gas Flow (50,in Air)

Working Electrode:
Pt Thin Film

Solid Electrolyie
Li,50,-Ag,50,
Reference Elecirode:
Ag:Li,50,-Ag, S0,
Thick Film

Figure 9-1. Construction of thick film reference cell structure.
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Considerable work was performed towards the development of a miniaturized and
integrated sulfur oxide (MISOX) sensor through a series of screen patterned thick
film depositions of the various layers. These layers or patterns of thick film

depositions consisted of the following:

Layer No. 1: Deposition of Reference Electrode
Mask No. 1 consisted of the reference mask. This layer had two purposes: first to
provide the reference electrode consisting of the silver and electrolyte mixture, and

second to define the alignment marks required for the subsequent layers.

Layer No. 2: Deposition of Electrolyte Layer

The next deposition consisted of the solid electrolyte mixture (25m/o Ag;SO4 - 75m/0
Li,S0O4) which was placed in contact to the underlying reference electrode. This layer
was found to be the limiting factor in fabrication of the integrated sensor. Further

work is required to produce a functional solid electrolyte.

Layer No. 3: Deposition of Platinum Contact/Working Electrode Layer |

This layer provides electrical contact onto the underlying electrolyte and also
functions as the working electrode. Due to the thickness of the electrolyte, a thin film
platinum layer was deposited directly onto the electrolyte which is then followed by a

platinum gauze.

Layer No. 4: Deposition of Final Sealing Layer
The final layer to be deposited consists of Mask No. 4. This layer consists of an

- alumina based paste which forms a sealant to the overall structure.
Since difficulties were experienced in fabricating non-porous thick films of the
electrolyte (25m/o AgrSO4 — 75m/o Li,SQy4), miniaturization and integration of the

sulfur oxide sensor were not pursued at this time. Once a suitable thin or thick film

deposition technique for the electrolyte is developed, further work on the miniaturized
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sensor could proceed. This device consists of the thick film reference and platinum
contact layers deposited onto the substrate consisting of an alumina disc. Much
smaller dimensions and, therefore, faster response times and low power consumption
would be possible through the use of thin and thick films. In Figure 9-2, a cross

section of the proposed miniaturized device is provided.

Substrate

Figure 9-2. Cross-section of proposed Micro-Integrated Sulfur Oxide (MISOX)

sensor.
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Chapter 10 : Cell Design and Operation

In the test apparatus, a ceramic fixture was utilized in the centre of the furnace which
was a machined piece of MACOR, a machinable ceramic consisting of 55%
fluorophlogopite mica and 45% borosilicate glass manufactured by Corning
Incorporated (Corning, NY). This material is suitable for a continuous operating
temperature of 800 °C and a peak temperature of 1000 °C. It also possesses a DC

resistivity of >10° Qemat 535 °C, more than adequate for this application. The

machined MACOR piece holds the electrolyte disk in place by a threaded ring (see
Figure 10-1). The working electrode side of the cell is exposed to the SO, gas flow,
with a solid Pt foil and external Pt lead contacting the reference electrode side. A pair
of bolted metal plates outside the cell compresses the ceramic tubes together. The SO,
containing gas mixtures were certified accurate to within * 1% from the gas cylinders
and were mixed via a set of calibrated electronic mass flow controllers (Tylan Ltd.)
calibrated to within + 1% of the flow rate. The primary gas cylinders consisted of
mixtures of 5.4, 11.6, 100, 500, and 2400 ppm SO, in air. The gas from the primary
cylinders was then mixed with clean dry air by the electronic mass flow controllers to
the required concentrations. Measurements of the cell emf were made at an

operational temperature of either 535 °C or 525 °C.

The input mixture of SO, and air to be measured by the sensor was passed through a
quartz tube with a catalytic chamber containing cut up platinum gauze and foil. This
chamber assured the complete conversion of SO, to SOs. For automated control of the
furnace and sensor, a computer control and data acquisition system was assembled.
This consisted of a LabView combination software/hardware system that controlled
all aspects of the experimental conditions and acquisition of experimental data. In
Figures 10-2 and 10-3 the front panel of the computer control system is displayed.
This system allowed for control of both total flow rate and SO, concentration of the
gas mixtures. It is possible to either manually control the SO, concentration or to
program the concentration automatically with an initial SO, concentration and timed

step increments or decrements in concentration. The data collected consisting of cell
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voltage, temperature, mass flow rate and SO, concentration were written to disk with

a time-date stamp.

Overall System Assembly

Outer Cell Pass Thronghs

Electrical

Gas Flow and Conmactions

Elegirical Conneclions

Taner Cdl Helder Conponends

Figure 10-1. Inner cell construction.
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Chapter 11 : Experimental Results

Cell No. 1: Composite Reference Electrode

This cell consists of a disc with a diameter of 25.4 mm constructed with the following

layers:

e the working electrode consists of an 80 mesh Pt gauze, which is connected to
the external voltage measuring equipment via a Pt lead

e a2 mm thick layer of solid electrolyte consisting of 25 m/o Ag,SO4 — 75 m/o
Li,SO4

e a composite reference electrode consisting of a 2:1 weight ratio mixture of
Ag: 25m/o Ag,SO4 — 75m/o Li,SO4, 2 mm thick, and a Pt foil which was

connected to the external voltage measuring equipment via a Pt lead

The construction of this sensor is depicted in Figure 11-1.

A

Gas Flow

Pt lead wire working electrode: (Pt gauze - electrical contact)

Pt foil - electrical contact

Figure 11-1. Cell No. 1: composite reference - construction schematic.

This sensor produced a cell voltage versus the log of ppm of SO; in air at an
operating temperature of 535 °C as displayed in Figure 11-2. The data for this

experimental run are listed in Appendix A in Table A-1. Each data point consists of
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an average of 10 measurements made over five minutes. In addition, each
measurement was obtained via a “box car average” consisting of hundreds of
individual measurements. This method for collection of experimental data was
utilized throughout the experimental work. The data were collected continuously in
increments of between 5 and 30 ppm SO, ( as listed in Table A-1) when either rising
or decreasing in concentration. The cell was found to be repeatable with the STDEV
error in cell voltage between 0.0010 to 0.0014 Volts over all measurements. The best

fit line for these data was found to be:

Emf (V) = (0.2176+0.0043) +(0.0725+0.0016) log[SO, — ppm]

) (11.1)
(94—900 ppm SO,) R>=0.9847

The theoretical cell equation for 535 °C (see Appendix D for derivation) is given by:

Emf (V) = (0.1839+0.0391) + (0.08018+0.0002) log[SO, — ppm]  (11.2)

Experimental Emf

0.4400 I Emf(v) = 0.2176 + 0.07254 Log[SO , PPm] R? = 09847
0.4200
0.4000
E .
(2]
a L
€ 0.3800
m L.
0.3600
Theoretical Emf
0.3400 Emf(V) = 0.1839 + 0.08018 Log[SO ,, ppm]
! 1 1 1 1 i 1 1. i ]

100 1000

Log [SO,, ppm]
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Figure 11-2. Cell No. 1: composite reference electrode - Emf versus log (SO;-
ppm) from 94 to 900 ppm SO; in air.

The error associated with the emf(V) present in Figure 11-2 and all subsequent
figures is related to the STDEV of the measured emf as listed in the data tables. In
addition, the error in the mixed SO, concentration is due to the mixing of two gas
streams: air and the SO, cylinder mixture (+1%, certified mixture), via two electronic
mass flow controllers (MFCs) each with an error of 1% of the full scale flow rate,
resulting in a total error of +5% of the absolute value for each supplied gas

concentration.

Cell No. 2: Ag thin film reference electrode

This cell consists of a disc with a diameter of 25.4 mm constructed with the following

layers:

e a working electrode consisting of a Pt thin film 0.5 pm (50001&) thick,
deposited onto the solid electrolyte material combined with an 80 mesh Pt
gauze and Pt lead for connection to the external voltage measuring equipment

e a2 mm thick layer of solid electrolyte consisting of 25 m/o Ag,SO4 — 75 m/o
Li,SOy4

e the reference electrode consisting of a 0.8 pm (8000 A ) thick Ag layer and a
Pt foil which is connected to the external voltage measuring equipment via a
Pt lead

The construction of this sensor is depicted in Figure 11-3.
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Gas Flow

working electrode (Pt thin film 500 nm thick and Pt gauze - electrical contact)

Pt lead wire

Pt foil - electrical contact

reference electrode (Ag thin film 800 nm thick)
Figure 11-3. Cell No. 2: thin film reference - construction schematic

This cell was operated for several weeks and in Figure 11-4 the results show the emf
of cell No. 2 over time — with the concentration fixed at 496 ppm and the cell held at
535 °C. The data for this experimental run are listed in Appendix A, Table A-2. It is
apparent that the emf of the cell was somewhat unstable, with a trend towards higher
cell emfs over time. However, there was a clustering of measurements around the
theoretical cell emf (0.396 Volts) at 496 ppm SO; in air. As a test of reversibility, the
electrical leads were disconnected (initial cell voltage at 0.4465 V) for a couple of
minutes and then reconnected at which time the cell emf returned to 0.4475 V. This
check indicates that the cell was displaying reversibility during this portion of the test

run.
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0.5000

0.4500 |

Emf (Volts)

0.4000 L

0.3500 F

Experimental Emf Values

Theoretical Emf Value at 496ppm SO, In air

0.3000 - +
&
0,2506 : S | T T RO VR TR ST TRT S W TN ST TIVOT ST VT T SO
0:00:00:00 5185320 11134840 17:08:40:00 23:03:33:20
Days: Hours: Mimttes: Seconds

Figure 11-4. Cell No. 2: Ag thin film reference electrode — Emf versus time at

496 ppm SO; in air.

During operation of this cell at approximately half-way through the test, the
relationship between flow rate and emf was examined and is presented in Figure 11-
5. The data for this experiment are listed in Appendix A, Table A-3. In long term
testing, this cell displayed instability in the measured emf. This is apparent in the
large variance as indicated by the error bars in the direction of the y-axis (emf(V)) at
low flow rates in Figure 11-5. The error present along the flow rate axis is equivalent
to £1% of the full scale range of the electronic mass flow controller (M.F.C.). Since

the M.F.C. had a range of 0-200 sccm, the error in flow rate equals £2 sccm. There

appears to be an optimum flow rate in the range between 30-50 scem.
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Figure 11-5. Cell No. 2: Ag thin film reference electrode - Emf versus flow rate,

496 ppm SO:.

Cell No. 3: Ag thick film reference electrode

For cell No. 3, the Ag thin film utilized in cell No. 2 was replaced with a Ag thick

film approximately 25 pm (250,00011) thick. This cell consists of a disc with a

diameter of 25.4 mm constructed with the following layers:

- 88 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



¢ the working electrode consisted of a Pt thin film 0.5 um (50001&) thick,
deposited onto the solid electrolyte material combined with an 80 mesh Pt
gauze and Pt lead for connection to the external voltage measuring equipment

¢ a2 mm thick layer of solid electrolyte consisting of 25 m/o Ag,SO4 — 75 m/o
Li,SO4

e the reference electrode consisted of a 25 um thick Ag layer and a Pt foil which

is connected to the external voltage measuring equipment via a Pt lead

The construction of this sensor is depicted in Figure 11-6.

Gas Flow

Pt lead wire working electrode: Pt thin film 500 nm thick (Pt gauze - electrical contact)

Pt foil - electrical contact

reference electrode: Ag thick film - 25 um thick
Figure 11-6. Cell No. 3: Ag thick film reference electrode.

In Figure 11-7 the experimental results are presented for cell No. 3 as %Variance (in
comparison to the theoretically calculated values) versus time for concentrations from
100 to 2400 ppm SO, in air. The data for this figure are listed in Appendix A, Table
A-4. After approximately 100 hours of operation the cell voltage dropped to 5%
below the theoretical voltage; at 132 hours the cell displayed a cell voltage 42%

below the theoretical value.
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Figure 11-7. Cell No. 3: Ag thick film reference electrode - % Variance from

theoretical values versus time for 100 to 2400 ppm SO, in air at 525 °C.

However, there was an extended period of time where the emf from the cell was
relatively stable. Therefore, the results from this section of the experiment are plotted

in Figure 11-8. The data for this graph are present in Appendix A, Table A-5.
The results from this run are:

Emf (V) = (0.1755+0.0044) +(0.0821+ 0.0014) Iog[ SO, — ppm]

. (11.3)
(100—2400 ppm SO,) R*>=0.9931

from 100 to 2400 ppm SO; in air at 525 °C.
The theoretical cell equation at 525 °C (see Appendix D) is:
Emf(V) =(0.1963£0.0391)+(0.0792 £0.0002) log[ SO, — ppm]
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Figure 11-8. Cell No. 3: Ag thick film reference electrode - Emf versus log (SO; -
ppm) from 100 to 2400 ppm SO; in air at 525 °C.

The experimental results for cell No. 3 fall outside the theoretical limits of error for
the slope (0.07919 +0.0002 V/decade) from between 0.07900 to 0.07940 V/decade
which differs from theory by 3.7%. However, the experimental results are within the
limits of error for the theoretical y-intercept (0.1963 £0.0391 V) from between 0.1572
to 0.2354 V. The experimental Y-intercept varies from theory by 10.6%. A lower
experimental value for the y-intercept is not unexpected since the cell emf had been

observed to be declining over time.
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Cell No. 4: Composite thick film reference electrode

This cell consists of a disc with a diameter of 25.4 mm constructed with the following

layers:

¢ a working electrode consisting of a Pt thin film 0.1 pm (100011) thick,
deposited onto the solid electrolyte material, combined with an 80 mesh Pt
gauze and Pt lead for connection to the external voltage measuring equipment

¢ a2 mm thick layer of solid electrolyte consisting of 25 m/o Ag,SO4 — 75 m/o
Li,SO4

e a reference electrode consisting of a 100 um thick film layer fabricated with a
2:1 weight ratio mixture of Ag and 25 m/o Ag,SO4 — 75 m/o Li;SO4. In
addition, a 1 pm (10,000A) thick layer of Pt was deposited onto the reference
electrode to ensure electrical contact

o a Pt foil pressed against the reference electrode which is connected to the

external voltage measuring equipment via a Pt lead

The construction of this sensor is depicted in Figure 11-9.

A

Gas Flow

Ptlead wire  Working electrode: Pt thin film -100 nm thick (Pt gauze - electrical contact)

Pt foil - electrical contact

reference electrode: 2:1 mixture of Ag:25m/o0 Ag,SO,- 75m/o Li,SO M
composite thick film - 100 pm thick

Figure 11-9. Cell No. 4: Composite reference electrode thick film structure.
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Experimental results: 100-2400 ppm SO,

In Figure 11-10 the experimental results are shown for mixtures consisting of
between 100-2400 ppm SO, in air at 535 °C. In Appendix A in Table A-6 the data for
this graph are provided.

For the range of concentration between 100 and 2400 ppm SO, in air at 535 °C, the

experimental equation was determined to be:

Emf(V) = (0.1658£0.0046) + (0.0824+0.0016)log[SO,— ppm]

) (11.4)
(100-2400 ppm SO,) R* =0.9984
0.4600
0.4400 _” TheoreticalE EMf  ——
[ Emf(V) =0.1839 + 0.08018 Log[SO 2 ppm]
0.4200 -
@ 04000 [
5, i
"é i
& 0.3800 N
0.3600
i Experimental Emf
0.3400 N Emf(V) = 0.1658 + 0.08239 Log[SO . ppm] R?=0.9984
0.3200 i | 1 1 1 L 1 Il L o L
100 1000
[502, ppm]

Figure 11-10. Cell No. 4: Composite thick film reference electrode - Emf (V)
versus log (SO,-ppm) for 100 to 2400 ppm SO; in air at 535 °C.

The experimentally determined value for the slope in this range of concentration is
0.0824 £0.0016 V/decade, i.e., the slope at 535 °C is within a range of between
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0.0808-0.0840 V/decade. In comparison to the theoretically calculated value for the
slope of 0.0802 £0.0002 V/decade at 535°C, the experimental value differs by 2.7%.

The y-intercept is determined when the SO, = 1 ppm which is equal to log [SO,-ppm]
= ( (see discussion in Appendix D, Figure D-1). According to the experimental data,
the value for the y-intercept is equal to 0.1658 £ 0.0046 V (between 0.1612 — 0.1704
V) which is within the error limts of the theoretical theoretically calculated value for
the y-intercept (0.1839 +£0.0391V) between 0.1479-0.2261. This is a difference from
the theoretical y-intercept of 9.8%; however, this is not surprising given the size of

the uncertainty in the free energy values for the cell reactions.

Experimental results: 10-496 ppm SO,
In Figure 11-11 the experimental results for mixtures consisting of between 10 and

496 ppm SO, in air at 535 °C is presented. The data for this graph are provided in
Appendix A, Table A-7.

The experimental equation from between 10 to 496 ppm SO, in air at 535 °C is:

Emf (V) = (0.1864£0.0027) + (0.0743+0.0012) log[SO, — ppm]

11.5
(10-496 ppm SO,) R*>=0.9953 (1L3)

The experimentally determined slope in Figure 11-11, 0.0743 + 0.0012 V/decade (i.e.,
a range of between 0.0731 and 0.0755 V/decade at 535 °C), in comparison to the
theoretical value of 0.0802 £0.0002 V/decade (i.e., a range of between 0.0800 to
0.0804 V/decade) differs by 7.4%. The experimental value for the y-axis intercept is
0.1864+ 0.0019 V (i.e., a range of between 0.1845 to 0.1883V) which is a difference
of only 1.4% compared to theory. However, it is apparent that in the lower ranges of
concentration (<20 ppm) the sensor’s performance is being affected as a rising tail in
the experimental data is beginning to appear. For this reason in Figure 11-12 data

from 59 ppm SO; and higher has been graphed separately.
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Figure 11-11. Cell No. 4: Composite thick film reference electrode -Emf (V)
versus log (SO;-ppm) for 10 to 496 ppm SO, in air at 535 °C.

The experimental equation for the range between 59 and 496 ppm SO, in air at 535

°C was determined to be:

Emf(V) = (0.1686+0.0027) + (0.0816+0.0012) log[SO, — ppm]

i (11.6)
(59— 496 ppm SO,) R*=0.9995

In this situation the experimental slope is within 1.8% and the Y-intercept 8.3% of
theory. However, the elimination of the tail at lower concentrations and an improved

correlation coefficient of R? = 0.9995 more accurately represents cell performance.
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" Emf(V) = 0.1839 + 0.08018 Log[SO 2 ppm]
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Figure 11-12. Cell No. 4: Composite thick film reference electrode — Emf (V) |
versus log (SO2-ppm) for 59 to 496 ppm SO; in air at 535 °C.

Experimental results: 5.4-95.4 ppm SO,

In Figure 11-13 the experimental results for mixtures consisting of between 5.4 and

95.4 ppm SO in air at 535 °C are presented.

The data for this graph are provided in Appendix A, Table A-8. It is apparent in
Figure 11-13 is that the experimentally determined slope does not follow a log-linear
relationship due to a rising tail which develops in the experimental curve at
concentrations below 20 ppm of SO; in air. Regardless, the best fit equation consists

of a third order polynomial and was determined to be:

Emf (V)=0.2613+0.00165[ S0, ]—1.425x107°[SO, > +5.255x10°[ SO, T

117
(5.4-95.4 ppm SO,)
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where the correlation coefficient R? = 0.9998 (however, a polynomial fit limits its

relevance for this application).

Theoretical Emf
Emf(V) = 0.1839 + 0.08018 Log[SO 2 ppm]

0.3400 \
0.3200
0.3000
)
3 -
2 0.2800
IE |-
w [ Experimental Emf
0.2600 |- Emf(V) = 0.2613 + 0.001615[SO ] -1.426x10"° [SO J*
I + 5.255x10°[SO 2]3 R? = 0.9998
0.2400
0.2200 4 i A 1 l 'l I i 1 i 1 ! 1 i

10 100
Log [SO,, ppm]
Figure. 11-13. Cell No. 4: Composite thick film reference electrode — Emf (V)
versus log(SO,-ppm) for 5.4 to 95.4 ppm SO, in air at 535 °C

Experimental results: 0.6-11.6 ppm SO,
In Figure 11-14 the experimental results for mixtures consisting of between 0.6 and

11.6 ppm SO, in air at 535 °C are presented.

The data for this experimental run are located in Appendix A, Table A-9. The

experimentally best fit equation was determined to be:

Emf (V) = 0.2460 + 0.00238[SO, — ppm] —1.389x107°[SO, — ppm]*

11.8)
(0.6-11.6 ppm SO,) R*>=0.9983 (
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It is apparent that, below concentrations of 10-20 ppm SO, the cell began to behave
in a non-linear manner. At lower concentrations Nernstian behavior is lost and the

cell becomes essentially unresponsive to changes in SO, concentration below about 5

ppm SO,.
Experimental Emf
Emf(V) = 0.2460 + 0.002376[SO ] -1 .389x10°[SO, I’ R? = 0.9983
0.2800
0.2600
L
0.2400 +
)
S B
2 0.2200 +
E -
I
0.2000
Theoretical Emf
0.1800 |- Emf(V) = 0.1839 + 0.08018 Log[SO 2]
0.1600 !

Log [SO,, ppm]

Figure 11-14. Cell No.4: Composite thick film reference electrode — Emf (V)
versus log(SO,-ppm) for 0.6 to 11.6 ppm SO, in air at 535 °C.

Experimental results: 14.4-2400 ppm SO,

In Figure 11-15 cumulative experimental results for mixtures consisting of between
14.4 and 2400 ppm SO; in air at 535 °C are provided. The data for this graph are
located in Appendix A, Table A-10.

The experimental equation for the range between 14.4-2400 ppm SO; in air at 535 °C

was determined to be:

Emf (V) = (0.1810:£0.0010) + (0.07686+0.0005)1og[SO, — ppm]

11.9
(14.4—2400 ppm SO,) R* =0.9975 (11.9)
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The experimentally determined slope in Figure 11-15, is 0.07686 £ 0.0005 V/decade
(i.e., a range of between 0.0764 and 0.0774 V/decade at 535 °C). In comparison to the
theoretical value for the slope (0.08018 +£0.0002 V/decade, i.e., a range of between
0.0800 to 0.0804 V/decade) the experimental value differs by 4.1% from theory.
However, it is again apparent that in the lower ranges of concentration (<20 ppm) a

tail in the experimental data is beginning to appear which is skewing the experimental

slope.
0.4500 Theoretical Emf
Emf(V) = 0.1839 + 0.08018 Log[SO 2 ppm]
0.4000
) i
&)
2 03500
Yo
£ L
1T} L
0.3000 -
" % Experimental Emf
| Emf{V) = 0.1810 + 0.07686 Log[SO 2 ppm] R?=0.9975
0.2500 i H Ilillll N 1 lllllll L —
10 100 1000

log [SO,, ppm]

Figure 11-15. Cell No. 4: Composite thick film reference electrode — Emf (V)
versus log (SO,-ppm) for 14.4 to 2400 ppm SO, in air at 535 °C.

In addition, the experimental value for the y-axis intercept is 0.1810 £0.0010 V (i.e.,
a range of between 0.1800 to 0.1820 V) which varies from theoretical Y-intercept by
only 2.9 mV or 1.6%. Again it is observed in Figure 11-15 that the sensor

performance at lower concentration levels is affecting the value of the y-intercept.
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In Figure 11-16 the data is plotted with exclusion of values below 50 ppm. The
experimental curve fit in comparison to the theoretical equation is such that the y-
intercept is within 11.6 mV or 6.3% of theory. At the same time the experimental
slope is virtually the same value as the theoretical value. This precisely confirms the
Nernstian response of the cell and the predominance of ionic conductivity within the

solid electrolyte.

The experimental equation for the range between 50-2400 ppm SO, in air at 535 °C

was determined to be:

Emf (V) = (0.1723+0.0010) + (0.08020.0005)log[SO, — ppm]

11.10
(50—2400ppm SO,) R? =0.9982 (1L10)

0.4400 |- Theoretical Emf
' Emf(V) = 0.1839 + 0.08018 Log[SO 2 ppm}

0.4000
2 i
©
> i
€ 03600
m |-

0.3200

L Experimental Emf
Emf(V) = 0.1723 + 0.08020 L.og[SO 2 ppm] R?=0.9982
0'2800 I lIIIlI 1 Il 1 1]LLL| L
100 1000

log [SO,, ppm]

Figure 11-16. Cell No. 4: Composite thick film reference electrode — Emf (V)
versus log (SO2-ppm) for 50 to 2400 ppm in SO, in air at 535 °C.
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Cell No. 4: Flow rate dependence

An often under-appreciated phenomenon associated with gas sensors is flow rate
dependence. Therefore, utilizing cell No. 4 a series of flow rate tests were performed
with mixtures consisting of 200, 50 and 5 ppm SO, in air at 535 °C. The error bars in
these graphs are due to the error in measurement of emf and £1% of full scale flow

rate for the electronic mass flow controllers (i.e., +2 sccm).

As is apparent in Figure 11-17 for 200 ppm SO,, a minimum flow rate is necessary to
realize flow rate independence, i.e. £ 0.7 mV from 25-60 sccm. The data for this

graph are located in Appendix A, Table A-11.

For a mixture consisting of 50 ppm SO in air, Figure 11-18 displays a larger variance
in the emf, i.e., £ 1.2 mV from 25-55 sccm. It is also apparent that the size of the
standard deviation of the measurements for each flow rate has increased. From an
analysis of the data located in Appendix A, Table A-12 it is observed that the
standard deviation varies from 0.0080 V (8 mV) at 5 sccm to an average of approx.
0.002 V (2 mV) at other flow rates.

The final mixture tested consisted of S ppm SO, in air, as presented in Figure 11-19.
These results display an even narrower range of flow independence, i.e., + 1.5 mV
from 25-55 sccm. However, examination of run data in Table A-13 indicates a

reduced standard deviation in the measurements.

Inaccuracy at low flow rates can be attributed either to electronic conduction in the
electrolyte resulting in concentration polarization at the working electrode or thermal
diffusion in the gas mixture. Flushing problems upon varying the SO, concentration
that are highly dependent on cell configuration can also contribute. Optimizing the
gas flow becomes more critical for gas mixtures dilute in the electro-active

component. This was observed in mixtures consisting of 5 ppm SO; as displayed in
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Figure 11-19. As the flow rate increases beyond the optimal level, cooling of the

working electrode results in a decline in measured cell voltage.

0.3250
0.3200 |
0.3150 |-

0.3100 |-

Emf {(vVolts)

0.3050 |-

0.3000 |

0.2850

YTy

0.2000 betrtontotudtitntbd ittt bbb bbbt
0 10 20 30 40 50 60 70

Flow {s.c.c.m.)

Figure 11-17. Flow rate dependence utilizing 200 ppm SO, in air at 535 °C.
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Figure 11-18. Flow rate dependence utilizing 50 ppm SO, in air at 535 °C.
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Figure 11-19. Flow rate dependence utilizing 5 ppm SO, in air at 535 °C.
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Cell No. 5: Thick film electrolyte

This cell consists of a disc with a diameter of 25.4 mm constructed with the following

layers:

o the working electrode consisted of a Pt thin film 0.1 pm (10001&) thick,
deposited via evaporation onto the solid electrolyte material combined with an
80 mesh Pt gauze and Pt lead for connection to the external voltage measuring
equipment

o the solid electrolyte layer consists of a 200 pm thick bi-layer of 25 m/o
Ag,SO, — 75 m/o Li,SO, fabricated through thick film deposition of two 100
pm thick layers

o the reference electrode consists of 2:1 weight ratio mixture of Ag and 25 m/o
Ag,SO4 — 75 m/o Li;SOq4, 3 mm thick, fabricated via pressing and sintering in
an atmosphere containing 500 ppm SOs.

e a Pt foil containing the reference electrode which is connected to the external

voltage measuring equipment via a Pt lead

This cell design is illustrated in Figure 11-20.

Gas Flow

Pt lead wire ‘working electrode: Pt thin film -100 nm thick (Pt gauze - electrical contact)

Pt foil - electrical contact

reference electrode: 2:1 mixture of Ag: 25m/o Ag. SO - 75m/o uzso 4
composite structure - 3 mmgthlc?(

solid electrolyte: 25m/o Ag,ySQOy4- 75m/o LIS,
bi-layer 200 um thick film

Figure 11-20. Cell No. 5 Thick film solid electrolyte
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In Figure 11-21 the results for Cell No. 5 from 71-947 ppm SO, in air at 535 °C are
provided. The data for this run are located in Appendix A, Table A-14. In the
fabrication of the solid electrolyte layer, two separate depositions were applied so as
to reduce the effect of porosity. This is similar to multiple depositions of inter-layer
dielectrics in micro-chip fabrication. However, the results show that the thick film
solid electrolyte was essentially non-functional. From visual observations of the
electrolyte it was apparent that porosity and cracking in the electrolyte film was the

reason for failure.

0.3000

1

0.2500

0.2000

Emf (Volts)

0.1500

ﬂ«1 GUD . S 4 % & ! s PR YO N |
100 1000

Log 1SO,-ppm]

Figure 11-21. Thick film solid electrolyte
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Summary of Results

In Tables 11-1 to 11-3 a summary of the experimental results achieved is given. It is
apparent that at concentrations higher than 10 ppm, Cell No. 4 measures the
concentration accurately to levels as high as 2400 ppm. The results for Cell No. 4
compare favourably (in some cases within 1-2% of theory) with the theoretically

determined cell equation as derived in Appendix D.

The optimal flow rate for this cell design was found to be between 30 and 40 sccm as
displayed in Figures 11-17 to 11-19 for concentrations below 200 ppm SO,. Clearly,
flow rate and its optimization are critical at SO, concentrations below 10 ppm (see
Figure 11-19). If it is assumed that an accurate emf value is obtained at the plateau
displayed in Figure 11-17 for 200 ppm SO,, flow rate independence can be
considered to be realized above 30 to 40 sccm. However, there will be cooling of the
cell at higher flow rates and therefore a drop in cell emf at higher flow rates.
Regardless, below a gas concentration of 200 ppm SO, the optimum cell voltage

output is dependent on flow rate between 30 to 40 sccm.

Electrode kinetics at the working electrode, especially at the lower SO,
concentrations, could also limit sensor accuracy. It would be useful in this case to
determine the exchange current densities of the both the working and reference
electrodes in relation to temperature, gas concentration and electrode structure.
Regardless, excluding the difficulty with measurement of low SO, concentrations, the
sensor performed reliably for over four months. The cumulative results plotted in
Figure 11-15 between 14.4 and 2400 ppm and in Figure 11-16 between 50 and 2400

ppm SO, in air are indicative of the achievable performance.
The thin film working electrode provides a large density of triple phase boundary
(T.P.B.) points, at least an order or more of magnitude than a typical Pt wire gauze.

This combined with a high level of ionic conductivity in the electrolyte results in a

fast response time. However, since the sensor was loaded into a relatively large
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cylindrical ceramic chamber, precise determination of response times to changes in
gas concentration was not possible. Regardless, it was observed that the sensor’s
initial response to changes in gas concentration occurred within 20-30 seconds. This
would be primarily due to the time required for the altered gas concentration to reach
the sensor. The remainder of the response time was more a function of the purging of
the test chamber than the kinetics of the sensor response. It also appears that the Pt
containing quartz chamber was effective in converting SO, to SO3 due to the linearity
of the results over a large range of concentration up to 2400 ppm SO,. For future
experimentation it is highly recommended that a small gas chamber be utilized for
precise determination of the sensor response time. To further enhance the kinetics at
the working electrode, it would be advantageous to develop a mixed ionic-electronic

electrode consisting of a Pt-sulfate electrolyte mixture with controlled micro-porosity.

The composite reference electrode (consisting of a 2:1 weight ratio mixture of
Ag:Ag;S04-Li2SOs) resulted in the Ag,SO4 chemical potential being the same in both
the electrolyte and the reference electrode. In this situation there should be no
chemical interaction between the reference electrode and two-phase electrolyte.
Therefore, over time the Ag,SO, activity should remain constant and the cell output
voltage will not change or degrade. In cell No. 4 over the test period a high level of
stability was observed with concentrations being continuously cycled from high to

low levels.
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Table 11-1. Summary of experimental results for Cell No. 1 - Composite

reference electrode

Rangce of Equation: Emf(Volts) versus log(ppm SQ;) Correlation
[SO,] at 535 °C Cocfficient
Theoretical Emf(V)= (0.1839 +0.0391) + (0.08018 +0.0002) log[ppm SO,] R?=1
([SO2>0)

[SOy] = Emf(V)=(0.2176 £0.0043) + (0.0725 +0.0016) log[ppm SO;] R? = 0.9847
94-900 ppm

Table 11-2. Summary of experimental results for Cell No. 3 - Thick film

reference
Range
(ppm Equation: Emf(Volts) versus log(ppm SO») Correlation
SO,) at 525 °C Cocfficient
Theoretical Emf(V)= (0.1963 £0.0391) + (0.07919 £0.0002) log[ppm SO;] R?=1
([SO}>0)
(SO, = Emf(V)= (0.1755 +0.0044) + (0.0821 +0.0014) log[ppm SO,] R? = 0.9931
100-2400
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Table 11-3.
reference
Range

(ppm

Summary of experimental results for Cell No. 4 - Thick film

Equation: Emf(Volts) versus log(ppm SO»)

Correlation

SO») at 535 °C Cocfficient
Theoretical Emf(V)= (0.1839 +0.0391) + (0.08018 £0.0002) log[SO,-ppm] R%=1
([SO2>0)

[SO,] = Emf(V)= (0.1658 +0.0046) + (0.0824 +0.0016) log[SO,-ppm] R? = 0.9984
100-2400

(S0, = Emf(V)= (0.1864 +0.0027) + (0.0743 £0.0012) log[SO,-ppm] R?=0.9953
10-496

[SO,] = Emf(V)= (0.1686 +0.0027) + (0.0816 £0.0012) log[SO,-ppm] R? = 0.9995
59-496

[SO,] = Emf(V)= 0.2613 + 0.00162 [SO,-ppm] -1.425x10°[SO,-ppm]? R?=0.9998
5.4-95.4 +5.255x10°°[SO,°

[SO,] = Emf(V)= 0.2460 + 0.00238[SO,-ppm] —1.389x107° [SO,-ppm]? R?=0.9983
0.6-11.6

[SO4) = Emf(V)= (0.1810 £0.0010) + (0.0769 +0.0005) log[SO,-ppm] R?=0.9975
14.4-2400

[SO,] = Emf(V)= (0.1723 £0.0010) + (0.0802 +0.0005) log[SO.-ppm] R? = 0.9982
50-2400
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Calculation of Ag,SO, Activity

According to the Ag,SO4-Li;SO,4 phase diagram, the two phase region (between 20-
35 mole % Ag;SO4) in which this sensor operates consists of the two phases:
aLi;SO4ss and (Ag,Li),SO4ss. As indicated previously, the activity of Ag,SO4 does
not depend on its concentration in this two phase region. However, the activity of

Ag,S0; is related to its composition as defined by the phase, (Ag,L1),SOsss.

To calculate the activity for Ag;SO4 and the associated error in the experimental
results, data from the experimental run (cell No. 4) between 14.4-2400 ppm in SO,
were utilized. Mixing of gases was performed with two electronic mass flow

controllers (M.F.C.s) calibrated to the following specifications:

SO; flow rate = £1% of full range of 50 sccm or 0.5 sccm
Air flow rate = £1% of full range of 100 sccm or £1 sccm

SO; concentration = certified at +£1% of stated cylinder concentration or +24 ppm

Therefore, the accuracy in the gas mixtures produced is £5% of the mixtures

concentration. For example, a 900 ppm SO, mixture would have an error of 45 ppm
SO,.

Utilizing equation 8.4, the value of the activity for Ag,SO4 was calculated for
concentrations between 100 and 2400 ppm SO, in air for Cell No. 4 with the values
listed in Table 11-4. Propagation of the uncertainty with these calculations is outlined
in Appendix E. From these calculations the average value for the experimental

activity of Ag,S0s, 8, 5, , was determined to be:

Fps0,= 0.2986 £0.0265

The value for the activity of Ag,SO, (23 m/o Ag,SO4 — 77 m/o Li>SO,) equals 0.25 at
530 °C according to the literature [40, 89]; however, this work indicates an
experimentally determined activity of 0.2986 £0.0265, at 535 °C, which is higher by
19.4%. This is a reasonable value for the activity given that the cell is operated at 535
°C and the material consists of 25 m/o Ag;SO4 — 75 m/o LizSO,.
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During preparation of the solid electrolyte for this cell, there was hydration of Li;SO4
resulting in the formation of Li;SO4°H,0. Evidence of this hydration is the presence
of both Li,SO4 and Li;SO4*H;0 in the X-ray diffraction patterns of the material prior
to formation of the solid electrolyte disc (see Figure 11-29). However, since the
diffraction pattern displays the presence of peaks for both Li,SO,4 and Li,SO4°H,0,
the conversion to the hydrated form was not entirely complete. The exact composition
is not known. Regardless, the attached water would subsequently have been driven

off during operation of the cell at 535 °C leaving behind anhydrous Li,SO, . For the

case where the Li;SQy is completely hydrated initially to Li,SO4*H,O at the time of
weighing, the adjusted mole fraction of Ag,SOy at an operating temperature of 535 °C
would be equal to 0.2796 (see Appendix F). Therefore, in any event the solid
electrolyte utilized in this work falls within the two phase region between 20 and 35
mole percent Ag,SO4. Therefore, the activity of Ag,SOy is defined by the chemical
composition of the (Ag, Li),SO4 phase and not the molar fraction of Ag,SO4. Also, it
is recommended that in future work for improved accuracy, the Li;SOy4 is weighed in

an atmosphere absent of water vapour.

Table 11-4. Average experimental activity,a,, oo, , for cell No. 4 — Thick film
reference, 14.4 to 2400 ppm SO, at 535 °C.

SOxin ppm SOs6m ppm  Emfycasurea(Volts) Activity Activity
Frror

22 18.7 0.2901 0.2267 0.0204
234 19.9 0.2919 0.2289 0.0204
32.4 27.6 0.3003 0.2491 0.0222
34 28.9 0.2975 0.2832 0.0257
41.4 35.2 0.3075 0.2588 0.0231
46 39.2 0.3077 0.2859 0.0258
50.4 42.9 0.3128 0.2706 0.0241
59 50.2 0.3132 0.3131 0.0279
59.4 50.6 0.3180 0.2746 0.0245
68.4 58.2 0.3217 0.2844 0.0253
71 60.4 0.3209 0.3020 0.0268
77.4 65.9 0.3255 0.2885 0.0257
83 70.7 0.3254 0.3103 0.0276
86.4 73.5 0.3287 0.2938 0.0262
95 80.9 0.3305 0.3068 0.0273
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95.4 81.2 0.3310 0.3037 0.0270
100 85.1 0.3342 0.2904 0.0261
107 91.1 0.3338 0.3143 0.0280
119 101.3 0.3379 0.3107 0.0278
131 111.5 0.3412 0.3111 0.0278
144 122.6 0.3445 0.3110 0.0276
156 132.8 0.3464 0.3191 0.0284
168 143.0 0.3497 0.3125 0.0278
180 153.2 0.3517 0.3162 0.0281
192 163.4 0.3548 0.3085 0.0275
204 173.7 0.3563 0.3140 0.0280
217 184.7 0.3591 0.3082 0.0274
229 194.9 0.3604 0.3133 0.0278
241 205.2 0.3632 0.3043 0.0271
253 2154 0.3643 0.3095 0.0276
265 225.6 0.3672 0.2983 0.0266
277 235.8 0.3674 0.3100 0.0276
289 246.0 0.3709 0.2925 0.0261
302 257.1 0.3710 0.3048 0.0271
314 267.3 0.3734 0.2958 0.0263
326 277.5 0.3738 0.3036 0.0270
330 280.9 0.3694 0.3487 0.0316
338 287.7 0.3759 0.2963 0.0264
350 297.9 0.3762 0.3042 0.0271
362 308.2 0.3788 0.2920 0.0260
374 3184 0.3790 0.2999 0.0267
387 329.4 0.3803 0.2990 0.0266
399 339.7 0.3810 0.3021 0.0269
411 349.9 0.3826 0.2972 0.0264
423 360.1 0.3826 0.3059 0.0272
435 370.3 0.3841 0.3013 0.0268
447 380.5 0.3848 0.3035 0.0270
460 391.6 0.3861 0.3009 0.0268
472 401.8 0.3856 0.3132 0.0279
484 412.0 0.3871 0.3076 0.0274
496 422.2 0.3878 0.3090 0.0276
560 476.7 0.3901 0.3265 0.0295
790 672.5 0.4035 0.3135 0.0282
1020 868.3 0.4136 0.3028 0.0273
1250 1064.1 04212 0.2984 0.0268
1480 1259.9 0.4272 0.2973 0.0267
1710 1455.7 0.4333 0.2883 0.0259
1940 1651.4 0.4375 0.2900 0.0260
2170 1847.2 0.4417 0.2875 0.0257
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2400 2136.0 0.4448 0.3041 0.0261

STDEYV = 0.0201 0.0022

Average = 0.2986 0.0265

Micrographs and Chemical Analysis of Electrodes

A scanning electron microscope (SEM), Cambridge Instruments Stereoscan Model
250, was used to produce micro-photographs of the working and reference
electrodes. As can be seen in Figure 11-22 for Cell No. 4, the surface of the solid
electrolyte (25m/o Ag,SO4—75m/o0 Li;SO4) at 72X appears with a coating of a porous
thin film layer of Pt. In Figures 11-23 and 11-24 at higher magnification reveals the
actual structure of the Pt thin film on the solid electrolyte. The working electrode
displays islands of Pt which provide a tremendous number of triple phase boundary
(T.P.B.) points, consisting of solid electrolyte-electrical conductor-gas phase
interaction sites. From measurements derived from Figure 11-24, it has been

estimated that the length of the T.P.B. sites is equal to ~85 pm from within an area of
350 um®. It follows that the T.P.B.:area ratio is equal to 0.24 pm/um’>. In

comparison, 80 mesh Pt gauze would have a T.P.B.:area ratio of 0.020 pm/pm?.
Also, contact of the Pt to the electrolyte is assured with thin film deposition; in
contrast this will not always be the case for wire mesh in contact with an electrolyte
surface. Since the Pt thin film provides an increase in the T.P.B. sites, this would
explain the quick sensor response observed during testing to changes in gas
concentration—-implying rapid kinetics for the working electrode reaction (i.e.,
SO, + 10, + 2e” - SOY). In conclusion, a working electrode consisting of a Pt thin
film and gauze has been shown to result in a favourable structure for the catalysis and

conversion of SO; to SO into the electrolyte.
Typically, in the deposition of thin films, the parameters required for stress-free films
fall within a narrow region of pressure, deposition rate, substrate temperature and

surface roughness. In the deposition of a porous thin film layer, strict control of

depositional parameters is not required. Therefore, fabrication of the platinum thin
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film with the required properties is relatively easy to achieve. There are also various
combinations of deposition techniques and patterning methods that could be

employed to increase the length of the T.P.B. sites even more.

Figure 11-22. Photograph of the working electrode consisting of a platinum thin
film 1000 A thick deposited on the solid electrolyte substrate — 72X.

Along with the micrographs, the SEM system also has the capability of analyzing the
chemical composition of the thin film via energy dispersive x-ray (EDX) analysis. In
this technique an electron beam strikes the surface of a conducting sample with a
beam energy typically in the range of 10-20 keV. The energy of the x-rays emitted
(keV) depends on the material being analyzed, of which several signal peak counts
are produced during data acquisition. EDX analysis typically results in a spectrum
with various elements superimposed on each other. Utilizing computer analysis
| software, the individual elements were determined from the spectrum pattern. The
interaction of the electron beam occurs within a volume of about two microns in

depth; therefore, EDX is not a surface science technique. Elements of low atomic
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number are also difficult to detect. In EDX analysis a lithium doped silicon detector is
often protected by a beryllium window. The severe attenuation of the soft x-rays by a
Be window precludes the detection of elements below an atomic number of 11 (Na).
In windowless systems, elements with as low an atomic number as 4 (Be) can be
detected. Regardless, with the lighter elements it is difficult to get a strong enough x-
ray signal to ensure a high signal to noise ratio and an accurate analysis. Operation in
windowless mode also limits the life of the Si-Li detector. This is due to the fact that
the detector being chilled with liquid nitrogen will condense contaminants present in

the vacuum chamber resulting in detector degradation.

In the EDX analysis presented in Figures 11-25 and 11-26 a beryllium window was
utilized; therefore, it would be expected that Pt, Ag and S would be observed with Li
and O being excluded from the analysis. This was observed with peaks for Pt and S
present in the analysis and peaks for Li and O absent as expected. Any variation in
the heights of Pt and Ag peaks between the two EDX analyses of the working
electrode are probably due to spatial effects and placement of the analyzing beam.
The two phase nature of the electrolyte, i.e., both Li,SO4 and Ag,SO, phases are
present, and the irregular deposition of the Pt film must also be taken into
consideration. Since the energy of the x-rays was 20 keV, the measured signal count
was high enough to ensure a good signal to noise ratio. A 20 keV beam thoroughly
penetrates the 1000 A and 10,000 A films and includes analysis of the underlying
solid electrolyte. EDX is a semi-quantitative technique at best with accurate analysis
requiring calibration of the EDX analysis system using standards of known
composition and thin specimens; for some combinations of elements, large
differences in the self-absorption and fluorescence of emitted x;rays will limit the
precision of quantitative analysis. The EDX spectra provided are for verification of

the expected elements and to detect contamination in the thin film or solid electrolyte.

-116 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 11-23. Photograph of the working electrode consisting of a platinum thin
film 1000 A thick deposited on the solid electrolyte substrate — 1,033X.

Figure 11-24. Photograph of the working electrode consisting of a platinum thin
film 1000 A thick deposited on the solid electrolyte substrate — 5,167X.
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Figure 11-25. Energy dispersive x-ray (EDX) analysis of a working electrode -
site No. 1, consisting of a platinum thin film 1000 A thick deposited on the solid

electrolyte.
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Figure 11-26. Energy dispersive x-ray (EDX) analysis of working electrode —

site No. 2, consisting of a platinum thin film (1000 A thick) deposited on the solid
electrolyte.
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In the fabrication of cell No. 4 the reference electrode consisted of a composite layer
of Ag:AgyS0;4-Li,SO4 in contact with the electrolyte on one side and a coating of a Pt
layer, 10,000A/1 pm thick on the other side (see Figure 11-27). This Pt layer ensured
good electrical contact. The peak observed for Pt was considerably higher in

comparison to the other elements present (i.e., Ag and S) as observed in the EDX

analysis in Figure 11-28.

Figure 11-27. Photograph of the reference electrode consisting of a platinum
thin film (10,000 A thick) deposited on the Ag:Ag,SO,-Li;SO, reference
electrode - 3,100X.
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Figuré 11-28. Energy dispersive x-ray (EDX) analysis of the Pt thin film (10,000
A thick) deposited onto the reference electrode.
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X-Ray Diffraction Results

Analysis of the materials utilized in the solid electrolyte was performed on the bulk
material prior to sintering, on material after sintering and on the electrolyte after

testing. These results are presented in Figures 11-29 to 11-31.

204758 4/83/93 S= 0.0850 T= 4.000 PRESINTER, C.EABTMAN
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Figure 11-29. X-ray diffraction pattern: pre-sintered material.

Wavelength dispersive x-ray (WDX) analysis is similar to EDX analysis, except that
its detector classifies and counts the impinging x-rays in terms of their characteristic
wavelengths. The detector system uses an x-ray analyzing crystal that only allows
the diffraction of desired wavelengths into the x-ray detector for counting.

Advantages of WDX analysis over EDX analysis include:

e Improved energy resolution, preventing many peak overlap errors frequently
encountered in EDX analysis
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e Lower background noise allowing a more accurate quantitative analysis.
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Figure 11-30. X-ray diffraction pattern: post-sintered material.

It is apparent from the analysis of these samples that in addition to the expected
Ag;,SO4 and LiSO4, there was also LipSOs4H;O (lithium sulfate monohydrate)
present. This is expected since this compound forms readily in the presence of water

vapour. At the same time there is no evidence for the formation of hydrated Ag,SOs.

In the future assembly of cells or sputter targets consisting of Ag;SO4 and Li;SOy,
special consideration should be given to handling of the materials. It is recommended
that Li,SO4 should be exposed to only a dry or possibly inert atmosphere during
assembly. In addition, Ag,SO, is photosensitive due to the presence of silver and,
therefore, should possibly only be exposed to the light from a typical photographic
darkroom light (Wratten No. 25 red light filter).
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Figure 11-31. X-ray diffraction pattern: post-use material.
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Chapter 12 : Discussion of Results

Sensitivity Analysis - Cell Measurements

Analysis of the sensitivity of the cell to changes in temperature and pressure is useful
in determining the key factors which influence the emf response of the cell. As

previously discussed the overall cell equation is defined by equation 8.4:

RT1 (Po2 )% (Pso,)

E=E°+=—In (8.4)
2F

aAgZSO4

This equation can be expanded into the following equation:

(8,)" . 23026RT
2F

+ 2.3026RT
2F

E=F° log

log Py, (12.1)
aAg2S04
The first two terms in equation 12.1, consisting of the standard cell voltage, E°, the
oxygen pressure and activity of Ag,SQO, are equivalent to the y-intercept. In equation

2.3026RT)

12.1 the third term coefficient ( , 1s equivalent to the slope of the cell

equation. To visualize the relationship between the slope versus temperature and
pressure, a plot is provided in Figure 12-1. The data from these calculations is
provided in Table A-15. As expected from equation 12.1, the slope is related to
temperature but not to pressure. There is a linear relationship with temperature as it
increases from 525°C to 535°C, with the slope rising significantly. However, the
effect of a variance in temperature of *2 °C, typical of experimental conditions,

would result in an error of +0.0002 V/decade in measurement of the slope.

A plot of the y-intercept from equation 12.1 versus temperature and pressure is
displayed in Figure 12-2. The relationship between the y-intercept and temperature is
stronger than that with pressure. During acquisition of experimental data, the pressure
typically ranged between 690 and 710 mm Hg. At a fixed temperature of 535 °C the

effect of this variation in pressure on the y-intercept would be 0.0005 V. Regardless,
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compensation for pressure was used in calculation of the experimental emf values. By
comparison, the effect of a temperature variation of +2 °C on the y-intercept for a

fixed pressure is £0.0012V.

Slope (V/decade)

Figure 12-1. Slope versus temperature and pressure

It is apparent that variation in pressure or temperature should be controlled and/or
compensated for when collecting experimental data. However, the effect of typical
experimental variations in pressure or temperature would have a relatively small
influence on the experimental data collected. This is not to say that control of
temperature and pressure aren’t important, but there are other experimental variables
that should be considered. For example, with respect to the third term in equation
12.1, the error in concentration of gas mixtures is +5%. Assuming a fixed temperature
of 535°C/808.15K and a gas concentration of 1000 £50 ppm of SO, the error

induced in the cell voltage turns out to be very small at +5.5x10® V. In comparison
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the error in the theoretical value of the y-intercept for the standard voltage, E°, of
+0.0391V is significant when comparing the y-intercept values from theory and

experiment. In addition, the free energy for the cell reaction(s), and therefore, the

standard cell voltage, E°, have a strong temperature dependence.

intercept (Volts)

700 <
680 ge0 550

" (M, Hg o0

Figure 12-2. Intercept versus temperature and pressure
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Cell Measurements

Cell No. 1: Composite reference electrode

This particular cell design consisted of a composite reference electrode attached
directly to the two phase solid electrolyte disc with this half cell subsequently co-
sintered. The slope of the experimental cell equation was found to be within 9.6% of
the theoretical value. However, the y-intercept was in error by 18.3% from the
theoretical value. The error in the y-intercept is primarily related to the error in the
standard cell emf, E°, and to a lesser degree with the error in the partial pressure of

oxygen, F, , and the activity of Ag,SOs. Pressure was measured to within £0.1 mm

Hg, or £0.013% of an atmosphere, ranging between 690 to 710 mm Hg during
collection of experimental data. Therefore, in calculating the theoretical cell equation,
an average pressure value of 700 mm Hg was utilized. If the error were solely related
to the Ag,SO; activity for this value of the y-intercept (see equation 12.1), it can be

calculated that the a,, o, would have to equal 0.1548. Since the solid electrolyte was

weighed accurately with a mole fraction of Ag,SO;4 equal to 0.25, and the activity had
been measured experimentally to equal 0.2932, it is unlikely that the activity of the
electrolyte was a factor. In comparison the value for E° is equal to 0.6571V with an

error of £0.0391V, or +6%, a significant error.

There may also be some other factors operating in the cell creating this error. Possibly
there are contact potentials being generated between the different components.
Impedance spectroscopy could be utilized to determine the impedance or resistances
present at the interfaces between the working electrode and electrolyte and the
reference electrode and electrolyte. However, slight errors in the individual
experimental measurements will lead to more error in the y-intercept than in the
slope. At the same time the experimentally determined slope was found to be more
accurate in comparison to the theoretical slope. This isn’t surprising since the
measurement of temperature is precise in comparison to the other measurands.

Regardless, with the two phase solid electrolyte and the composite reference
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electrode, this cell was found to function reasonably accurately for a relatively long

period of time without degradation in cell emf.

Cell No. 2: Ag thin film reference electrode

Utilizing a 5000 A thick Pt working electrode along with a 8000 A thick Ag thin film,
this cell displayed unstable emf’s during its operation. After about three weeks of
operation the cell was shut down. Visual observation of the cell revealed that the Ag
thin film reference electrode had diffused into the bulk of the solid electrolyte disc.
This resulted in the formation of additional Ag,SO,4 throughout the solid electrolyte,
along with the disappearance of the reference electrode. Since the amount of Ag
contained in the thin film reference electrode layer is relatively small in comparison
to the volume of the solid electrolyte disc, it would have had little effect on the phase
amounts within the two phase mixture (i.e., the electrolyte remained in the two phase
region). Therefore, the activity of Ag,SO; would have also remained unaffected.
Regardless, an increase in the mole fraction of Ag,SO4 would have reduced the cell
voltage, not increased it as was observed experimentally. Therefore, the rise in

voltage towards the end of the experiment was due to some other factor(s).

Cell No. 3: Ag thick film reference electrode

This cell used a Ag thick film, approximately 25pum thick for the reference electrode,
along with a working electrode consisting of a 5000 A thick Pt film. During its
operation this cell produced some good results, but only for a relatively short period
of time. It appears that diffusion of Ag into the solid electrolyte caused the cell
voltage to drop over time. The amount of Ag available in the thick film for diffusion
into the solid electrolyte was equivalent to 0.00123 moles. If this material were to
diffuse into the solid electrolyte disc it would be converted into 0.000617 moles of
Ag;S04, and therefore the mole fraction of Ag,SO4 in the solid electrolyte would
increase to 0.2538. With the Ag,SO4 mole fraction at this level, the solid electrolyte
remains in the two phase region. Regardless, the loss of the reference electrode

should result in a decline of cell voltage to zero.
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It appears that a reference electrode consisting of pure silver changed the mole
fraction of the metal sulfate component(s), followed by a subsequent decrease in cell
emf. Therefore, it is suggested that an alternative sulfate based solid electrolyte
should be utilized where the content of Ag,SO, is close to 100%, such as (0.25
m/0)BaS04-(99.75 m/0)Ag,SO,. Since the activity of Ag,SO, in these types of metal
sulfate solid electrolytes is close to unity, any diffusion of Ag into the electrolyte

would have negligible effect on the cell emf.

Cell No. 4: Composite thick film reference electrode

Cell No. 4 was fabricated with a thick film reference electrode consisting of a 2:1
weight ratio mixture of Ag:Ag,S04-Li,SO4 and a working electrode consisting of a Pt
thin film combined with a Pt gauze which produced the best experimental results.
From 14.4 to 2400 ppm of SO, in air, the y-intercept of the experimental results was
within 1.6% of the theoretical value and the slope within 4.1%. An error in the
experimental y-intercept is not unexpected since the error in the theoretical standard
cell voltage, E°, used to derive the theoretical cell equation is significant at +£0.0391V.
Regardless this cell design displayed excellent precision. However, there are some
areas that require improvement with respect to measurement at lower gas
concentrations. In all cases whether the gas mixture was either mixed or drawn
straight out of a gas cylinder, there is a tail in cell emf starting at concentrations
below 10-15 ppm of SO, in air. There are also some questions with respect to the
value of the activity for Ag,SO, in the two phase mixture. The literature indicates that
for 23 mol % AgySO4 — 77 mol% Li,SO4 at 530 °C, the activity is equal to 0.25. This
activity was measured experimentally to equal 0.2932 +0.0242. It is possible to
calculate activities directly from a phase diagram (when there is solidus and liquidus
lines defining the two phase region of interest), however the accuracy is generally
poor. Regardless, our two phase region doesn’t qualify for calculation from the phase
diagram. Therefore, it would be very useful to determine the activity of Ag,SO, at
temperatures between 510-560 °C with mole fractions of Ag,SOs; between 20-35
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mole % via emf measurements. This would clear up any error in operation of this

sensor at other temperatures or mole fractions.

Cell No. 5: Thick film electrolyte

This cell was constructed with a 200 pm thick two-layer thick film solid electrolyte
onto which a 1000 A thick thin film of Pt was deposited forming the working
electrode. The two layered electrolyte structure was an attempt to form a gas tight
layer required for functionality. However, as the experimental results show, the
electrolyte layer did not perform properly. The response was inconsistent and
unstable throughout the range in SO, concentration. Throughout the literature it is
apparent that the formation of thin films of Ag,S04-Li,SO4 or other metal sulfates has
not been achieved. Metal sulfates are difficult compounds to deposit as thin or thick
films. It is suggested that using air brushing with very fine particles << 1 pm should

be examined as a deposition method.
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General Discussion

The sensor is capable of accurately measuring SO, concentrations assuming that the

sample input consisting of air and SO, entering the sensor doesn’t initially

containSO, . In addition, the sensor is capable of measuring SO; contents in sensor

stream inputs consisting of a carrier gas and pure SO; only or total SO,/SO;

concentrations.
The important factors to be considered with this sensor design consist of:

e The activity of Ag,SO, is constant in the two phase region even as the amount
of each of the phases changes. In comparison, single phase systems such as
Ag,S04-K,;S0,4 or Ag;SO4-Na,SO, form a continuous solid solution over a
range of composition. Single phase cells will be affected by variations in the
concentration of silver sulfate. These variations are due to decomposition of
the Ag,SO, or reaction of silver in the reference electrode with SO; to form
Ag;S04. These problems are of less concern with two phase sulfate solid

electrolytes and result in long term stability.

¢ By embedding Ag in the Ag,S04-Li,SO, mixture in the reference electrode, the

sulfation of silver by gaseous SO; is minimized or virtually eliminated.

e The composite reference electrode mixture provides fixed SO; potentials and
when sintered as one integral piece with the solid electrolyte, results in good

electrical contact between the electrolyte and reference electrode material.

e Silver has the unique property of being stable above 200 °C in oxidizing
atmospheres and its sulfate, Ag,SO4 is also stable. As observed in the
potential phase diagrams (see Figures 12-5 to 12-7) for Ag-S-O, there is no

silver oxide formed as an intermediary phase between Ag and Ag;SO;.

e Two phase electrolytes also absorb water less and have better mechanical

properties.
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Despite the excellent results above 10 ppm, the sensor should be capable of detecting
to sub-ppm levels. The relationship between cell voltage and the SO, concentration
should be linear into the sub-ppm concentrations. Below a concentration of 10-12
ppm SO, (equal to 10-12 ppm SO; at the surface of the sensor) the measured voltage
departs from the expected values. From the difference in the measured voltage and
that calculated by the theoretical cell equation, it would indicate that there is a

perturbation in either the F, or Fy, partial pressures present at the working

electrode.

Voltage Differential and Shift in Partial Pressures

To acquire an understanding of the non-linear voltage shift at lower concentrations

(i.e, 0.6 to 10 ppm SO, ), a calculation of the change in F, or Fy, partial pressures

required for the shift from the expected theoretical values has been formulated. The

shift in voltage is defined by the difference in voltage, AE, between the

experimentally observed voltage, E,

exp ?

and the theoretical voltage,

theoretical *

AE = E';xp - E‘theoretical (122)
From the overall cell reaction given by equation 8.4, it can be shown that:
R, (PG;)”(PSO})
AE =—1In (12.3)

2F " (P0o;)" (PSO})

where PO, represents the oxygen partial pressure present during experimental
measurements, PO, that expected according to theory (i.e., 0.209476 times the
measured pressure), PSO; is the partial pressure of SO; measured at the sensor

cathode, and PSO,; that expected according to the input mixture.
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In Table 12-1 values for the experimental and theoretical voltages are given. The
voltage shift AE between these two voltages is calculated along with the required shift

in either the oxygen or SO; partial pressures.

The shifted oxygen pressure is calculated from the voltage shift that would be
required at a given partial pressure of SO to produce the experimentally observed

cell voltage. It also follows that the shifted Fy, partial pressure is calculated assuming

that the oxygen partial pressure is unchanged.

Table 12-1. Voltage and partial pressure shift.

SO Experimental  Theoretical AL Shifted Shifted
ppm Voltage Voltage Oxygen (SO,
Pressure ppm
(atm)
0.6 0.2460 0.1624 0.0835 254 6.6
1 0.2470 0.1802 0.0668 9.74 6.8
2 0.2497 0.2043 0.0453 2.83 7.4
3 0.2522 0.2185 0.0337 1.45 7.9
4 0.2546 0.2285 0.0261 0.9376 8.5
5 0.2568 0.2362 0.0206 0.6838 9.0
6 0.2590 0.2426 0.0164 0.5375 9.6
7 0.2610 0.2480 0.0131 0.4440 10.2
8 0.2630 0.2526 0.0104 0.3797 10.8
9 0.2648 0.2567 0.0081 0.3328 11.3
10 0.2665 0.2604 0.0061 0.2970 11.9

What might be responsible for this voltage shift upwards at low SO, concentrations?

1. The gas was not mixed properly at lower concentrations. This is unlikely for
the following reasons; two gas cylinders with certified mixtures consisting of
0.6 ppm SO; in air and with 11.6 ppm SO; in air were utilized, without any
mixing. Below 11.6 ppm the gas was diluted with an air stream. At the lowest
concentration tested, 0.6 ppm SO; in air, the test gas consisted of an undiluted
stream from a certified mixture. The cell voltage followed the trend with

respect to the difference between the measured and theoretically calculated
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cell voltage; therefore, it is unlikely that improper mixing of the gases was

involved.

2. Did proper purging of the gas mixture occur inside the test chamber? To
ensure that effective purging of the chamber took place, when the gas mixture
was adjusted to 0.6 ppm, the chamber was purged for a couple of days. Also,
the test procedure was cycled several times between 0.6 and 11.6 ppm SO,
over several weeks. And since the voltage differential was relatively
consistent and repeatable over many cycles, chamber purging is deemed to be

effective.

3. Was there leakage across the sensor from the reference side? The cell was
pressure tested with a few pounds of air applied to both the reference and
working electrode chambers. No leakage was observed with a bubbler
connected to either side. Regardless, leakage of air across the sensor from the
reference electrode to the working electrode side would have caused dilution
of the gas stream at the working electrode and a drop in cell voltage —
opposite of what was observed. In addition, the reference side of the cell was
exposed to static air pressure, not pressurized air. If the cell were to leak SO,
it would have appeared on the reference electrode side. In conclusion, the cell

was gas tight and the transference of gas across the sensor was not observed.

4, Thermal diffusion. If a temperature gradient is applied to a mixture of two
gases of uniform concentration, there is a tendency for the heavier and larger

gas molecules (mass, m; and diameter, §,) to move to the cold side, and for

the lighter and smaller molecules (mass, m; and diameter, 3) to move to the

hot side. At steady state there is a separation of light and heavy gas molecules
due to a balance between the mixing effect of ordinary diffusion (coefficient
Di2) and thermal diffusion (coefficient Dr) resulting in a concentration
gradient due to the temperature gradient. The amount of thermal separation

depends upon the ratio of m;/m;, the ratio 6,/ 8, the proportion of the
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volume of the heavier gas, f;, and of the lighter gas, f,, and of the strength of

the attractive/repulsive force between the different gas molecules.

Within the test apparatus a temperature gradient existed between the location
of the sensor (at 535 °C) in the middle of the hot zone to the inlet of the
furnace tube located outside the furnace. The temperature profile for the tube
furnace with the controller set at 540 °C is given in Table 12-2 (measured
from the end of the tube to the other side). During operation of the cell, the
furnace controller was adjusted so the cell would be at 535 °C. At this setting
the temperature at the end of the tube is approximately 426 °C less than the

centre.

Therefore, it is expected that the temperature gradient (~420 °C) that exists
between the sensor and the outer region of the furnace test tube will result in
separation of the three primary gases, oxygen, nitrogen and sulfur trioxide
down the length of the tube. There would also be a radial temperature gradient
between the sensor body and the furnace walls adjacent to the sensor;
however, this is expected to be significantly less. Regardless, the lighter gases,
oxygen and nitrogen, will diffuse towards the inner hotter regions of the tube,
with the sulfur trioxide migrating to the cooler outer portions of the tube. The
SO; entering the cell is converted to SOs, with the MWso, equal to 80 g/mol

whereas the oxygen and nitrogen possess molecular weights of MW, =32
g/mol and MW, = 28 g/mol, respectively. According to the overall cell

reaction given by:

1
E=Eo+—lg1-ln(P02 )/2(P503)

a 4z,50,

enrichment of oxygen at the sensor would increase the cell voltage, while a

decrease of sulfur trioxide at the sensor body would lower the cell voltage.
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Which gas component is enriched or depleted more will determine whether
the cell voltage increases or decreases. Therefore, thermal gas diffusion may
or may not explain the lack of Nernstian response below 5-10 ppm. An
analysis of the thermal diffusion is required. The magnitude of the radial
temperature gradient located between the sensor and the furnace tube was not
measured, but this gradient would have been much less than the axial gradient.
Regardless, there may have been some enrichment of sulfur trioxide next to
the sensor due to radial separation. However, the gradient down the length of

the tube creates a much larger gas concentration gradient.

Table 12-2. Furnace temperature profile.

Distanee In (em) Temperature 'C
0 118
5 167
10 174
15 224
20 291
25 339
30 398
35 468
40 519
45 538
50 544
55 524
60 478
65 414
68 352

It is useful to determine what the concentration gradient for oxygen and sulfur
trioxide is down the length of the furnace tube. The description of thermal

diffusion of gases is somewhat complex and will be briefly described. For a
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thorough description of thermal diffusion see “Thermal Diffusion in Gases” by
Grew and Ibbs [92] or “The Thermal Diffusion Column” by Vasaru et al. [93].
For a binary gas mixture under the condition of steady state diffusion, the flux is

given by:
gradc, = k, gradInT (12.4)

where kr is the thermal diffusion ratio given by:

D
ky ==L 12.5
' D12 ( )

and Dy; is the coefficient of ordinary diffusion of a binary gas mixture and Dy

is the thermal diffusion coefficient.

It follows from equation 12.4 that the concentration gradient is, therefore,

given by:

T
[e], - [e1], = orcc, lan (12.6)

1

where the term on the left side (i.e., [c,], — [c,],) represents the gradient in

concentration of the first species between the two locations as indicated by the

subscripts 1 and 2 outside the brackets, o, is the thermal diffusion constant

and ¢ and c; are the initial concentrations of the two gases.

Since the dependence of kt on composition is strong, it is convenient to utilize

the thermal diffusion constant defined by:

(12.7)

which includes a term for concentration and is, therefore, less dependent on
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composition.

Another term found in the literature is the thermal separation ratio, Rt, which
is defined as the ratio of kr (experimental) or o, (experimental) obtained from

experimental data, to the theoretical values calculated using a rigid elastic

sphere (R.E.S.) model. The equation is of the form:

_ kp(exp) _ a(exp.) (12.8)
" k,(RES) a,(RES) '

Values for Ry typically vary between 0.1 to 0.7.

The general theory for thermal diffusion in ternary and polynary gas mixtures
can be somewhat modified as outlined by Hellund [94] and Jones [95].
However, in the case where the molecules only differ with respect to their
masses, the thermal diffusion equation can be written in terms of the binary
thermal diffusion constant. The gas stream used in testing the chemical sensor
consists primarily of three gases: sulfur trioxide, oxygen and nitrogen. In this
situation the thermal diffusion equation 12.6 is re-written for a ternary gas

mixture as:

T.
Ac, = [CI ]2 - [cl ]1 = (u’12c2 + °’13c3)1n'f2" (12.9)

1

For this work involving O, N; and SO; in case of the separation of oxygen,

equation 12.9 can be modified to:

T

Acy, = [Co, ]2 - I:Co2 :]1 = (aoz-Nch2 + O, 50,Cs0, )ln? (12.10)
1
and for separation of SOs:
Acso, =[50, ], = [ 50, ], = (®s0,,0x, + asojozcoz)ln% (12.11)
1
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For an approximate calculation of the thermal diffusion constant, a., the rigid

elastic sphere model along with the approximation given by Chapman-Enskog
for mixtures of molecules with similar diameters and or masses [93] is as
follows:

[a.] = 105 M;-M,, (12.12)

- li +Mi+1

Utilizing a temperature gradient of 420 °C (i.e. 535-115 °C), assuming that the
thermal separation ratio, Rr, equals unity, and using the Chapman-Enskog
approximation for the thermal diffusion constant, the following value for the

separation of O, down the length of the tube was determined:

Ac,, =0.034 (12.13)

Therefore, with the initial concentration of oxygen at 0.2095 atm, the final
concentration in the hot zone would become ~ 0.2434 atm. This value was

calculated for a [SO;] =5 ppm.

For a change in SO; concentration:

Acg, =0.3038 (12.14)
Therefore, if the concentration of SO; were equal to 10 ppm it would increase
by a relatively small amount to 10.3 ppm. And since the change in SO; would

be constant over the entire range of [SO3], it would have even a smaller effect

at higher concentrations.

Regardless, the increase in oxygen concentration is significant and the effect
of [SO;] has little influence in the change in oxygen over the entire range the

sensor operated. Therefore, due to the change in the partial pressure of
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oxygen, AF, , one would expect to see a large perturbation in the sensor

voltage over the entire range of [SO,] measured. This was not observed as the
sensor obeyed the expected response above concentrations of 10 ppm SO,. In
addition, since the gas was flowing through the cell at 30 sccm whereas
thermal diffusion calculations assumed a stagnant gas mixture, a perturbation
in cell voltage due to thermal diffusion should have been further minimized or

not present at all.

Some further suggestions for determining whether thermal diffusion is at play

in this sensor:

Measure the cell voltage with the gas mixture contained within the full open
length of the tube. Then for comparison measure the cell voltage with a sensor
placed in an isolated test chamber in the hot zone of the furnace. If the sensor
is capable of measuring gas mixtures with concentrations less than 10 ppm of

SO, then thermal diffusion is a factor with an open tube test chamber.

It would also be useful in utilizing a gas mixture with a known concentration
of SO; gas delivered in an alternative carrier gas. By using a carrier gas with a
significantly different molecular weight, i.e. MWy, = 2 g/mol, any effect on

cell voltage due to thermal diffusion would be readily observed.

5. Concentration polarization. This effect is well understood with oxygen
concentration cells constructed of O% mobile ZrO,-Y,O; solid state
electrolytes. At open circuit, the movement of oxygen anions from the cathode
to the anode under conditions of mixed conduction (when ti,, <1 ) will occur
since clectrons can travel within the solid electrolyte to the cathode to

neutralize the effect of the charge imbalance. At the cathode, the production of
oxygen anions occurs according to the reaction, 10, +2¢” = O* . Whereas,
at the anode, the arriving oxygen anions will produce oxygen according to the

reaction, O>” =10, +2¢" . The oxygen produced at the surface of the anode,

- 141 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



if physically adsorbed on the surface, will result in a measured oxygen
concentration higher than the bulk oxygen concentration (see Figure 12-3).
This adsorbed layer of oxygen at the surface of the anode will result in a drop
of the measured cell voltage or emf. Of course, it may be possible to flush this
absorbed concentration of oxygen atoms/molecules off the surface of the

electrode with higher flow rates of gas.

Bulk Gas Bulk Gas
(Cathode (Anode
Side) Side)
Cathode Anode

Figure 12-3. Polarization in an oxygen concentration cell.

In a similar fashion, a sulfur dioxide chemical sensor with mixed conduction
would also have transference of both ions and electrons (see Figure 12-4).
However, in this situation the mobile cation consists of Ag’, which travels
from the anode to the cathode. It follows with a mixed ionic conductor that
this ionic current is offset by the movement of electrons (e-) in the same
direction. At the cathode the electrons react with SO; and O, gas according to
the reaction, SO, + 10, + 2e- = SO} . The net result is a reduction of gas
concentration in the polarized gas layer, next to the cathode. For this type of
sensor, a drop in the cell voltage would also be expected, according to the

overall cell reaction as given by equation 8.4.

According to what was measured experimentally, this theory is opposite to

what was observed; the experimental evidence displays a rising tail in cell
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voltage at lower gas concentrations, with the gap between the experimental
and theoretical values widening with declining gas concentration. Therefore, it
would appear that concentration polarization is not the reason for the non-
linear behaviour in the cell voltage at lower gas concentrations. On the other
hand, concentration polarization can explain low cell voltages observed in
relation to the lower flow rates as observed in the flow rate dependence tests

(see Figures 11-17 to 11-19).

Anode
2Ag+ SO i' = Ag,S0,4 + 2¢”

Cathode

SO, +1/20, + 2¢” = SO}

Figure 12-4. Cross section of sensor layers and reactions.

6. Decomposition of the solid electrolyte. Another possibility to consider is the
decomposition of the two-phase solid electrolyte utilized in this work
consisting of (Ag,Li);SOyss and aLi,SO4ss at lower partial pressures of SO; in
air. There is no information in the literature with respect to decomposition of
the two-phase solid electrolyte material in relation to SO,. Therefore,
consideration will be given to the assumption that the solid electrolyte can be

analyzed as two separate components consisting of Ag;SO4 and Li,SO,.
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For Ag,SOq:
Ag,SO, = 2Ag +S0, +10, AG;=+126.8kJ/mol at 535°C/8081.5K (12.15)

The cell emf was observed to depart from a Nernstian response at
concentrations below 10 ppm SO, in air. Therefore, for the operating

condition where Py, = P, =10 ppm and F, = 0.2095 atm, the free energy for

the decomposition of Ag,SO; is approximately +51.4 kJ/mol. This calculation
indicates that silver sulfate should not spontaneously decompose at 10 ppm.
Assuming that the thermodynamic data are accurate, it can be shown that

decomposition of Ag,SO, will not occur until the [SO;] is below ~5 ppb.

For LizSO4:
Li,SO, = 2Li + SO, +10, AG? = +798kJ/mol ar 535°C/808.15K (12.16)

The free energy of decomposition for Li,SO4 at Fy, = 10 ppm is highly

positive, making it even less favourable for decomposition to occur. It can be

calculated that the theoretical decomposition of Li;SO4 occurs at a Fy,

pressure of approximately 5.6x102 atm.

There is a strong relationship between the decomposition of Ag;SO4 and
temperature. In Figures 12-5, 12-6 and 12-7 phase stability diagrams for the
Ag-S-O system at various temperatures are provided. On each of these
stability diagrams, the curves marked by a dashed line are in reference to a
total pressure of 1 atm. However, during operation of the sulfur oxide sensor,
the total pressure of air and SO, was actually equal to ~0.921 atm. Therefore,
the total pressure curves marked on the phase stability diagrams should be
shifted slightly down and to the left. Regardless, according to these diagrams,
at 673K (400 °C) Ag,SO4 would decompose at a partial pressure of SO, equal
to 10"5-10"% atm. At 808K (535 °C) Ag,SO4 decomposition occurs at a partial
pressure of SO, equal to ~10" atm and at 873K (600 °C) at a partial pressure
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of SO, equal to 10®-10° atm. Therefore, as the temperature increases, the
pressure of SO, required to prevent decomposition of Ag,SO; also increases.
According to this thermodynamic analysis it would be advantageous to lower
the operating temperature of Ag,SO, based sensors, so as to permit the

measurement of lower SO, pressures.

Ag-8-0,673 K

'+'= 1.0 atm P(lotal) isobar

T T T T

)

F+ bttt bbb bbb by ++,,,+++* B

+++
+4
+

log (P(802) (atn)

A0 F

.15 |

20 1 1 1 1
-20 =16 -10 ] 0

log, (P(02) (atm)

Figure 12-5. Phase stability for the Ag-S-O system at 673K.
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Ag-S-0, 808 K
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Figure 12-6. Phase stability for the Ag-S-O system at 808K.

Ag-8-0, 873K
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Figure 12-7. Phase stability for the Ag-S-O system at 873K.
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From this simplified analysis, it is apparent that if decomposition were to
occur, Ag,SO; would be the more likely candidate. However, the solid
electrolyte utilized in this work consists of the two phases: alLi;SOsss and
(Ag, Li);SOyss, and therefore would respond differently than the simplified
analysis discussed in the previous section. The response of the sensor at lower
SO, concentrations is displayed in Figure 12-8. There is a plateau in the emf
as the concentration of SO; in air decreases under 10 ppm. The plateau can be

described by the following equation:

L 23026RT, (2,)" (Po,)

E=FE° -
2F A 4g,50,

(12.17)

where a;gzso‘ is the effective activity of Ag,SOy in the solid electrolyte as
decomposition begins to occur. In this situation the activity is not a constant

value.
0.2800 - “/
0.2400 T '
0.2000 \
E 0.1600 Theoretical Cell Voltage
?‘1 Emf (Volts) = 0.1839 + 0.0802*Log[SO ,-ppm]
(7Y
£ 01200 ¢
1/2
- 2.3026RT PO P,
008000 | E=E° + 22926 Log( 2? (%)
F 2F 4050,
0.04000 |-
0000— 1 L ! PELITER | L ' MR | 4
0.1 1 10

Log [SO,-ppm]

Figure 12-8. Emf versus log[SO,-ppm] at low SO, concentrations.
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As the [SO;] decreases, if the assumption is made that the (Ag, Li);SOasss

phase begins to decompose into Ag, Li, O, and SO;, this would result in a
decline in the effective activity of Ag;SO4 (a;gzsq) as defined in equation

12.17. A decline in the activity would, therefore, reduce the effect of the

second term in equation 12.17 and create a plateau in the measured emf.

In Table 12-3 the effective activity for Ag;SO4( a;gzsq) is given according to

the concentration of [SO,] and the measured emf. The values for the activity
of (Ag, Li),SO4ss would indicate, that as the concentration of SO, decreases,

the amount of (Ag, Li),SO4ss transformed increases significantly.

Table 12-3. Adjusted Ag;SO4 activity

[SOL-ppm] Fmf(Vols) Effective Activity

0.6 0.2471 0.0220
1.6 0.2500 0.0539
2.6 0.2523 0.0820
3.6 0.2545 0.1065
4.6 0.2567 0.1278
5.6 0.2587 0.1469
6.6 0.2605 0.1644
7.6 0.2638 0.1722
8.6 0.2656 0.1850
9.6 0.2673 0.1967
10.6 0.2693 0.2051
11.6 0.2720 0.2077
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Chapter 13: Conclusions, Future Work and Recommendations

Several two-phase Ag;SO4-Li,SO4 sensors were designed and tested with a range of
gas mixtures varying from 0.6 to 2400 ppm SO, in a stream of air. The best
performance was observed with a design consisting of a Ag:Ag;S0,4-Li,SO4 thick
film reference electrode deposited onto a disc substrate consisting of the two phase
electrolyte, Ag>S04-Li;SO4. Testing of this design occurred over several months with
continuous cycling from high to low gas concentrations for confirmation of
reproducibility. This sensor was accurate to better than 5% and in some cases in the
range of between 1 and 2% of the theoretically calculated values from 14.4 to 2400
ppm SO,. However, improvement in the performance of the gas sensor at gas
concentrations below 10 ppm SO; is required. Determination of the exchange current
density for the working electrode is recommended for a better understanding of

electrode kinetics, especially at lower gas concentrations.

The Ag,SO, activity for a 25m/o Ag,SO4 — 75m/o0 Li,SO4 mixture at 535 °C has been
determined to be 0.2986 +0.0265, which is a reasonable value in comparison to that
present in the literature. However, a more thorough examination of Ag,SOy activity in

relation to temperature and mole fraction of Ag;SO4 is recommended.

With development of a functional thick or thin film electrolyte of AgySQO4-Li,SOy it
would be possible to construct a miniaturized integrated sulfur oxide sensor for the
measurement of SO,/SO; in air. This integrated sensor would offer several
advantages with lower power consumption, faster response times, lower unit cost and
compactness. The fabrication of sensors for other gases such as NOyx, COy, Cl, Oy,
and H, with the techniques utilized in this work would be amenable to further

miniaturization and integration.
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The work presented has laid the groundwork for the development of a miniaturized,
integrated chemical sensor. Utilizing semiconductor manufacturing and
micromachining techniques additional work is required for fabrication of a

miniaturized and integrated sensor. This work consists of the following:

e Selection of the optimal solid electrolyte combined with appropriate reference
and working electrodes

e Development of a deposition process for a dense, gas tight thin film solid
electrolyte

e Development of a sensor design and fabrication process for integration and

miniaturization of the sensor

Improved Electrolyte

A change in the electrolyte and reference electrode can simplify fabrication of the
chemical sensor. The two-phase sulfate utilized in this work displays excellent
selectivity and stability in the measurement of SO,/SO; . However, the operational
range is relatively narrow (i.e., 520-560 °C) and errors in measurement could take
place if the composition of the solid electrolyte is moved out of the two-phase region.
As discussed previously there are several alternate choices in composite electrolytes

to be considered. These additions to Ag,SO; consist of:

Cs2804 — Increased the ionic conductivity of the parent Ag,SO, material by a factor
of 33X, a significant improvement. This material also has a large range of
applicability all the way down to Fy, = 10 atm with Py, = 10%® atm. However,
Cs;80, does possess high solubility in water (167 gm/100 mL of water at 0 °C). As in
the case with the combination of Li;SO4 and Ag,SO,, the addition of Cs;SO4 to
AgySO, should also reduce its hygroscopic nature. This needs to be determined
experimentally. Regardless, consideration should be given to the fact that the

combination of water vapour and SO; will produce H,SOs, which results in
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dissolution of numerous metal sulfates. Therefore, it may be necessary to remove

water vapour from the gas input stream regardless of which metal sulfate is utilized.

MnSO, — This material is capable of operating at low partial pressures of SO, (~0.1
ppb) and at lower operating temperatures (i.e., 400-450 °C). The increase in ionic
conductivity is 10X over that of pure Ag,SO,. However, the water solubility is
relatively high at 70 gm/100 mL at 70 °C, but once combined with Ag,SO; it should

become less soluble.

CoSO; — As for MnSQO,, this material would have to be operated at a lower

temperature (i.e., 400-450 °C) for detection of Py, t0 ~0.1 ppm. The increase in ionic

conductivity with this addition is 8.5X over pure Ag,SQO4. Again the water solubility
is relatively high at 83 gm/100 mL at 100 °C, but once combined with Ag,SOy it

should again lose its hygroscopic nature. This needs to be determined experimentally.

Silver sulfate has a solubility in water of 1.41 gm/100 mL at 100 °C which is
relatively low. In the fabrication of composite electrolytes, consideration was also
given to choosing dopant additions that are of low water solubility. These dopants

consist of the following:

BaSO, - Noted for its extremely low solubility in water (0.00036 gm/100 mL) this
material is ideal for exposure to water vapour. A phase transition from an alpha to
beta phase in pure Ag;SO, results in a large drop in conductivity at 420 °C. The
addition of BaSQ, reduces this transition so as to allow the sensor to be utilized over
a range of temperature as large as 300-600 °C (the m.p. of pure Ag,SOy is 652 °C).
Could be utilized in a composite electrolyte up to 5 mole %. This component would
increase the ionic conductivity of the parent Ag,SO,4 material by a factor of 2.2X at
440 °C. These additions have also been found to enhance the conductivity of Ag;SO4
between 2-5 times by Liu et al. [43] . Also since the concentration of this dopant and
all other dopants discussed can be reduced to levels less than 1 mol%, the activity of
Ag,SO; is essentially unity. It would also be possible to utilize a pure Ag reference

electrode, since the effect of Ag diffusion into Ag,SO4 would be negligible. This is
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very significant, since development of a chemical sensor with a thin film layer of Ag

would greatly simplify fabrication of a miniaturized sensor.

There are other dopants to be considered consisting of:

CaSO, — This material possesses low solubility in water of 0.1619 gm/100 mL at 100
°C. The increase in conductivity would be 2.4X over pure Ag;SO, at 440 °C.

PbSO, — The water solubility of this material is 0.0056 gm/100 mL at 40 °C. Ionic
conductivity is increased 2.9X over pure Ag,SO, at 440 °C.

SrSO, — The final material to be considered has a solubility of 0.014 gm/100 mL at 30

°C. The increase in ionic conductivity is relatively low at only 1.16X at 440 °C.

There are other classes of solid electrolytes which display high values of ionic
conductivity and could be applied to measurement of SO,. These consist of fluorine,
lithium, sodium, potassium, silver and copper ionic conductors. For example, several
forms of fluorine conductors such as CaF,, SrF,, BaF,, and PbF,, as well as SrCl, and
UO,, display high ionic conductivity [96] and may possibly be suitable for use as a
sulfur oxide sensor. A fluoride solid solution consisting of CaF, with 1 mol% NaF
displays a conductivity of 2x10™ Scm™ at 350 °C [97]. This solid electrolyte would
be combined with an auxiliary working electrode consisting of CaSO;, and a suitable
solid state reference electrode. In a similar fashion other sensor systems could be
devised utilizing lithium, sodium, potassium, silver and copper ionic conductors. The
main motivation for using one of these alternative ion conductors would be in the
ease of fabrication of the required thin films. In the case of fluorides, established
processes exist for evaporation and sputtering of thin films. This is also the case with

other solid electrolytes.
In the development of an improved electrolyte several factors need to be measured:

¢ Tonic conductivity versus temperature (phase transitions present?)

¢ Jonic conductivity versus dopant concentration

-152-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



e Water resistance versus dopant concentration
e Ionic conductivity versus SO, concentration. A quick method for

determination of ionic conductivity.

It is apparent that there are several parameters that will be required to be optimized,
resulting in a complex experiment. To minimize the number of experiments to be
performed, orthogonal design as utilized in combinatorial techniques is highly
recommended. This approach is commonly utilized in semiconductor manufacture for
process optimization when several input parameters at different levels are involved
[98]. These techniques are closely related to combinatorial and high throughput
experimental (C.H.T.E.) techniques utilized in the field of parallel, miniaturized, high
speed experimentation. Combinatorial design consists of experimental design where
relationships between variables can be elucidated through the evaluation of their
combinations. It has become a very powerful method for the discovery and selection
of new materials for application in ceramics, catalysts and drugs, and for new
electronic, optical and magnetic materials. It is particularly suited for the fabrication
of thin film material libraries via fractional masking methods in combination with
thin film vapour deposition equipment (i.e., sputtering, laser ablation, thermal and e-
beam evaporation, ion deposition, etc.) [99]. It may be expedient in the interim to
develop a thick film material library through the application of a modified ink-jet
printer and ceramic inks [100-107].

Sensor Integration
In this present work thick films or bulk pellets were utilized for formation of the solid
electrolyte. However, it is recommended to switch to fabrication of this device

entirely through the use of thin films. There would be numerous advantages with thin

films and the resulting integration including;:

e Rapid response times from changes in gas concentration possible with a thin
film electrolyte structure. Response times ideally need to be in the

millisecond range
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e Optimization of electrode microstructure through thin film fabrication would
also reduce response times

o Further miniaturization possible with integrated heater

e Reduced power requirements

¢ Rapid changes in operational temperature possible

e Integration of multiple chemical sensors possible; there is a commercial need
for the simultaneous detection of SO,, NO,, CO and CO,

e Homogeneous temperature distribution possible with miniaturized design —
reduces/eliminates thermoelectric forces

¢ Multiple sensors would permit advanced signal conditioning

¢ Amenable to mass fabrication techniques similar to that used in microchip

manufacture

The geometries present with this device (in the range between 50-100 microns) are in
no way as demanding as present day sub-micron chip manufacturing processes, but
there would be some challenges with respect to its development. Development of a
fabrication process would require a method for the deposition of sulfate based
electrolytes, such as the two phase Li;SO4-Ag,SO, electrolyte used in this work.
There are other alternative sulfate solid electrolytes consisting of Ag,SO,; combined
with either Cs,SOs, MnSQ,; CoSOs; BaSO4, CaSO,; PbSOs or SrSO4. These
compositions could be combined with a pure Ag reference electrode, greatly
simplifying the fabrication of a miniaturized integrated sensor. In Figure 13.1 a cross
sectional view of the proposed sensor structure is presented. This sensor unlike

previous designs incorporates the following improvements:

e The electrolyte layer consisting of a mixture of Ag;SO4 and the dopant metal
sulfate (MeSQO,) is a thin film fabricated by either sputtering or sol-gel

deposition.
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e Both the reference (Ag) and working (Pt) electrode structures consist of
standard thin film deposited materials. This would best be accomplished

through physical deposition processes (i.€., evaporation or sputtering).

e The sealant layer could consist of alumina or an alumina based material. This
layer could be deposited by sputtering or with a photoresist spinner (as used in
photolithography). Since this could be patterned via photo-lithography
techniques, the distance between the reference and working electrodes would
be controllable. As the distance between these two electrodes is reduced the
response time to changes in gas concentration would also be reduced. The
minimum distance would depend on the performance of the lithography

system and the quality of the sealant layer.

Working Electrode: Pt

Figure 13-1. Cross-sectional view of Ag:Ag,S0,4,-MeSO, integrated sensor.

Absolutely necessary is an understanding of the thermal coefficient of expansion for
the various layers required for fabrication of the integrated thin film sensor. Bulk
thermal expansion coefficients are typically quite different than those for thin films.
This information is critical in the design of a chemical sensor especially when
combined with finite element analysis of the structure in response to temperature
changes. Adjustments to the thickness and to the configuration of the layers could be

made to optimize the design.

Additional Areas

There are some additional areas which need consideration and possibly further

development:
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e Devise an effective method for the conversion of SO, — SO, at the micro-

scale. Probably a properly engineered micro-porous Pt working electrode
would be sufficient for this process. It is suggested that a sol-gel derived
aerogel, doped with an appropriate catalyst could be utilized. Aerogels possess
porosity in excess of 98% and have been shown to be suitable for conversion
of NO to N, [108], and doped Cu-ZrO, aerogels can be used for methanol
synthesis and Rh-ZrO, and Y,0;3-ZrO, aerogels for methane oxidation [109].
The other possibility is a micro-machined channel containing Pt as a catalyst.
This would be similar to micro-machined structures utilized for gas

chromatography [110, 111].

e Attach multiple temperature probes for measurement of the temperature
differential between the sensor and the walls of the test chamber. Combining
this with the application of a carrier gas with significantly different molecular
weight (i.e., He) will allow the effect of thermal diffusion at low

concentrations to be determined.

e Potentiometric sensors are well-suited for measurements in real time. The
intrinsic response time is a function of the kinetics of the different interfaces
and of the ionic properties of the electrolyte. Extrinsic factors consist of
diffusion of gaseous phases, convection, and interaction with all components
in the sensor (adsorption and desorption phenomena). For these reasons it is
critical that the response time of the sensor be determined. The design of the
test cell chamber has to be made to reduce the gas residency time inside it and

allow for rapid changes in gas concentration.

e Impedance analysis is an extremely powerful method for determining and
characterizing the performance of the components in a chemical sensor. The
electrical properties of solid electrolytes and associated electrodes are
dependent on their structure. Therefore, depending on the deposition process,

variations in the electrical characteristics of the electrolyte will be measurable
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via impedance analysis. Impedance analysis would also permit identification
of electrochemical processes at the electrode-electrolyte interfaces, including
adsorption-desorption, chemical reactions, charge transfer and mass transfer.
It is possible with this information to identify reaction mechanisms and the

nature of the rate-limiting steps, and determine kinetic parameters.
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Appendix A: Experimental Data for Sulfur Oxide Chemical Sensor

Table A-1. Cell No. 1: Composite reference electrode - emf versus [SO;] and

standard deviation (STDEYV) of emf from 94 to 900 ppm SO; in air at 535 °C.

Fmt (Volts) [SOw-ppm| STDEV-EmiiVolts)

0.36350 93.800 0.0010
0.36900 116.10 0.0010
0.36600 124.40 0.0010
0.37300 167.40 0.0010
0.38150 172.50 0.0010
0.38500 191.80 0.0010
0.38100 202.80 0.0010
0.38500 218.20 0.0010
0.38700 219.10 0.0010
0.39700 273.60 0.0010
0.39900 288.50 0.0010
0.40300 322.60 0.0010
0.39950 340.00 0.0010
0.40000 34230 0.0010
0.40650 372.40 0.0010
0.40500 394.80 0.0010
0.40900 395.50 0.0010
0.41000 447.40 0.0010
0.40800 455.10 0.0010
0.41400 486.50 0.0010
0.41250 488.90 0.0010
0.41900 540.00 0.0010
0.41750 576.30 0.0010
0.42250 640.80 0.0010
0.42300 642.90 0.0010
0.41900 649.40 0.0010
0.42100 680.00 0.0010
0.42600 703.40 0.0010
0.42450 721.60 0.0010
0.42550 750.00 0.0010
0.42350 754.40 0.0010
0.43100 900.00 0.0014
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Table A-2. Cell No. 2: Ag thin film reference electrode- Emf versus time and
standard deviation (STDEYV) of emf for 496 ppm SO, in air at 535 °C.

il (Volts) ['ime STDEV-EmiNolts)

(Davs:Hours:Ninutes: Seconds)

0.35500 0:00:00:00 0.0010
0.28100 2:01:54:00 0.0010
0.29250 3:17:19:00 0.0010
0.38900 4:11:39:00 0.0010
0.37700 6:16:27:00 0.0010
0.38950 7:10:36:00 0.0010
0.38750 7:16:48:00 0.0010
0.40300 8:10:25:00 0.0010
0.39900 8:11:01:00 0.0010
0.39700 8:12:28:00 0.0010
0.40100 8:13:11:00 0.0010
0.41250 11:10:34:00 0.0010
0.40900 11:20:44:00 0.0010
0.40700 12:10:09:00 0.0010
0.40600 12:11:44:00 0.0010
0.40400 12:12:26:00 0.0010
0.39900 12:13:18:00 0.0010
0.39500 12:16:30:00 0.0010
0.39050 12:16:59:00 0.0010
0.38250 12:17:16:00 0.0010
0.43750 13:10:26:00 0.0010
0.42050 13:13:02:00 0.0010
0.44650 13:20:37:00 0.0010
0.43600 14:10:13:00 0.0010
0.42500 14:14:39:00 0.0010
0.42500 14:20:27:00 0.0010
0.41850 15:02:09:00 0.0010
0.42300 15:09:56:00 0.0010
0.43150 15:11:06:00 0.0010
0.41550 15:14:49:00 0.0010
0.40800 15:16:29:00 0.0010
0.40250 15:17:13:00 0.0010
0.40300 15:18:24:00 0.0010
0.40950 15:22:07:00 0.0010
0.39050 16:10:37:00 0.0010
0.39750 16:14:41:00 0.0010
0.38550 17:15:59:00 0.0010
0.40300 17:22:01:00 0.0010
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0.38450 17:22:16:00 0.0010
0.40000 17:23:19:00 0.0010
0.45900 18:13:05:00 0.0010
0.48000 19:10:07:00 0.0010

Table A-3. Cell No. 2: Ag thin film reference electrode - Emf versus flow rate
and standard deviation (STDEYV) of emf in air at 535 °C.

Emt(Volts) Flow rate (sceny) STDOEV-EmlitVaolts)
0.4205 8.3 0.0010
0.4155 10.8 0.0096
0.4065 12.1 0.0010
0.4200 13.7 0.0010
0.4223 14.5 0.0051
0.4095 17.9 0.0042
0.4295 21.2 0.0010
0.4460 39.9 0.0010
0.4250 432 0.0010
0.4205 67.8 0.0010
0.4170 103.9 0.0010
0.3695 178.9 0.0010

Table A-4. Cell No. 3: Ag thick film reference electrode - % Variance from
theory versus time for 100 to 2400 ppm SO, in air at 535 °C.

“oVarance from theory Time (Hours:Minutes: Seconds)

-1.2 0:00:00
-0.7 0:59:51
-0.1 1:59:42
0.5 2:59:34
0.4 3:59:25
0.8 4:59:16
1.5 5:59:08
1.5 6:58:59
1.9 7:58:50
1.7 8:58:42
1.6 9:58:33
1.5 10:58:24
1.8 11:58:15
1.6 12:58:07
1.7 13:57:58
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1.7 14:57:49
1.6 15:57:41
2.1 16:57:32
0.8 17:19:47
0.5 17:19:59
25.2 17:27:28
6.4 17:57:23
3.4 18:27:19
1.9 18:57:15
1.6 19:27:10
1.2 19:57:06
0.9 20:27:02
0.6 20:56:57
0.9 21:26:53
2.2 21:56:49
1.2 22:26:44
1.0 22:56:40
1.3 23:26:35
1.8 23:56:31
1.5 24:26:27
1.6 . 24:56:22
1.5 25:26:18
1.3 25:56:14
1.2 26:26:09
1.7 26:56:05
1.0 27:26:01
1.6 27:55:56
1.4 28:25:52
1.4 28:55:48
1.7 29:25:43
1.6 29:55:39
1.4 30:25:35
2.0 30:55:30
1.9 31:25:26
1.7 31:55:22
1.7 32:25:17
2.3 32:55:13
1.9 33:25:09
1.7 33:55:04
1.8 34:25:00
1.3 34:54:55
1.8 35:24:51
1.8 35:54:47
1.5 36:24:42
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1.4 36:54:38
1.1 37:24:34
0.7 37:54:29
1.5 38:24:25
1.1 38:54:21
0.9 39:24:16
2.1 39:54:12
3.6 40:54:03
-0.1 41:23:59
-1.6 41:53:55
-1.3 42:23:50
-1.7 42:53:46
-1.3 43:23:42
-1.3 43:53:37
-0.5 44:23:33
-0.7 44:53:31
-0.9 45:23:24
-0.4 45:53:20
-1.0 46:23:16
-0.4 46:53:11
-1.2 47:23:07
-0.9 47:53:02
-0.2 48:22:58
-1.2 48:52:54
-1.0 49:22:49
-1.5 49:52:45
-1.6 50:22:41
-1.7 50:52:36
2.0 51:22:32
-1.7 51:52:28
2.2 52:22:23
-1.7 52:52:19
2.2 53:22:15
-2.2 53:52:10
2.2 54:22:06
2.3 54:52:02
2.3 55:21:57
-2.3 55:51:53
-2.0 56:21:49
2.4 56:51:44
-2.3 57:21:40
-2.6 57:51:36
-2.4 58:21:31
-2.6 58:51:27
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-2.6 59:21:23
-2.5 59:51:18
-3.1 60:21:14
-2.7 60:51:10
-3.2 61:21:05
2.9 61:51:01
-3.0 62:20:57
2.2 62:50:52
-2.3 63:20:48
0.10 63:50:43
-4.0 64:35:37
-4.8 65:20:30
-5.3 66:05:24
-5.7 66:50:17
-5.7 67:35:11
-4.6 68:20:04
-5.2 69:04:58
-4.9 69:49:51
-4.7 70:34:45
-4.7 71:19:38
-4.7 72:04:32
-4.8 72:49:25
4.5 73:34:19
-4.2 74:19:12
-4.2 75:04:06
-3.6 75:48:59
-4.0 76:33:53
-4.1 77:18:46
-4.2 78:03:40
-4.2 78:48:33
-4.3 79:33:26
-4.3 80:18:20
-4.1 81:03:14
-4.3 81:48:07
-4.3 82:33:00
-4.4 83:17:54
-4.7 84:03:31
-4.4 84:48:24
-4.9 85:33:18
-4.9 86:18:11
-5.2 87:03:05
-49 87:47:58
-49 88:32:52
-5.0 89:17:45
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-4.9 90:02:39
-5.4 90:47:32
-5.3 91:32:26
-5.8 92:17:19
-5.5 93:02:13
-5.4 93:47:06
-6.1 94:32:00
-5.7 95:16:53
-6.5 96:01:47
-6.3 96:46:40
-5.9 97:31:34
-5.1 99:01:21
-7.4 99:46:14
-8.1 100:31:07
-8.3 101:16:01
-8.6 102:00:54
-8.0 102:45:48
-7.7 103:30:41
-6.8 104:15:35
-6.8 104:33:32
-11.8 128:56:00
-38.5 129:29:55
-41.9 132:59:26

Table A-5. Cell No. 3: Ag thick film reference electrode - Emf versus [SO;] and
standard deviation (STDEV) from 100 to 2400 ppm SO, in air at 525 °C.

0.3478 100 0.0143
0.3637 200 0.0131
0.3746 300 0.0136
0.3867 400 0.0156
0.3936 500 0.0157
0.4017 600 0.0146
0.4061 700 0.0148
0.4112 800 0.0143
0.4155 900 0.0145
0.4227 1000 0.0134
0.4259 1100 0.0132
0.4291 1200 0.0131
0.4322 1300 0.0130
0.4347 1400 0.0131
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0.4374 1500 0.0129
0.4402 1600 0.0131
0.4419 1700 0.0127
0.4437 1800 0.0125
0.4456 1900 0.0122
0.4469 2000 0.0123
0.4486 2100 0.0124
0.4502 2200 0.0124
0.4520 2300 0.0125
0.4529 2400 0.0138

Table A-6. Cell No. 4: Composite thick film reference electrode - Emf versus
[SO»] and standard deviation (STDEYV) of Emf for 100-2400 ppm SO; in air at

535°C.

EmltVolts) [SO>-ppm| STDEV-Emi(Volts)
0.3342 100 0.0055
0.3694 330 0.0073
0.3901 560 0.0070
0.4035 790 0.0057
0.4136 1020 0.0065
0.4212 1250 0.0054
0.4272 1480 0.0046
0.4333 1710 0.0049
0.4375 1940 0.0045
0.4417 2170 0.0045
0.4448 2400 0.0050

Table A-7. Cell No. 4: Composite thick film reference electrode - Emf versus
[SO,] and standard deviation (STDEYV) of emf for 10-496 ppm SO, in air at 535

°C.
0.2729 10 0.0042
0.2901 22 0.0029
0.2975 34 0.0052
0.3077 46 0.0036
0.3132 59 0.0046
0.3209 71 0.0016
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0.3254 83 0.0017
0.3305 95 0.0009
0.3338 107 0.0018
0.3379 119 0.0006
0.3412 131 0.0025
0.3445 144 0.0006
0.3464 156 0.0013
0.3497 168 0.0006
0.3517 180 0.0016
0.3548 192 0.0008
0.3563 204 0.0017
0.3591 217 0.0010
0.3604 229 0.0017
0.3632 241 0.0011
0.3643 253 0.0022
0.3672 265 0.0020
0.3674 277 0.0016
0.3709 289 0.0018
0.3710 302 0.0019
0.3734 314 0.0014
0.3738 326 0.0019
0.3759 338 0.0014
0.3762 350 0.0016
0.3788 362 0.0011
0.3790 374 0.0016
0.3803 387 0.0012
0.3810 399 0.0016
0.3826 411 ' 0.0012
0.3826 423 0.0013
0.3841 435 0.0007
0.3848 447 0.0016
0.3861 460 0.0008
0.3856 472 0.0013
0.3871 484 0.0006
0.3878 496 0.0022
- 166 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table A-8. Cell No. 4: Composite thick film reference electrode - Emf versus
[SO;] and standard deviation (STDEYV) of emf for 5.4-95.4 ppm SO; in air at 535

°C.

EmilVolts) [SO--ppm| STDEV-EmVolts)
0.2692 5.4 0.0066
0.2823 14.4 0.0060
0.2919 23.4 0.0036
0.3003 32.4 0.0032
0.3075 41.4 0.0033
0.3128 50.4 0.0023
0.3180 59.4 0.0025
0.3217 68.4 0.0016
0.3255 77.4 0.0013
0.3287 86.4 0.0011
0.3310 95.4 0.0011

Table A-9. Cell No. 4: Composite thick film reference electrode - Emf versus
[SO.] and standard deviation (STDEV) of emf for 0.6-11.6 ppm SO; in air at 535

°C.
['mittVolts) [SO>[ ppm STDEV-Emi{{Volts)

0.2471 0.6

0.2500 1.6 0.0034
0.2523 2.6 0.0036
0.2545 3.6 0.0036
0.2567 4.6 0.0038
0.2587 5.6 0.0039
0.2605 6.6 0.0043
0.2638 7.6 0.0036
0.2656 8.6 0.0037
0.2673 9.6 0.0038
0.2693 10.6 0.0042
0.2720 11.6 0.0055
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Table A-10. Cell No. 4: Composite thick film reference electrode - Emf versus
[SO,] and standard deviation (STDEYV) of emf for 14.4 to 2400 ppm SO; in air at

535 °C.
0.2823 14.4 0.0060
0.2901 22.0 0.0029
0.2919 23.4 0.0036
0.3003 32.4 0.0032
0.2975 34.0 0.0052
0.3075 41.4 0.0033
0.3077 46.0 0.0036
0.3128 50.4 0.0023
0.3132 59.0 0.0046
0.3180 59.4 0.0025
0.3217 68.4 0.0016
0.3209 71.0 0.0016
0.3255 77.4 0.0013
0.3254 83.0 0.0017
0.3287 86.4 0.0011
0.3305 95.0 0.0009
0.3310 95.4 0.0011
0.3342 100.0 0.0055
0.3338 107.0 0.0018
0.3379 119.0 0.0006
0.3412 131.0 0.0025
0.3445 144.0 0.0006
0.3464 156.0 0.0013
0.3497 168.0 0.0006
0.3517 180.0 0.0016
0.3548 192.0 0.0008
0.3563 204.0 0.0017
0.3591 217.0 0.0010
0.3604 229.0 0.0017
0.3632 241.0 0.0011
0.3643 253.0 0.0022
0.3672 265.0 0.0020
0.3674 277.0 0.0016
0.3709 289.0 0.0018
0.3710 302.0 0.0019
0.3734 314.0 0.0014
0.3738 326.0 0.0019
0.3694 330.0 0.0073
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0.3759 338.0 0.0014
0.3762 350.0 0.0016
0.3788 362.0 0.0011
0.3790 374.0 0.0016
0.3803 387.0 0.0012
0.3810 399.0 0.0016
0.3826 411.0 0.0012
0.3826 423.0 0.0013
0.3841 435.0 0.0007
0.3848 447.0 0.0016
0.3861 460.0 : 0.0008
0.3856 472.0 0.0013
0.3871 484.0 0.0006
0.3878 496.0 0.0022
0.3901 560.0 0.0070
0.4035 790.0 0.0057
0.4136 1020.0 0.0065
0.4212 1250.0 0.0054
0.4272 1480.0 0.0046
0.4333 1710.0 0.0049
0.4375 1940.0 0.0045
0.4417 2170.0 0.0045
0.4448 2400.0 0.0050

Table A-11. Cell No. 4: Composite thick film reference electrode — Emf versus

flow rate and standard deviation (STDEV) of emf utilizing 200 ppm SO, in air at

535°C.
0.3043 5 0.0078
0.3094 10 0.0006
0.3140 15 0.0004
0.3165 20 0.0012
0.3181 25 0.0010
0.3185 30 0.0011
0.3194 35 0.0008
0.3192 40 0.0007
0.3191 45 0.0004
0.3187 50 0.0005
0.3185 55 0.0004
0.3181 60 0.0010

- 169 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table A-12. Cell No. 4: Composite thick film reference electrode - Emf versus

flow rate and standard deviation (STDEYV) of emf utilizing 50 ppm SO; in air at

535°C.
0.2784 5 0.0080
0.2900 15 0.0032
0.2947 25 0.0022
0.2949 35 0.0020
0.2947 45 0.0020
0.2935 35 0.0019
0.2921 65 0.0019
0.2905 75 0.0018
0.2889 85 0.0018
0.2876 95 0.0021

Table A-13. Cell No. 4: Composite thick film reference electrode - Emf versus
flow rate and standard deviation (STDEYV) of emf utilizing S ppm SO; in air at

535°C.

5 0.2496 0.0012
15 0.2507 0.0016
25 0.2511 0.0006
35 0.2517 0.0010
45 0.2512 0.0012
55 0.2502 0.0010
65 0.2495 0.0013
75 0.2482 0.0011
85 0.2476 0.0008
95 0.2468 0.0006
105 0.2459 0.0004

115 0.2455 0.0010
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Table A-14. Cell No. 5: Thick film solid electrolyte-Emf versus [SO;] in air at

535°C.

0.2101 72

0.1963 71

0.2092 72

0.1986 97

0.1627 122
0.1862 121
0.1759 147
0.1683 171
0.1373 196
0.1625 197
0.1573 221
0.1293 246
0.1543 247
0.1544 272
0.1279 297
0.1540 296
0.1540 322
0.1302 347
0.1576 346
0.1314 371
0.1603 372
0.1621 396
0.1330 421
0.1631 422
0.1341 446
0.1611 447
0.1349 472
0.1681 471
0.1708 497
0.1378 522
0.1725 521
0.1391 546
0.1764 547
0.1792 571
0.1430 596
0.1841 597
0.1909 621
0.1471 647
0.1903 646
0.1949 672
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0.1490 697
0.1997 696
0.2060 722
0.2106 746
0.1543 771
0.2134 772
0.2145 796
0.2601 847
0.1945 872
0.2761 871
0.2825 897
0.2825 921
0.1961 946
0.2830 947

Table A-15. Pressure, slope, y-intercept and temperature for sensitivity analysis.

650 0.07919 0.1832 525
660 0.07919 0.1835 525
670 0.07919 0.1837 525
680 0.07919 0.1840 525
690 0.07919 0.1842 525
700 0.07919 0.1845 525
710 0.07919 0.1847 525
720 0.07919 0.1850 525
730 0.07919 0.1852 525
740 0.07919 0.1854 525
750 0.07919 0.1857 525
760 0.07919 0.1859 525
770 0.07919 0.1861 525
780 0.07919 0.1863 525
790 0.07919 0.1866 525
800 0.07919 0.1868 525
650 0.07968 0.1803 530
660 0.07968 0.1806 530
670 0.07968 0.1809 530
680 0.07968 0.1811 530
690 0.07968 0.1814 530
700 0.07968 0.1816 530
710 0.07968 0.1819 530
720 0.07968 0.1821 530
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730 0.07968 0.1823 530
740 0.07968 0.1826 530
750 0.07968 0.1828 530
760 0.07968 0.1830 530
770 0.07968 0.1833 530
780 0.07968 0.1835 530
790 0.07968 0.1837 530
800 0.07968 0.1839 530
650 0.08018 0.1775 535
660 0.08018 0.1777 535
670 0.08018 0.1780 535
680 0.08018 0.1783 535
690 0.08018 0.1785 535
700 0.08018 0.1788 535
710 0.08018 0.1790 535
720 0.08018 0.1793 535
730 0.08018 0.1795 535
740 0.08018 0.1797 535
750 0.08018 0.1800 535
760 0.08018 0.1802 535
770 0.08018 0.1804 535
780 0.08018 0.1807 535
790 0.08018 0.1809 535
800 0.08018 0.1811 535
650 0.08067 0.1746 540
660 0.08067 0.1749 540
670 0.08067 0.1751 540
680 0.08067 0.1754 540
690 0.08067 0.1757 540
700 0.08067 0.1759 540
710 0.08067 0.1762 540
720 0.08067 0.1764 540
730 0.08067 0.1766 540
740 0.08067 0.1769 540
750 0.08067 0.1771 540
760 0.08067 0.1774 540
770 0.08067 0.1776 540
780 0.08067 0.1778 540
790 0.08067 0.1780 540
800 0.08067 0.1783 540
650 0.08117 0.1718 545
660 0.08117 0.1720 545
670 0.08117 0.1723 545
680 0.08117 0.1725 545
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690 0.08117 0.1728 545
700 0.08117 0.1731 545
710 0.08117 0.1733 545
720 0.08117 0.1736 545
730 0.08117 0.1738 545
740 0.08117 0.1740 545
750 0.08117 0.1743 545
760 0.08117 0.1745 545
770 0.08117 0.1747 545
780 0.08117 0.1750 545
790 0.08117 0.1752 545
800 0.08117 0.1754 545
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Appendix B: Method of Least Squares

In calculating the best fit for a line, three quantities are defined consisting of the sum

of squares, S, , S,,, and S, , which are defined as follows:

S=Zf—QZX (B.1)

XX i N
%=Zﬁ—Q%l (B.2)

%=kazé%ﬁ (B.3)

From these quantities the following values are calculated:

The slope of the line m:
S
m=—= 4
5. (B4)
The intercept b:
b=y -mx (B.S5)

The standard deviation, s Vo of the residuals is given by:

/S -m’S,,
sy = ny_z (B'6)

The standard deviation of the slope, s,,, given by:

8, =—= B.7

while the standard deviation of the intercept, s, , is given by:
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(B.8)

Sb=sy\/N—(th)2/fo

The standard deviation utilizing the initial calibration curve followed by measurement

of ordinate values, s, 1S given by:
S (1.1, ot =7)’
Smeasured = -~ —t—+ meas"; (B'9)
m\L N m-S,,

where 3. is the mean calculated from a set of L measurements given by:

measured —
L

G L (B.10)
and ¥ is the mean of a set of N measurements utilized in creation of the initial

calibration curve given by:

2. (B.11)
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Appendix C: Standard Cell Potential, E°, and Associated Error

For calculation of the standard cell potential, E°, at 535°C/808.15K the following

reactions are utilized:
24g + 185, 420, = A4g,S0, Ang2504 =—453,024 £4,184 J/mole [90] (C.1)

SO, = 18, + 320, AG’;)O3 =+326,218 £6,276 J/mole [60] (C.2)

24g,, + SOy, + 10y, = 48,50, AGS a1k = ~126,806 27,543 J/mole  (C.3)

For thermodynamic calculations the following values of the constants were utilized:

Molar Gas Constant (R) = 8.314472(15) J/mol K
Faraday Constant (F) =96,485.3383(83) C/mol

The standard uncertainty (68% of Gaussian type error distribution) is the least
significant digits as indicated by the terms in brackets. These values were current as
of 2002, provided by the National Institute of Standards and Technology (N.I.S.T.),
Gaithersburg, MD.

To calculate the value of AG; for the cell reaction at alternative temperatures

requires the application of the equation for the free energy of SO; (C.2) where:
AGy 5, = 456,976.5 - 161.8(T) 6,276 J/mole (C4)

The second half of the cell reaction requires calculation of the free energy of

formation for Ag,SO4, AGY, g, , (equation C.1) which are provided in increments of

100 K in tabular form [112] or through calculation of this reaction at alternative

temperatures, T, via the following equation:
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T T
AGY youso, = AHgy —TASg, + [AC,dT — T [52dT (C.5)
298 298
where AC, is given by:
ACp = Cp(Products) - Cp(Reactants) (C6)

Any phase changes due to crystal transformations (t), fusion (f) or evaporation (¢),

which occur in the temperature range between 298K and T must also be accounted
for. In any case, the enthalpy, AH?, or the entropy, AS;, associated with a reaction is
either subtracted when a reactant or added when a product to equation C.5. The value
of AH; is simply added or subtracted whereas AS; associated with a phase change is

added or subtracted through application of the following equation:

—T AH PhaseChange (C7)
Temp.of Phase Change

where T is the temperature of the reaction.

Error-cell voltage

The error in AG,, is the combination of the error in AGY ¢, and AG;)O3 according to

the propagation of error (see Appendix E) and therefore:

5 :e,,=\[ (6Gz0,) +(5G2,) = | (4.188) +(6,276)' = £7,543J / mole (C.8)

The overall cell reaction (equation C.3) is associated with the standard cell potential

at 808.15K, Eg sk > by the equation:

AG:ell(SOS.ISK) = —nEgq sk F (C.9)
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It follows that:

po o _T126806J/mole oy, €.10)
57 22(96,485.34C/ mole)

The relative error in the cell voltage, SEgy sy, is given by:

o 2
OFqon s _ 7,543 j + Faraday constant(negligible error) = +0.0595 (C.11)
Egs 15k 126,806

It follows that the error in cell voltage is:

0FEgs sk = Egsisx (i0.0595) = 0.6571(i0.0595) =10.0391V (C.12)

Therefore, the standard cell voltage at 808.15K including error is equal to:

E2, . =0.6571+0.0391V (C.13)

For cell operation at 525°C the cell voltage can be calculated utilizing equation C.4

and thermodynamic data [90] as:

—-128,999 J /mole
Eppgisx = —— = 0.6685V C.14
PREE T 2(96,485.34) (€19

The error for 798.15K can be shown to equal:

5By sx = 0.6685(+0.0585) = +0.0391¥ (C.15)

It follows that the standard cell voltage at 798.15K including error is equal to:

ES, = 0.6685 £0.0391V (C.16)
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Appendix D: Cell Equation and Associated Error

Cell Equation
The cell equation is described by:

RT (Poz )]/2 (Pso3 )

E=E; +—In D.1
rtop (D.1)

aAg 250,
or:

2.30258RT log (7, )”2 (Pso, )

E=E; +
2F

(D.2)

a 4¢,50,

Since E; was calculated previously in Appendix C to equal 0.6402V, the cell
temperature is 808.15K, since the average atmospheric pressure was observed to be
700 mmHg, Po2 = (%%)0.2095 atm=0.1930atm and assuming that the theoretical
activity of Ag,SO; is 0.25, the cell equation becomes:

(0.1930)" (P, )

E =0.6571 + 0.08018 lo 3
5T 02984 ®-3)
The conversion of SO, to SO occurs according to:
Py,
e (D4)
Bl
where K, is the equilibrium constant for the reaction SO, +30, = SO,.
The theoretical cell equation is therefore:
E =0.1839 + 0.08018 log[SOz,ppm] at535°C/808.15K (D.5)

- 180 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The theoretical cell equation for operation at 525 °C is derived as follows:

(0.1930) (P, )
0.3714

E =0.6685 + 0.07919 log (D.6)

It follows that the cell equation at 525°C is equal to:

E = 0.1963 + 0.07919 log(SO,, ppm) at525°C/798.15K (D.7)

Slope-error
Since the error due to measurement of cell temperature ( +2 K ) is many orders of
magnitude more significant in comparison to the error presént in gas constant, R, or

the Faraday constant, F, then according to the propagation of error (see Appendix E)

the relative error in the slope is equivalent to:

2 2
Sslope _ |( STemperature ) _ ( 2 ) 100025 D)
slope Temperature 808.15

and therefore for 535°C/808.15K the error in the slope is:

& slope = 0.08018(£0.0025)=+0.0002 at535°C (D.9)

It can also be shown that the error in the slope at 525°C/798.15K is:

o0 slope = 0.07919(10.0025)=10.0002 at525°C (D.10)

Y-intercept-error
The calculation of the y-intercept is obtained from the addition of three separate
terms, two of which are calculated by the multiplying by the slope, the third being the

standard cell voltage. Therefore, the error in the y-intercept is equal to:

Sy —intercept = \/(JE” )2 + (6 second term)2 + (Sthird term)2 (D.11)
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The error in the standard cell voltage, E°, was determined at both 525 °C and 535°C to
equal:

0E°=10.0391 (D.12)

The relative error in the second term is equal to:

2
Ssecond term _ Oslope _ 0.0002 —40.00735 (D.13)
second term second term 0272
and therefore the error in the second term is:
o second term = i0.00735(0.0272)=i 0.0002 (D.14)
With the relative error in the third term consisting of:
. 2
O third term _ 60.0002 ) - +0.00414 (D.15)
third term 0.0483
it follows that the error in the third term is:
Sthird term = + 0.00414(0.0483) =+10.0002 (D.16)

As should be expected, it is apparent that the error in the second and third terms is
equivalent to the error in the slope. Therefore, the error in the y-intercept at 535°C is

equal to:

Sy —intercept = ,J(0.0391)" + (0.0002)" + (0.0002)° = £0.0391%  (D.17)

It can also be shown that the error in the y-intercept at 525°C is also equal to
10.03917 .

Cell voltage measurement - error

The experimental error in measurement of the cell voltage consists of the STDEV
from a series of measured cell voltages. Otherwise the potentiometer utilized

(Keithley 617) is capable of voltage measurement with an accuracy of £1 mV.
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Description-plotting of reaction

According to equations D.5 or D.7, the slope of the line of emf(Volts) versus the log
of the SO, concentration should theoretically be equal to 2.303(RT/nF) where n is the
number of electrons involved in the electrochemical reaction, in this cell equal to 2.
The theoretical cell equations, D.5 at 535°C and D.7 at 525°C, are linear equations of
the form y = mx + b where y = emf(V), the slope = m, x = 1log[SO,] and b equals the
y-intercept. It follows that according to the cell equation, the theoretical value of the

slope equals: 0.08018+0.0002 V/decade at 535 °C and 0.07919+0.0002 V/decade

at 525°C. Since the value for x is equal to the log[SO,] in ppm, the y-intercept is
obtained when [SO,] = 1 ppm. It follows that the theoretical value of the y-intercept is
equal to 0.1790 +£0.0002 V at 535°C and 0.1974 £0.0002 V at 525°C. A graph is
provided in Figure D-1 to illustrate this point.

Emt vs Log [SO ] &t 835 €

0.7“]3-.,.. .,..g....g... !.,..!...-/‘*:
[ Emi(N) = 0.1740 + 0.08D18 Logisoz,pprﬁy 2

0.8000 |

0.5000

0.4000 | //
0.3000 | /
02000 Ly

0,1@‘ CY Aesschassedhsernd Bommeedhannndl & Py
0 1 2 3 4 5 -} 7

Emd [V)

Log SOZ, ppm

Figure D-1. Emf (V) versus log [ppm SO}
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Appendix E: Propagation of Error Analysis

For the calculation of Ag,SO, activity, error analysis must be taken into
consideration. In the case of uncertainty in sums or differences the following

equations are utilized:

g=x+&.+z -(u+& +w) (E.1)

5q = )(8x)2 ot (82) + (8u) + (dw)’ (E2)

g=——"" (E.3)

%z)(g_xj_*_ ....... +(§)+(§3)+ ....... +(5_W) E4)
q X ’ ’ )

For logarithms the following is applied in propagation of error where for a function,
F, defined by:

F =logx (E.5)

the propagation of error due to x is given by:

f;- = (0.43429)e, (E.6)
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Appendix F: Calculation of Adjusted Cell Molar Fraction

The required weight of Ag,SO4 and Li,SO4 for the solid electrolyte is first calculated.

For the materials involved the following data were utilized:

Pig,s0, = 5-45gm/cm’ MW, ;0. = 311.800 gm/ mole
Puiso, = 2221 gm/cm’ MW,.,o, =109.946 gm/mole
MW, s0,01,0 = 127.956 gm/ mole

The volume of the solid electrolyte disc determines the weight of the components via

the equation:

1 ) + (gm—Li,SO,)( 1

Ag,SO, Priso,

(gm—Ag,S0,)(

) = Volume (F.1)

For a disc 2 mm thick with a diameter of 25.4 mm, the volume is 1.0134 ¢cm® which
upon utilizing equation F.1 and the molecular weights (MW) of the individual

components becomes:

3

(311.800 gm / mole) (moles Ag,SO, )(———)
5.45gm
, (F.2)
+ (109.946 gm / mole) (moles Li, SO, ————) = 1.0134 cm’
2.221gm
and since:
025 = moles Ag,SO, . (F.3)
moles Ag,SO, + moles Li,SO,
which is equivalent to:
3(moles Ag,S0,) = moles Li,SO, (F.4)
Combining equations F.2 and F.4 results in:
205.719(moles Ag,SO,) = 1.0134cm’ (F.5)
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Therefore:
moles Ag,S0, = 0.00493 (F.6)

and:
moles Li,SO, = 0.01478 F.7

These initial calculations assume that the Li,SO4 is not hydrated. However, if the
Li,SO4 were actually hydrated in the form of Li,SO4*H,0 at the time of weighing, the
effective activity of Ag,SO,4 during operation would be altered. This is assuming that

Li,SO4*H,0 is de-hydrated above 130°C at the cell’s operating temperature of 535°C.

The initial weight of Li,SO4*H,0 is equal to the amount of “Li;SO4* assumed to be

weighed out, as determined by equation F.7 and the MW, , given as:
gm Li,SO, ® H,O weighed out =moles Li,SO, (MW, s, ) (F.8)

Assuming that Li;SO4H,O was weighed instead of Li,SOs, the moles of

Li,S04°H;0 is equal to:
moles Li,SO, ¢ H,0 = gm Li,SO, « H,O weighed out ( ! j F.9)
LirSO,sH,0
According to the dehydration of Li,SO4*H,0:
Li,SO,¢H,0 — Li,SO, + H,0" (F.10)

Therefore, the number of moles of Li,SO4*H,0, Li,SO4 and H,O are equivalent. It
follows that the adjusted Ag,SO4 mole fraction is equal to:

adjusted Ag,S0, moles Ag,SO,

mole fraction 1
moles Ag,SO, + moles Li,SO, (MWLi,so‘) —_
M Wuzso4 oH,0

(F.11)

Substituting the values from equations F.6 and F.7 into F.11 results in an adjusted
Ag,SO4 mole fraction equal to 0.2796. This is well within the two phase region for
Ag2804-Li2SO4 at 535°C.
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