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ABSTRACT 

An analytical model for the specific gas detection of oxygen, carbon dioxide, and 

water vapor using zirconia amperometric oxygen sensors has been developed. Sensors of 

this type have been designed, fabricated, and tested using planar ceramic technology. Fur

thermore, an experimental setup has been designed and constructed for sensor character

ization. This testbed can accurately control gas partial pressures as well as the total 

system pressure over a wide range of flow rates. Extensive effort has been put into design 

and construction of this testbed to ensure accurate scientific measurements. Special atten

tion has been paid to ensuring that the apparatus is leak-tight from air to ensure accurate 

measurements at low oxygen partial pressures. Results of the experimentation for oxygen 

detection as well as the detection of carbon dioxide and water vapor are presented. The 

effects of electronic conduction in the zirconia electrolyte at low oxygen partial pressures 

are examined. Possible applications of the sensor, as well as suggestions for further 

research are discussed. 
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1.0 INTRODUCTION 

1.1 Oxygen Sensors 

Oxygen sensors are used to monitor and assist with control of oxygen concentra

tions in physical systems. They are used today in a wide range of applications. Applica

tion of oxygen sensors include the following: 

(1) Fossil-fuel combustion systems or engines where the measurement of oxygen con

centration in the exhaust and control of the air-to-fuel ratio (AF) is important. 

Control of the AF allows the system to be run at maximum efficiency and mini

mizes pollutants. The control of the exhaust gasses of motor vehicles is a common 

application. [1-4] 

(2) Industrial process applications such as gas quality monitoring, atmospheric control 

of metallurgical heat treatment furnaces or gas boilers, and oxygen activity mea

surement in molten glasses. [5] 

(3) Laboratory applications such as clean rooms or glove boxes. 

(4) Physiological applications such as life support, breathing systems, and other medi

cal applications. [6] 

One type of several varieties of oxygen sensors, and certainly the most common, is 

the high temperature solid state oxygen sensor. This type of sensor has found widespread 

use in monitoring the AF ratio in fossil-fuel combustion systems, an application for which 

it is particularly well suited for. Sensors of this type are most commonly made from the 

solid electrolyte zirconia. 
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With the addition of aliovalent oxides such as yttria (Y2O3), referred to as a stabi

lizer, oxygen ion vacancies are created in the cubic structure of zirconia and oxygen ions 

can "hop" from one unoccupied site to the next [7], The mobility of the oxygen ions is a 

thermally activated process and will not become significant until the electrolyte reaches 

temperatures above 300 °C [6]. At elevated temperature, stabilized zirconia is an electro

lyte conductive to oxygen ions which allows it to be used for oxygen pumping and oxygen 

sensing. An oxygen sensor typically requires porous electrodes as an interface between 

the electrolyte and external circuitry. 

Oxygen sensors are usually classified by their technique of measurement. There 

are two main type of oxygen sensors: potentiometric oxygen sensors and amperometric 

oxygen sensors. An introductory look into the operation of these sensors, along with their 

strengths and limitations is presented. 

1.1.1 Potentiometric Oxygen Sensors 

The most widely used type of oxygen sensor is the potentiometric type oxygen 

sensor or oxygen gage. A common sensor of this type, the Bosch-Lambda sensor, is used 

to measure exhaust oxygen content in virtually all automobiles manufactured since the 

late 1970s. It has the advantage of being simple to construct and easy to use. It also gives 

a relatively large output which can be readily used to monitor and control the AF ratio in 

combustion engines. 

In diis design, a one side of a zirconia membrane is exposed to the exhaust stream 

(or another gas to be measured) and the other side is exposed to ambient air (or any known 
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reference). Zirconia tubes are commonly used for simplicity in construction [8, 9]. The 

sensor gives a voltage output which varies logarithmically with oxygen partial pressure 

ratio. The Nemst equation gives the relationship between the equilibrium potential {EQ) of 

the oxygen sensor as a function of oxygen partial pressure ratio across the electrolyte: [10] 

In this equation 9? is the universal gas constant, T is the temperature, n is the number of 

electrons transferred per oxygen molecule (4), and F is Faraday's constant. P'^oi refers 

to the reference oxygen partial pressure and PQJ is the oxygen partial pressure being mea

sured. A typical potentiometric oxygen sensor is shown in Figure 1.1. 

As shown above, the output of this sensor is governed by the Nemst equation, 

which is logarithmic. The sensor output voltage for a wide range of oxygen partial pres

sures is given in Figure 1.2. 

One drawback of this design of sensor is the sensitivity. The output is logarithmic 

and sensitivity drops as the oxygen partial pressure of the gas being measured deviates 

from that of the reference gas. This makes exact temperature measurement very impor

tant. The specific sensitivity is defined as the absolute value of the change in output signal 

(A£q) for a given change in oxygen partial pressure divided by the magnitude of the out

put signal: 

Eqn.(1- 1 )  

specific sensitivity = —i 
^0 

Eqn. (1-2) 
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Solid Oxide Electrolyte 
(Stabilized Zirconia) 

02 

P', 02 

Sensor 
Voltage 

L/ 
Porous Platinum Electrodes 

(T > 300 ° C )  

FIGURE 1.1 Schematic of a potentiometric oxygen sensor. 

This quantity will be a maximum when the reference oxygen concentration is very near 

the measured quantity. This implies that the exact operating environment must be known 

to a high degree of accuracy in situations that require high precision measurements. In 

these situations, the quality of the reference gas mixture must also be known precisely. 

Figure 1.3 shows a plot of the specific sensitivity versus oxygen partial pressure with an 

air (21.1 % O2) reference. 

These limitations of the potentiometric oxygen sensor may make this design of 

sensor unsuitable for some applications. Another design of oxygen sensor, the ampero-
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FIGURE 1.2 Typical potentiometric oxygen sensor response (P^o2=21.1%). 
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FIGURE 1.3 Potentiometric oxygen sensor sensitivity (P''o2=21.1 %). 
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metric oxygen sensor, which operates on the principle of oxygen pumping, has a linear 

output and may be more suitable. 

1.1.2 Amperometric Oxygen Sensors 

Another type of oxygen sensor is built in a similar manner, but operated very dif

ferently. The amperometric oxygen sensor, sometimes referred to as a gas polorgraphic 

sensor, galvanic, or voltammetric sensor, is often built from the same materials as the 

potentiometric sensor and operates on basic electrochemical principles. 

The main difference between these two types of sensors is the output signal. The 

potentiometric sensor gives a voltage output while the amperometric oxygen sensor gives 

a current output. This type of sensor operates on the principle of oxygen pumping. Oxy

gen is pumped out from a cavity by applying a bias voltage across a stabilized zirconia 

membrane. This creates an oxygen concentration gradient. More oxygen diffuses in 

throught a pore to overcome this concentration gradient. In equilibrium, the amount of 

oxygen diffusing in is equal to the amount of oxygen being pumped out. The magnitude 

of the oxygen pumping is determined by measuring the current and performing a charge 

balance (there is a linear relationship between the current and the amount of oxygen 

pumping). In this design, diffusion is designed to be the rate limiting factor so diffusion 

controls the rate of oxygen pumping and hence the sensor output. The output current is 

limited by diffusion, and referred to as the limiting-current, In^. For this particular case, 

diffusion is made to be a linear function of oxygen partial pressure, hence the sensor limit
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ing-current is also linear with respect to oxygen partial pressure. The limiting-current is 

given by the well known equation [II]: 

N F D P Q 2 ( A '  
= Eq„.(.-3, 

Where as before, n is the number of electrons transferred, F is Faraday's constant, D is the 

diffusion coefficient, Pq2 is the oxygen partial pressure, R is the gas constant for oxygen, 

and T is the temperature. A is the characteristic pore surface area, and I is the diffusion 

path length. The basic cell design for an amperometric oxygen sensor is shown in Figure 

1.4. 

Gas-Tight Cover q ^ Diffusion Hole (Pore) 

Cathode 

Anode Solid Oxide Electrolyte 
(Stabilized Zirconia) 

FIGURE 1.4 Schematic of a typical amperometric oxygen sensor. 
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The desirable characteristics of this type of sensor are: (I) small size, (2) rapid 

response time, (3) stable response, (4) linear response, (5) specificity to oxygen. (6) good 

detection limits, (7) rugged construction, and (8) no need for a reference gas [10]. Achiev

ing all of these characteristics with one sensor may or may not be possible, depending on 

the operating environment of the sensor. 

A typical sensor output plot showing the limiting-current as a function of oxygen 

partial pressure and bias voltage is shown in Figure 1.5. The limit of operation is deter

mined by the ionic conductivity of the electrolyte (a function of temperature and voltage) 

and the morphology of the diffusion barrier. 

02 

< 

2 l. 3 
u 
CO c 

'E. Limiting-Current, 

normal operation:" constant bias voltage 

Bias Voltage [V] 

FIGURE 1.5 Typical amperometric oxygen sensor response. 
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Amperometric oxygen sensors have great potential for use in many different appli

cations. However, the sensor is generally more difficult to manufacture than its potentio-

metric counterpart. For the moment it is used mainly at the research level, although one 

manufacturer does sell commercial units based on an amperometric oxygen sensor design 

[12]. 

1.2 Motivation of Work 

The motivation behind this work was the development of an oxygen sensor for the 

Evolved Gas Analyzer (EGA) for the Mars Volatiles and Climatology Surveyor 

(MVACS) Thermal and Evolved Gas Analyzer (TEGA). This pay load is scheduled to be 

launched on January 3, 1999 as part of NASA's Mars Surveyor Program (MSP). 

For this project, an oxygen sensor capable of detecting trace amounts of oxygen 

(less than 3 |ibar) at low total pressures (20-100 mbar) in the stream of gasses evolved 

from the heating of a 10 mg Martian soil sample was required [13]. The ability to detect 

other gasses, such as carbon dioxide and water vapor was also desired to serve as a sec

ondary measurement to a tunable diode laser (TDL). 

Paramount in the design of the gas analyzer were mass and size constraints. These 

constraints made an amperometric oxygen sensor a suitable sensor. Excellent detection 

ability and resolution, simple design, and a linear response also made this type of sensor a 

good choice. 
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1.3 Outline of Work Performed 

A method for fabrication of an amperometric oxygen sensor using thick-film pro

cessing has been developed. In addition, a testbed for testing and characterizing ampero

metric oxygen sensors over a wide range of oxygen partial pressures and total pressures 

has been designed and implemented. The results of this experimentation show excellent 

oxygen sensitivity as well as the ability of the sensor to detect concentrations of other oxy

gen bearing gasses—carbon dioxide and water vapor. 

A considerable amount of this research and experimentation focused on the 

extremely low oxygen concentrations and low total pressures as per the parameters for 

developing a suitable sensor for MVACS/TEGA. To the author's knowledge, this is the 

first application of an amperometric oxygen sensor operating in a low pressure environ

ment with such extreme sensitivity requirements. In addition, wide-range testing of the 

sensors has been done for alternative uses. 
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2.0 THEORY 

The amperometric or limiting-current oxygen sensor operates by the mechanism of 

solid oxide electrolysis (sometimes referred to as oxygen pumping) and diffusion. A brief 

introduction into the process of solid oxide electrolysis is presented, followed by a discus

sion on diffusion. From this background, the principle of operation of the sensor is pre

sented and the limiting-current equation is derived. Sensor response and operational 

modes are modeled analytically, including the detection of gasses other than oxygen. 

2.1 Solid Oxide Electrolysis 

Solid oxide electrolysis is the pumping of oxygen via. conduction of oxygen ions 

through a solid oxide electrolyte. The source of the oxygen ions may be molecular oxygen 

(Oo) or other oxygen-bearing gasses, such as CO2 and H2O. The electrolyte in this case is 

yttria-stabilized zirconia (YSZ), which becomes ionicly conductive only at elevated tem

peratures. The basic configuration of a electrolysis cell is shown in Figure 2.1. 

In order for the process to begin, the oxygen-bearing gas must diffuse to one of 

many available three-phase boundaries, an interface between the electrolyte phase, elec

trode phase, and gas phase. The electrodes are porous and create many three-phase 

boundaries (Figure 2.2). Through a combination of thermal dissociation and electrccatal-

ysis (for CO2 and H2O), an oxygen atom is freed from the oxygen bearing molecule and 

picks up two electrons from the cathode to become an oxygen ion (0~). This ion is then 

transported through the electrolyte by means of oxygen ion vacancies in the crystal lattice 

(created by the yttria dopant in the zirconia), driven by the electric field produced by the 



D.C. voltage source 
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(T > 300 °C) 
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FIGURE 2.1 Solid oxide electrolysis cell. 

CO 

/ 

YSZ YSZ 

FIGURE 2.2 Three-phase boundary for solid oxide electrolysis. 
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potential across the two electrodes. Upon reaching a three-phase boundary at the other 

side of the electrolyte, the oxygen ion transfers its charge to the anode and combines with 

another oxygen atom to form O2. Thus, the oxygen separation and transport process is 

complete [7]. 

Since each oxygen atom requires two electrons to become O", one can derive a 

relationship between the amount of oxygen ion transport and the current used in the trans

port by considering a charge balance. Quantitatively, the ionic current is given as a func

tion of flux by: 

= nFAJo, Eqn.(2-1) 

In this equation, n is the number of electrons transferred per oxygen molecule (4), F is 

Faraday's constant, A is the (flux) surface area, and Jq2 is the molecular oxygen flux. The 

total current for an electrolysis cell is the contribution of the electronic current and the 

ionic current, 

^total ~ ^electronic ^ionic Eqn. (2-2) 

The ratio of ionic current to total current is given by a parameter called the transference 

number, Tjon; 

ionic \ 
^ion = 7 Eqn- (2-3) 

total 

For YSZ, the transference number is very near one for almost all temperatures [7]. There

fore, the electronic contribution can be neglected relative to the total current and one can 
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assume that all of the current is due to oxygen ion transport. The equation for the current 

in an electrolysis cell now becomes: 

I total = home Eqn.(2-4) 

This says that all of the current is ionic, i.e. all of the current represents ionic transport. 

One can now generalize the equation for expressing the oxygen flux in terms of the total 

(measurable) current, 

I = nFAJo2 Eqn. (2-5) 

As previously mentioned, the ionic conductivity of zirconia becomes significant 

only at elevated temperatures. The ionic conductivity becomes measurable at 300 °C and 

increases almost exponentially with temperature, and nearly linearly with applied poten

tial (bias voltage). 

2.2 Rate Limiting Factors 

There are many steps involved in the solid oxide electrolysis mechanism. Several 

of these are listed in Figure 2.3. These steps involve mass transport and electrochemical 

reactions. Kinetics determine the rate at which each step can proceed. All of these steps 

are necessary for the electrolysis of one oxygen ion, so the slowest step is called the rate 

limiting factor. This rate limiting factor determines the rate at which electrolysis pro

ceeds. 

Note that if diffusion is the rate limiting factor, then one can determine a relation

ship between the current and the diffusion rate since the molecular oxygen flux will be 

determined entirely by diffusion. Since diffusion is a linear function of concentration gra-
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Bulk Diffusion 

FIGURE 23 Possible rate limiting factors for solid oxide electrolysis. 

dient (and partial pressure gradient, by perfect gas law), the sensor output will be directly 

proportional to oxygen partial pressure. The sensor has a porous electrolyte which acts as 

a diffusion-barrier (as opposed to a single-pore design). This defines the operation of the 

amperometric oxygen sensor and will be discussed in more detail in coming sections. 

2.3 Amperometric Oxygen Sensor Construction 

The amperometric oxygen sensor is a multi-layer ceramic device consisting of an 

electrolyte (stabilized zirconia) sandwiched between two electrodes, all of which is built 

upon a substrate with an integral thick-film platinum heater. The amperometric oxygen 

sensor is built as shown in Figure 2.4. 
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(YSZ) Porous Electrolyte 

r I Non-Porous Substrate 

Lead wires Thick-Film Platinum Heater 

FIGURE 2.4 Amperometric oxygen sensor construction. 

The amperometric oxygen sensor consists of: 

(1) Non-porous substrate. This is the base that the sensor is built on. It must be non-

porous so that oxygen cannot diffuse through it and alter sensor operation. Alu

mina is commonly used for this substrate. 

(2) Thick-film platinum heater. The heater is used to bring the sensor to operating 

temperature, 400-800-h °C. It is mounted on the back side of the substrate. 

(3) Porous electrolyte. This electrolyte is an oxygen ion conducting electrolyte, and 

must be porous to allow oxygen to diffuse through it. Yttria-stabilized zirconia (8/ 

10-mol%) is used for the electrolyte, and exhibits excellent ionic conductivity at 

temperatures above 400 °C. 

(4) Two porous electrodes. These electrodes are located on either sides of the sensor. 

They are used to generate a potential across the electrolyte to initiate electrolysis 

and ion pumping. The upper electrode must be porous to allow gas to diffuse 

through it and into the electrolyte. The bottom electrode may or may not be 

porous. Platinum is commonly used for these electrodes. 
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2.4 Principle of Operation 

To sense oxygen, a voltage is applied across the electrodes, initiating an oxygen 

transport. This voltage will be termed the bias voltage. The electrodes must be biased 

negatively with respect to the inner electrode so the oxygen is transported from the lower 

electrode (cathode) to the upper electrode (anode). Pumping all (most) of the oxygen out 

creates an oxygen deficiency (oxygen concentration gradient), and more oxygen diffuses 

in through the porous electrode and electrolyte to overcome this gradient. 

(Free-Stream) 

Anode Porous Electrodes 

Electrolyte 

Cathode 

Non-Porous Substrate 

Thick-Film Platinum Heater 

FIGURE 2.5 Principle of operation for the amperometric oxygen sensor. 
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As mentioned previously, the sensor is designed to be diffusion-limiting, i.e. diffu

sion is the rate limiting step. An equilibrium is reached where the amount of oxygen dif

fusion in is equal to the amount of oxygen transport out by oxygen pumping. The 

magnitude of the oxygen flux is determined by measuring the current. The output current 

is a linear function of the oxygen flux (since all of the current is ionic) and is expressed by 

the relation for the current as given earlier, 

/ = nFAjQ2 Eqn. (2-6) 

2.5 Limiting-Current Derivation 

The following sections derive the limiting-current equation which defines the out

put of the sensor and its sensitivities to variations in pressure and temperature. 

2.5.1 Assumptions 

There are several assumptions that need to be made in order to derive the limiting-

current equation. The following list describes the assumptions which have been made 

thus far, and those which need to be made for the derivation. 

(1) All of the current is ionic, I = I ionic- The current which is measured is assumed to 

be directly proportional to the amount of oxygen pumping. This assumption is 

valid for most conditions. The conditions in which this approximation break down 

will be noted in future sections. 

(2) Diffusion is the rate limiting factor for oxygen pumping. By design, the pores are 

sufficiently small that the oxygen diffusion through the porous electrolyte 

becomes the rate limiting factor. The conditions for which this holds true will be 

shown through empirical data. 
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(3) Perfect gas law. Perfect gas law is used to convert oxygen concentration into oxy

gen partial pressure. The sensor is designed to work at extremely low oxygen par

tial pressures (also low total pressures) and moderate temperatures. Perfect gas 

law breaks down at high pressures and low temperatures, where the density of gas 

becomes significant. Thus, the perfect gas equation is a valid approximation for 

the current case. [14] 

(4) One-dimensional diffusion. The sensor is a planar device, i.e. the thickness is 

small compare to the length and width. The sensor is assumed to be a two-dimen

sional surface. As a consequence of this assumption, an oxygen concentration gra

dient across the sensor becomes linear and one-dimensional. Thus diffusion 

occurs in the (opposite) direction of the one dimensional concentration gradient. 

(5) O.vygen is fully depleted at the cathode due to oxygen pumping. For the ampero-

metric oxygen sensor as presented, the oxygen equilibrium partial pressure at the 

cathode is determined from the bias voltage using the Nemst equation. Solving 

the Nemst equation for the cathodic oxygen partial pressure, (the oxygen partial 

pressure at the anode is that of the free-stream, PQT)-

-^B,a.NF 

Po2,c = ^Poi)^ Eqn.(2-7) 

For a bias voltage greater than -100 mV (normal operating bias voltages are larger 

than this), the exponential term quickly goes to zero (Figure 2.6). 

2.5.2 Diffusion 

The sensor is designed to operate in a diffusion-limiting mode, meaning that the 

diffusion of oxygen molecules through the electrolyte is the rate limiting factor in the elec

trolysis process. Because of this, the magnitude of the molecular oxygen flux is deter-
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FIGURE 2.6 Equilibrium cathodic to free-stream oxygen partial pressure ratio as a 
function of applied bias voltage. 

mined by diffusion. The well known equation for a diffusion flux is given by Pick's First 

Law, 

dC, 
Ji = Eqn. (2-8) 

In this equation, 7,- is the flux of specie i  per second per square meter, D is the diffusion 

coefficient, C, is the concentration of species i  and x is the usual spatial coordinate. Since 
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the sensor is a planar device, the concentration gradient can be assumed to be one-dimen-

sional (using / as the direction across the electrolyte) and linear, 

7^2 = Eqn. (2-9) 

Converting gas concentrations into partial pressures f ,• (from perfect-gas law), 

r D f ̂ 02. anode ~ ̂ Ol.caihodc^ i- /o i/->\ 
Jo2 = ] J Eq"- (2-10) 

For purposes of calculating a diffusion gradient, the oxygen partial pressure at the cathode 

is assumed to be zero during normal operation (see previous explanation). The anodic 

oxygen partial pressure is just that of the free-stream, PQ2. The flux equation becomes: 

= Eqn. (2-11) 

Substituting this expression into Equation (2-6) gives a relationship between sen

sor output and oxygen partial pressure. This gives the sensor output as expressed by the 

limiting-current equation: 

NFDPR)-,('A\ 
—^[yj Eqn. (2-12) 

From this equation, one can see that the limiting-current is only a function of the oxygen 

panial pressure, diffusion coefficient, and temperature (for a given sensor geometry). 

This is the principle of operation of the oxygen sensor. The remainder of this sec

tion derives explicit relations for sensor output depending on which type of diffusion is 

occurring through the porous diffusion barrier and how this plays a role with the limiting-

current. 
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2.5.3 (Bulk) Diffusion Coefficient 

The coefficient for diffusion can be theoretically estimated analytically to an accu

racy of about 8%. The most common method is the Chapman-Enskog equation [15]: 

5 1 

1.86- 10"^ itrf4- + J-V 

D  =  — — E q n .  ( 2 - 1 3 )  
12^12 

where a 12 is the collision diameter (angstroms), the arithmetic average of the two species 

present, ey, represents the geometric average of degree of interaction, a parameter which 

is tabulated. Note that this equation implies that the diffusion coefficient is a function of 

temperature which varies as: 

5 

D ~ R  Eqn. (2-14) 

And also varies as a function of total pressure as: 

D ~ ^  E q n .  ( 2 - 1 5 )  

Inserting these relations into the full diffusion equation, the dependencies on temperature 

and pressure for diffusion are: (for a constant PQ2) 

3 

J o 2 ~ J  E q n .  ( 2 - 1 6 )  

Since the limiting current is directly proportional to the diffusion flux, the limiting current 

has the same dependencies. 
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2.5.4 Diffusion Througli a Porous Media 

The diffusion of diatomic oxygen through the electrolyte can be modeled as a gas 

diffusing through pores of a porous solid as shown in Figure 2.7. 

Zirconia 

FIGURE 2.7 Tortuous diffusion in a porous media. 

In this case, the diffusion occurs along the tortuous pores of the media and, in the 

event that the pores are not straight, occurs over a longer distance than the electrolyte 

thickness. Because of the effect of longer pores, one may define an "effective" diffusion 

coefficient as [15]: 

^ e / / = 7  E q n . ( 2 - 1 7 )  

where T is the tortuosity. This parameter takes into account the effects of porosity and 

usually ranges from 2 to 6, with an average value of 3. 
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2.5.5 Knudsen Diffusion 

A special case of diffusion (called Knudsen diffusion) occurs when the mean-free 

path is on the same order of magnitude of the pore diameter. In this case, the gas molecule 

spends more time colliding with the pore walls that it does with other gas molecules (see 

Figure 2.8). 

Zirconia 

FIGURE 2.8 Knudsen diffusion through a pore. 

The relative importance of these collisions can be expressed by a dimensionless 

number called the Knudsen number, 

= 2 Eqn.(2-18) 
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where X is the mean-free path and d is the mean pore diameter. The mean-free path for 

gas molecules can be estimated from the equation [16]: 

Here a,2 represents the collision diameter of the diffusing species. If the Knudsen num

ber is small « 1), regular diffusion occurs. When the Knudsen number is large {K^ 

» 1), this implies that wall effects cannot be neglected and the diffusion coefficient must 

be modified accordingly. When the Knudsen number is comparable to the mean-free path 

- 1), a mixture of bulk diffusion and Knudsen diffusion occurs. 

In the case of Knudsen diffusion, the diffusion coefficient is given by [15], 

Eqn. (2-19) 

= 4850^ 
IVL 

T \ 2  
Eqn. (2-20) 

which as a temperature dependence: 

Eqn. (2-21) 

and pressure dependence: 

D K ^ N P )  Eqn. (2-22) 



r 
N 

These properties will be used in the next section for determining sensor response 

and sensitivity. Table 2.1 provides a summary of temperature and pressure dependencies 

for both bulk diffusion and Knudsen diffusion coefficients. 

TABLE 2.1 Pressure and temperature dependencies for diffusion coefficients 

Diffusion Sensitivity Bulk Diffusion Knudsen Diffusion 

Temperature j5/2 jl/2 

Pressure p-1 0 

So, upon substituting into the limiting-current equation, (for Knudsen diffusion) 

the limiting-current has no dependence on total pressure and a dependence on temperature 

of; 

l u m - T - " -  E q n .  ( 2 - 2 3 )  

2.5.6 Developing a Sensor Insensitive to Total Pressure 

If a sensor has pores sufficiently small such that Knudsen diffusion is the only dif

fusion occurring, then the sensor limiting current will not be a function of total pressure. 

Inserting the equation for the Knudsen diffusion coefficient into the limiting-current equa

tion results in: 

A?,5QnF dP RT-} F A\ 
= 7 Eqn. (2-24) 

R JT M  ^ ^  

This is a very useful property since in this case, the sensor becomes a true measure of oxy

gen partial pressure and is unaffected by variations in total pressure. Also note that mean-
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free path is a Hnear function of temperature—operating the sensor at higher temperature 

will tend to favor Knudsen diffusion. 

2.5.7 Developing a Sensor Insensitive to Temperature 

By utilizing a sensor with a distribution of pores such that there is some bulk diffu

sion and some Knudsen diffusion, a sensor which is insensitive to temperature can be 

developed. 

Limiting-current sensitivities for both bulk and Knudsen diffusion are shown 

below: 

TABLE 2.2 Limiting-current sensitivity to temperature 

Bulk Diffusion Knudsen Di^usion 

Limiting Current - j3/2 J-1/2 

By having both types of diffusion occurring, the effects of temperature variation 

can be made to cancel out, leaving a sensor which is relatively insensitive to temperature 

variations. The drawback of a sensor operating in this configuration is that it is now par

tially sensitive to the total system pressure to the fact that bulk diffusion is (must be) 

occurring. To fabricate a sensor of this type, the operating conditions must be known pre

cisely and the pore distribution must be controllable. 

2.6 Nernst Potential 

The Nernst potential, or open circuit voltage, is produced by a difference in oxygen 

partial pressure from one side of an electrolyte to the other. "For an electrochemical cell. 
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the open circuit voltage is defined as the minimum electrical energy required to initiate 

and maintain a chemical process under equilibrium at a constant temperature and pressure; 

it is equal to the Gibbs free energy under the same conditions" [17]. The Nemst potential 

represents the electrodissociation voltage to initiate the decomposition of the oxygen bear

ing gasses carbon dioxide and water. [18] 

The theoretical value for the Nemst potential EQ is given by the Nemst equation 

(as presented earlier) [19], 

Cathode 

YSZ electrolyte 

Anode 

FIGURE 2.9 Nernst potential. 

Eqn.(2-25) 
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Where again, 9? is the universal gas constant, T is the temperature, n is the number of 

electrons transferred per oxygen molecule (4), and F is Faraday's constant. Po2,a 

to the oxygen partial pressure at the anode and ^ is the oxygen partial pressure at the 

cathode. 

2.6.1 Chemical Reaction Equilibrium 

In order to calculate the Nemst potentials for carbon dioxide and water vapor, a 

few fundamental concepts about chemical reactions must be revisited. The following is a 

basic review of these basic concepts. 

The generalized reaction equation for two reactants A and B forming products C 

and D is: 

v^A + VgB <=> v^C + VQD Eqn. (2-26) 

Where the v's are the stoichiometric coefficients. 

The amount of reactants or products in the system in equilibrium can be expressed 

by the equilibrium coefficient, K. 

K = ^ V V Eq"- (2-27) 
[ A ]  ' [ B ]  '  

Here the brackets denote species concentration. Converting the concentrations into mole 

fractions, the total pressure enters into the equation: (P® is the reference pressure) [21 ] 

YC Y'D RPYC-^VO-V^-VG 

ys 
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So the equilibiium constant is determined by the mole fractions of the components (v), 

s t o i c h i o m e t r i c  c o e f f i c i e n t s ,  a n d  t h e  t o t a l  p r e s s u r e  o f  t h e  s y s t e m  ( P ) .  

These basic relations will be used in determining the Nemst potentials for carbon 

dioxide and water vapor in the next section. 

2.6.2 Nernst Potential for Carbon Dioxide 

The complete chemical reaction for the decomposition of carbon dioxide is the fol

lowing: 

This reaction will be at some equilibrium value for any value of pressure and tem

perature. Therefore, a small amount of oxygen is expected to be present in otherwise pure 

carbon dioxide due to thermal disassociation. If one considers an electrolyte with pure 

carbon dioxide at the cathode and pure oxygen at the anode, there will be a difference in 

oxygen partial pressure across the electrolyte. This oxygen partial pressure difference will 

create a potential, the magnitude of which is calculated from the Nemst equation, which is 

called the Nemst potential for carbon dioxide. 

To determine the magnitude of this potential, simply calculate from the Nemst 

equation. 

Assume that the total pressures are the same, i.e. the total pressure on the oxygen side is 

the same as that on the carbon dioxide side. Before determining the Nemst potential, one 

CO-, <=> CO + -O-, Eqn.(2-29) 

^0 = ^ 
« R r  ( P N . R ^  

Eqn.(2-30) 
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FIGURE 2.10 Carbon dioxide electrolysis. 

first must calculate the equilibrium oxygen partial pressure due to the thermal disassocia-

tion of carbon dioxide. The first step is to determine the reaction equilibrium coefficient, 

K. From (2-28), the equilibrium coefficient becomes: 

1 
2 1 

•Vco>'o, ^ f V 
/ i : = — —  E q n . ( 2 - 3 1 )  

>co, 
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The extent to which the disassociation equation actually proceeds may be 

expressed by the variable a. Thus, the system is left with a mixture of reactants and prod

ucts of the following molar composition: 

TABLE 2.3 Relative compositions of carbon dioxide 

Component Final Number of Moles 

CO2 I-a 

CO a 

O2 1 
2" 

Inserting this into (2-31) yields: 

3 

1 2 
:a 

K = J 2  ( P y  
Eqn. (2-32) 

This equation can be further simplified by neglecting the molar concentration of the prod

ucts, since this value is very small (a<10'^ for virtually all temperatures and pressures): 

K = -h= 
J2 ,0 Eqn. (2-33) 

Finally, solving for a, 

a = Eqn. (2-34) 
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Values for K can be readily found from tables and a can be calculated. Once a is 

known, it is relatively easy to calculate concentrations. The oxygen partial pressure is cal

culated from the molar concentration by determining the relative molar percentage of oxy

gen in the system and multiplying by the total pressure: 

02. c 
-a + a + (l - a) 

Eqn. (2-35) 

And the Nemst voltage is found by applying (2-25), (n = 4 for 20 ") 

(-t) Eqn. (2-36) 

Values of the Nemst potential for carbon dioxide have been calculated over a vari

ety of temperatures and total pressures as shown in Figure 2.11. 
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FIGURE 2.11 Nernst potential for carbon dioxide at various pressures. 
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2.6.3 Nernst Potential for Water Vapor 

The decomposition reaction for water-vapor is 

H^O ^H^_ + \02 Eqn. (2-37) 

The calculations for determining the Nemst potential for water vapor are otherwise analo

gous to those for carbon dioxide and will not be reproduced here. Nemst potentials for 

water vapor have been calculated and are shown in Figure 2.12. 
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FIGURE 2.12 Nernst potential for water vapor at various pressures. 
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2.7 Specific Gas Sensing 

In addition to the detection of oxygen, the amperometric oxygen sensor can be 

used to measure the independent contributions of other oxygen bearing gasses, most nota

bly carbon dioxide and water (in vapor phase). The reason for this is the electrodissocia

tion of these species at the three-phase boundaries and subsequent electrolysis of their 

oxygen ions which creates an ionic current in addition to the current generated by the oxy

gen partial pressure. 

2.7.1 Electrochemical Electrodissociation Voltages 

Due to the fact that carbon dioxide and water vapor have different Nemst poten

tials, it is possible to selectively detect their relative concentrations with the oxygen sen

sor. The Nemst potential corresponds to the electrodissociation voltage, or the voltage 

which must be applied before electrocatalysis and electrolysis of a particular species will 

occur. By sequentially applying increasing bias voltages, the limiting-currents from oxy

gen, carbon dioxide, and water vapor can be independently determined. The magnitude of 

separation in the Nemst potential is shown in Figure 2.13 

2.7.2 Measuring Independent Contributions from Other Species 

Since each specie will be electrolyzed at a different bias voltage, each will have its 

own limiting-current plateau (assuming that the ionic conductivity of the electrolyte is not 

exceeded). A schematic of a theoretical diffusion-limiting plot for a gas mixture contain

ing oxygen, carbon-dioxide, and water is shown in Figure 2.14. The electrodissociation 

voltages in this figure have been chosen arbitrarily large to illustrate the concept. 
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FIGURE 2.13 Nernst potentials for carbon dioxide and water. 

The method of determining individual specie concentrations follows from the fig

ure. First, a bias voltage of 300 mV is applied to measure the limiting-current for oxygen, 

hi- Next, the voltage is increased and the sum of the oxygen limiting-current and that due 

to the electrodissociation of water is measured. To determine 1^20^ ^02 is subtracted from 

the total current at this point. A similar procedure is used to determine the limiting current 

for carbon dioxide. 

It is important to note that the Nemst potentials for both carbon dioxide and water 

vapor are relatively close to one another. Even if it is not to distinguish between each indi-
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FIGURE 2.14 Schematic of a typical difl'usion-iimiting plot for oxygen, carbon dioxide, 
and water vapor. 

vidua! species in a gas mixture, the combined concentrations can be readily determined. 

There are some ambiguities in the literature about at what voltage carbon dioxide and 

water will be electrolyzed [18, 20]. Even though the Nemst potential represents a thresh

old voltage which must be overcome to initiate electrochemical decomposition, the 

decomposition reactions may not proceed at an appreciable rate until significantly higher 

voltages are reached. 

This concept has been applied successfully by other researchers to amperometric 

oxygen sensors to determine absolute humidity in wet air [20]. The ability of the ampero-
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metric oxygen sensor to detect these gasses has been often reported in the Hterature, but 

this is the only study presented (to the author's knowledge) which contains empirical data. 

The experimental data section of this thesis presents data regarding the specific gas 

detection of water vapor and carbon dioxide. 
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3.0 SENSOR FABRICATION 

The amperometric sensor used in this study was developed and manufactured in-

house at the Space Technologies Laboratory, The University of Arizona. The sensor con

sists of a porous electrolyte (zirconia, 10-mol% yttria stabilized) with platinum electrodes, 

built on top of an alumina substrate with built in thick-film platinum heater. A schematic 

of the sensor is shown in Figure 3.1. 

Zirconia Electrolyte 

Platinum Electrode 

Alumina Substrate 

Platinum Paste 

Platinum Wires 

FIGURE 3.1 Top view of the amperometric oxygen sensor. 

3.1 Substrate 

The sensor is built on top of a substrate made of alumina. Alumina is an ideal 

choice to use because it is not electronically nor ionicaJy conductive. It also has a coeffi

cient of thermal expansion (CTE) comparable with that of zirconia. The alumina/zirconia 
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combination is widely used in ceramics, and it is especially common in amperometric 

oxygen sensor designs. The alumina is prepared using the tape-casting method. In this 

method, a mixture of ceramic particles, organic binder, and plasticizer is spread flat by 

using a doctor blade on a smooth surface. After the mixture dries, the alumina is flexible 

and easy to work with. Upon sintering, the plasticizers and binders bum out and the alu

mina becomes hard (inflexible). The alum.ina tapes were obtained from a local vendor. 

3.2 Electrolyte 

As mentioned previously, the electrode material is a layer of yttria-stabilized zirco-

nia (ZrOi - Y2O3 iO-mol%). Like the alumina, this too is prepared using the tape-casting 

method. Bonding between the electrolyte and the substrate is achieved by applying a plat

inum interface layer (platinum paste, Heraeus) which also serves as an electrode, and co-

firing the sensor. 

3.3 Electrodes 

Platinum electrodes are used for this sensor. Other choices are available, notably a 

few electrically conductive ceramics such as LSM (Lanthanum Strontium Maganite) and 

LCM (Lananum Calcium Maganite), but platinum has the advantage of being commer

cially available in a paste form and it is easy to apply. Platinum is also a catalyst for a 

variety of electrode reactions. It is the electrode of choice for virtually all oxygen sensors. 

The first electrode is hand-painted on the alumina tape. A zirconia layer is then 

applied to the alumina, on top of the electrode. This unit is co-fired in a high-temperature 

laboratory furnace (Thermolyne 48000) to bond the substrate and electrolyte. During this 
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process, the two ceramics begin to sinter and a bond forms in the zirconia/platinum/alu-

mina system. After this initial firing, the electrode wires are attached using platinum 

paste. Finally, the second (upper) electrode is applied by hand-painting. The unit is fired 

for a final time at a lower temperature to bum off any remaining organic binder from the 

platinum. 

3.4 Heater 

The heater used for diis sensor is a thick-film platinum heater. The heater trace is 

printed on the alumina substrate by the screen printing method. The heater printing is 

done on the back side of the alumina substrate. This actually is the first step in sensor fab

rication. After the sensor is fired for the first time, the platinum heater trace sinters and 

becomes a thin trace of platinum. The resistance of the heater can be controlled by print

ing different heater trace designs and by controlling the sintering temperature, although 

the former usually has a greater effect. The bottom view of a sensor, showing the thick-

film platinum heater, is shown in Figure 3.2. 

3.4.1 Heater Temperature Determination 

Since the heater is a thick-film platinum heater, the resistance of the platinum can 

be measured and used to compute its temperature. When used in this mode as an RTD, the 

sensor temperature can be measured. The resistance of the platinum heater follows the 



Thick-Film Pt Heater 

FIGURE 3.2 Bottom view of the amperometric oxygen sensor. 

curve for resistance versus temperature defined by the well known and widely used equa

tion [22]: 

R ( T )  =  / ? o  -  [ I  + A  •  T + B - r  +  C - i T -  100)^] Eqn. (3-1) 

Where the constants A, B, and C are given; 

TABLE 3.1 Coefficients for platinum resistance equation 

A B C 

T  > 0  ° C  3.90x10-3 -5.80X10-'' 0 

T < 0 ° C  3.90x10-^ -5.80x10-"' -4.30x10-'^ 
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The lead wires (short and relatively large diameter) from the heater have a resistance of 

less than 1% of the heater resistance to prevent thermal gradients along the lead wires 

from introducing errors into the resistance calculation. 

3.4.2 Heater Resistance Control 

Controlling the resistance of the heater, as previously mentioned, is done in two 

ways. The first method involves controlling the geometrical parameters of the heater pat

tern such as length, trace width, and thickness. The second method is by controlling the 

degree of sintering between the platinum particles during firing. By controlling the tem

perature and duration of sintering, the degree of sintering that occurs within the platinum 

is controlled and the resistance changes accordingly. Platinum that is not well sintered 

will show a high resistance, while highly sintered platinum will have a significantly lower 

resistance. A plot showing the influence of sintering temperature on final heater resis

tance is shown in Figure 3.3 (samples were ramped up in a controlled manner and held at 

temperature for 30 minutes), 

3.5 DifTusion Barrier 

The porous electrolyte also serves as the diffusion-barrier for oxygen. The poros

ity of the electrolyte layer is a function of particle size, binder content, and degree of sin

tering. The sintering temperature has a large degree of influence on the resulting porosity 

of the diffusion barrier, as fully sintered electrolytes (non-porous) can be created by sinter

ing at temperatures of 1650 °C. The diffusion rate, and hence sensor sensitivity and detec

tion limit, can be controlled by varying the geometry of this layer. 
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FIGURE 3.3 Room temperature heater resistance as a function of sintering temperature. 

It is important to note that this layer serves both as the electrolyte and diffusion 

barrier, it must be sufficiently porous to allow mass transport, yet it must also be a good 

ionic conductor. 

An SEM micrograph of a typical electrolyte is shown in Figure 3.4. This sample 

was sintered at 1000 °C and held there for a period of 30 minutes. 

From this micrograph, pore sizes appear to be on the order of 10'^ m. They also 

appear to be continuous, i.e. there are not any closed pores. For MVACS, which operates 

o Experimental Data 

— Poly. (Experimental Data) 

180 1100 1120 1140 1160 1180 

Sintering Temperature [°C] 

1200 1220 
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FIGURE 3.4 SEM micrograph of porous diffusion barrier. Characteristic pore sizes 

appear to be lO'^m. 

in an environment at a total pressure of 20 mbar (of mostly nitrogen), the mean free path 

is; 

X.= 1.4x10"^ m Eqn. (3-2) 

Thus for this application, the Knudsen number is: 

=  ^ = 1 0 0  
10 

Eqn. (3-3) 
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Thus, one should expect predominantly Knudsen (total pressure independent) diffusion to 

occur. 

The characteristic pore size of the porous anode (sintered platinum paste) is 

lxlO~^m. The characteristic thickness is lxlO"^m. Due to the fact that the electrode 

pores are an order of magnitude larger than that of the electrolyte (the electrolyte is also 

much thicker), the electrolyte is assumed to be the diffusion barrier. This is important 

since changes in electrode morphology will not change the geometry of the diffusion bar

rier, which would change the magnitude of the limiting-current. Electrode samples were 

not prepared for SEM analysis in this study. The electrode characteristics are known from 

work done by our lab in the characterization of zirconia electrolysis cells. [7] 

3.6 Lead Wires 

The lead wires used are platinum wire of 3-mil diameter. The wires are bonded to 

the substrate using platinum paste and then sintered to create a strong bond. The lead 

wires are attached prior to the application of the upper electrode. The wires are attached 

on the heater side on one step, then on the electrode side for the second step. 
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4.0 EXPERIMENTAL SETUP 

Significant effort was put into designing an experimental testbed for the sensor. 

The testbed needed to be above all else able to vary the oxygen partial pressure in an accu

rate and controlled manner. A variety of schemes for changing the oxygen partial pressure 

were considered. The method chosen was to vary the oxygen partial pressure by mixing 

an oxygen mixture with an inert gas such as nitrogen. By varying the relative amounts of 

gas, the oxygen partial pressure can be controlled and the total gas flow rate can remain 

constant. A schematic of the experimental setup can be seen in Figure 4.1 

a M 
Gas 1 Gas 2 

1̂ 3S 
Flow Controller 
Readout 

MFCs 

Sensor Chamber 
Vacuum Trap 

Pressure Transducers 

Metering Valve 

/ 
Vacuum Pump 

Pressure 
Readouts 

Power Supply 
[Heater] 

Power Supply 
[Sensor] 

FIGURE 4.1 Experimental setup. 
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4.1 Overview 

The design goals of the experimental setup were to provide the sensor with known 

concentrations of oxygen at a total pressure of 20-100 mbar. Electronic mass flow con

trollers are used to mix an oxygen mixture of known concentration with pure nitrogen to 

control the oxygen content while keeping the total gas flow rate constant. Once this gas is 

mixed together, it flows into the sensor chamber. A vacuum pump is connected to the out

let side of the sensor chamber through a metering valve to create a controlled low pressure 

environment. Maintaining a constant gas flow rate keeps the total pressure constant 

throughout the experiment. Having a steady flow through the sensor chamber also 

reduces the effects of any possible air leaks (compared to a static experiment). 

Pressure transducers are installed both before and after the sensor chamber to 

determine sensor operating pressure. The chamber is symmetric, so pressure losses due to 

restrictive inlet and outlet plumbing will be equal. The total pressure inside the chamber is 

determined by taking the average of the inlet and outlet pressures. These can be signifi

cantly different when measuring low pressures (20 mbar). 

Electronic circuitry and instrumentation for the sensor and sensor heater are dis

cussed in the following section. 

4.2 Flow Equipment 

Throughout this apparatus, rubber (Cajon VCO) and metal o-ring seal (Cajon 

VCR) connectors are used. These connectors have leak rates several orders of magnitude 

lower than standard metal seat connectors. Since the main objective is controlling very 
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small amounts of oxygen, any air that may leak into the experiment will have a large effect 

on the oxygen concentration. Leak checking was carried out using a helium leak detector 

by Varian (Portatest 2000) and by pressure testing. 

4.2.1 Gas Bottles 

Standard large gas cylinders are used as a source for gasses. Locally available 

ultra-high purity nitrogen (99.9999%) was chosen to be used as an inert gas because of its 

price, availability, and compatibility with the flow controllers. Certified gas mixtures con

sisting of pure nitrogen with varying amounts of oxygen were purchased from specialty 

gas shops (Scott Specialty Gasses, Inc.) to be used as the controlled oxygen source. 

In addition, high-purity gas regulators were used to prevent air leaking in at the 

source. Regulators from Scott Specialty Gasses, Inc. (no. I8B and 11 A) were used for this 

purpose. 

4.2.2 Mass Flow Controilers 

The mixing of the two gas mixtures is done by using two electronic mass flow con

trollers from MKS (1179A). These controllers can vary the flow rate of each gas between 

0 and ID seem (N2 or O2), with an accuracy of 1% full-scale. A four-channel readout 

(MKS 247) was used to provide power, control the setpoint, and monitor the flow rates. 

4.2.3 Pressure Transducers 

Two pressure transducers are used in this setup. The pressure transducers used are 

absolute pressure transducers with a 0-500 mbar scale from Omega (PX811-005AV). One 
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pressure transducer is placed upstream of the oxygen sensor chamber, and one is placed 

just downstream. As mentioned previously, since the chamber and piping is symmetrical, 

the total pressure inside the chamber is the average of the two readings. 

4.2.4 Sensor Chamber 

A chamber suitable for testing the sensor was developed and constructed in-house. 

It gives easy access to mounting the sensor and has leak-free electrical feed throughs for 

sensor and heater leads. 

This chamber is the engineering model (EM) for the MVACS flight sensor (identi

cal to the flight model). See Figure 4.2 for a 3-D solid model of the chamber. 

4.2.5 Metering Valve 

There is one manual valve in the setup. This is placed directly before the vacuum 

line. This metering vzilve allows the total pressure controlled in the system without chang

ing the total mass flow rate. To be consistent with the rest of the experiment, this valve is 

a sealed bellows-style metering valve to ensure that there are no leaks in the system. 

4.2.6 Vacuum Trap 

A standard liquid nitrogen vacuum trap is used to trap any moisture from being 

sucked into the vacuum pump and contaminating the oil. More importantly, it also serves 

to prevent any hydrocarbons (in the vacuum oil) from back-diffusing into the experiment 

and contaminating the sensor. 
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FIGURE 4.2 Engineering/flight model sensor chamber. 

4.2.7 Vacuum Pump 

A medium-sized vacuum pump is used for providing vacuum. It is manufactured 

by Welch Vacuum Technology, Inc., model# 8915A. This vacuum has sufficient through

put to lower system pressure to less that 1 mbar (through small diameter tubing) at 10 

seem. 
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4.3 Scientiflc Instrumentation 

This section presents the electronic equipment and instrumentation used to gather 

data during testing of the oxygen sensor. 

4.3.1 Sensor Bias Power Supply 

A high precision power supply HP 6011A was used to provide a bias voltage for 

the sensor. Although this option was not used, this power supply is capable of being pro

grammed remotely from a computer. 

Fluke model 8060A digital multimeters are used to measure both the sensor bias 

voltage and output current. These multimeters provide a resolution of 0.01 (lA (accuracy 

to this resolution verified with (high resistance) resistor test circuit) which was adequate 

for the present experiments. 

4.3.2 Heater Power Supply 

A standard laboratory power supply was used to provide power to the heater. 

Another Fluke model 8060A multimeter was used to measure the current. The power sup

ply external voltage measurement served as a remote heater voltage measurement. From 

these parameters, the heater resistance was calculated from ohm's law (R = V/I). The 

platinum resistance equation was then used to determine the operating temperature of the 

sensor. 
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4.3.3 Flow Controller Readout 

The power supply and controller for the Mass Flow Controllers is a four-channel 

model by MKS Scientific Instruments, Inc. This readout allows the mass flow rate to be 

programmed directly from the unit and can be calibrated for any gas. This unit has the 

capability to be computer controlled through a serial interface. Although not used, this 

option can be used for future experimental improvements involving computer automated 

data collection. 

4.3.4 Pressure Transducer Readouts 

The readouts for the pressure transducers are digital strain-gages model DP-41S 

from Omega Engineering, Inc. They provide an excitation voltage and are completely 

scalable, configurable, and calibratable. 
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5.0 EXPERIMENTAL DATA AND ANALYSIS 

This section contains representative samples of much experimental data obtained 

during testing over the past two years. Data presented is exclusively from the homegrown 

sensors, except in a few cases where data obtained from sensors made by other sources is 

used for comparison. These situations will be noted appropriately. 

5.1 Heater RTD Calibration 

As mentioned in earlier sections, the platinum heater is also used as an RTD for 

determining the sensor operating temperature. The performance of the RTD was cali

brated by placing the sensor in a laboratory furnace (Thermolyne 48000) and ramping up 

the temperature sequentially. Data points were recorded at specified intervals during the 

temperature ramp. The results of this experiment are shown in Figure 5.1. 

From the results of this experiment, it is apparent that the heater can be used as an 

effective RTD, since its resistance is a function of temperature. The temperature does not 

fit the theoretical curve exactly, but this is not of great importance as long as the tempera

ture profile is calibratable and repeatable. 

Experimental uncertainties may play a role in the temperature deviation from theo

retical. The sensor was placed into the center of a large furnace cavity (8"x8"x8", approx

imately). It is not uncommon for furnaces of this type to have large thermal gradients 

within the interior. Furthermore, the high temperature thermocouples used in these fur

naces are known to report inaccurate values, especially for lower temperatures. Lastly, the 

relatively long lead wires (6") have a resistance which will change with temperature, but 
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FIGURE 5.1 Heater RTD calibration curve. = 4.31 ambient conditions. 

this resistance change is difficult to calculate since the thermal gradient is not well known. 

The magnitude of this effect has been estimated to be very small. 

For the remainder of the experiments, temperature values quoted will always be 

those values calculated from the platinum resistance equation. These numbers should pro

vide a good degree of accuracy, but more importantly provide a means of comparison for 

sensor output at different temperatures. 
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5.2 Power vs. Temperature 

An interesting plot is generated when the heater power is plotted as a function of 

temperature. The heater power required is solely a function of mounting considerations, 

but provides a reference data point for future work. In this case, the mounting configura

tion is the Engineering Model test chamber and the sensor is mounted by suspending it by 

it's own lead wires. The plot is shown in Figure 5.2. 

At temperatures of about 650 °C, the curves tend to come back down on the tem

perature axis. The experiment was done starting at low heater power and ramping up the 
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heater voltage in a series of steps. The reason for the apparent temperature drop while the 

power is increasing is because the heater resistance was decreasing (due to sintering and/ 

or shorting). This introduced errors and made the calculated temperatures actually 

decrease. 

The sensor used in this test was destroyed by operating it at such high tempera

tures. The sensor was taken out of the chamber and examined. It appeared to have 

become blackened. Upon close examination, it was determined that this black layer which 

coated the sensor was a thin surface coating of platinum (presumably volitilized from the 

heater trace or the electrodes) which caused electrical shorting in the heater as well as 

between the electrodes. This occurrence was common for sensors operated continuously 

at temperatures above 550 °C. Consequently, a maximum operating temperature of 

550 °C was established and it was seldom exceeded in order to prevent irreversible dam

age to the sensors. A similar effect has been reported in solid oxide electrochemical cells 

with platinum electrodes operating at low pressures [23]. 

Another power vs. temperature plot is shown in Figure 5.3. This plot compares 

power requirements for two mounting configurations. In the first configuration, a sensor 

is mounted suspended only by its own lead wires. This was the mounting configuration 

for most tests and is the method used for all subsequent plots unless otherwise noted. The 

reason for this was simplicity. Mounting the sensor by it's leads provides an easy means 

to mount and unmount the sensor. It also eliminates any possibilities of oxygen and 

mounting-material interactions which may interfere with testing sensor response at very 

low oxygen partial pressures. The second mounting configuration was mounting the sen
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sor in a fibrous ceramic blanked material called Kaowool (Thermal Ceramics). This 

mounting material insulates the sensor thermally and provides structural support as well as 

isolation from vibration. This was the mounting configuration that was chosen for the 

night Model unit. 
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FIGURE 5.3 Power vs. temperature plot (EM chamber) showing influence of mounting 
conflguration. P,o^i = 25 mbar, Flow rate = 8.5 seem N2. 

As expected, introducing Kaowool into the chamber increased the power require

ments for low temperature operation. An increase in thermal conduction is to blame for 

this. However, the power requirements for high temperature operation are almost identi

cal for both the Kaowool mount and the bare lead mount. It is thought that the Kaowool 

decreases the radiative coupling to the chamber walls, while increasing the conductive 
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heat losses. This is consistent with the plot since the plot for the Kaowool mount is more 

linear, hinting at less of a contribution of radiative (T^) heat transfer. 

5.3 Current vs. Temperature 

One of the fundamental experiments for determining the mode of operation of the 

sensor is the current vs. temperature experiment. If the sensor is operating in the Knud-

sen-diffusion regime, the current should decrease with increasing temperature according 

to the relation: 

= Eqn.{5-1) 

For this test, the total pressure is only 20 mbar and the Knudsen number is about 0.1, so 

one may expect the limiting current to decrease with increasing temperature if the sensor 

behaves according to theory. The results of this test done on two different sensors are pre

sented in Figures 5.4 and 5.5. 

In these experiments, the reverse-bias data represents an approximation to the 

unrestricted ionic conductivity of the electrolyte (since the oxygen pumping area is the 

entire upper electrode), and the forward-bias (normal operation) data represents normal 

sensor operation with diffusion-limiting. A noticeable "breaking point" occurs in the data 

where the onset of diffusion-limiting occurs. This occurs at a certain temperature where 

the ionic conductivity is sufficiently high such that it has the ability to pump oxygen ions 

faster than can be supplied through the diffusion barrier (hence the term "diffusion limit

ing"). Ionic current above this point does not show the decline according to theory. Pos

sible explanations for this are (1) mixed diffusion and (2) ionic conduction without 
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diffusion. The latter situation is likely to be occurring since the current sensor design has 

"open edges" where oxygen can be electrolyzed without first diffusing through the diffu

sion barrier. 

Whatever the reason for the discrepancy with theoretical values, it is apparent that 

diffusion is limiting the amount of oxygen which can be electrolyzed and it will be appar

ent that the sensor behaves linearly as predicted. 

5.4 Thermal Shock Survivability 

An important design parameter for the sensor is the rate which it can be heated up. 

A rapid ramp rate can thermally shock the sensor and cause cracks to appear in the sub

strate or electrolyte, or even cause delamination. This is especially a concern for the elec

trolyte, since zirconia is not very robust in the presence of thermal gradients. 

An experiment was performed which involved subjecting a sensor to a very high 

ramp rate. A bare sensor was plunged into a furnace operating at 1000 °C through an 

access port in the top of the furnace. It was held there for 30 seconds, and then removed. 

Sensor heater resistance as a function of time was recorded during the event. Tempera

tures were calculated from these readings and are plotted in Figure 5.6. 

Upon the conclusion of the experiment, the sensor was examined for any surface 

cracks or signs of substrate/electrolyte delamination. The first sensor tested in this manner 

came apart during the inspection (delamination). A second sensor subject to the same test 

parameters appeared to suffer no ill effects. 
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FIGURE 5.6 Thermal shock test. Ambient pressure, furnace cavity temperature 
is 1000 °C. 

In addition, several thermal shock tests were done in an arcjet facility at NASA 

Ames Research Center. These sensors were mounted on the back of a LI-900 plug. The 

temperature ramp profiles were comparible to those used for this test. Visual inspections 

were performed before and after the experiment. Four sensors were tested with no fail

ures. 
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5.5 Oxygen Data 

The following section contains samples of data collected pertaining to oxygen 

only. Concentration/calibration experiments, as well as diffusion-limiting and time 

response data are included. 

5.5.1 Oxygen Concentration Response 

The most important test of the oxygen sensor is the oxygen concentration response 

experiment, as it is the calibration for the sensor. Early concentration plots showed a sig

nificant zero offset on the current axis, suggesting the presence of extra oxygen, i.e. a leak. 

The testbed was continuously refined until these leaks had been eliminated. Only those 

experiments that are believed to be of high quality and leak-free data are included in this 

section. 

This test was the test performed most often. Representative samples of these tests 

are included which are of special interest, i.e. experiments which compare the sensor out

put as a function of temperature or bias voltage. 

5.5.1.1 Temperature Effects 

A typical sensor response for several temperatures is presented in Figure 5.7. As 

can be seen from this plot, the sensor output is linear for the two highest temperatures 

(475 °C, 500 °C). The output is not linear for the two lower temperatures (425 °C, 

450 °C) most likely because the ionic conductivity of the zirconia is too low—diffusion is 

not the rate-limiting factor if this is the case. Increasing temperature also raises the mean-
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FIGURE 5.7 Oxygen concentration plot for several temperatures. Vj,ias = 300 mV, 
P,otai = 20 mbar, Flow rate = 10 seem. 

free path, perhaps altering the diffusion mechanism and promoting more Knudsen diffu

sion. 

There appears to be some sort of nonlinear behavior, and even an increase in sen

sor output near the origin. This is due to the effects of electronic conduction and will be 

explained later in this chapter. 

5.5.1.2 Repeatability 

Sensor output values for maximum current were nearly identical from experiment 

to experiment, indicating that the sensor output was repeatable. An experiment was done 
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FIGURE 5.8 Repeatability test. T = 425 °C, = 300 mV, Ptotal = 20 mbar, 
Flow rate = 10 seem. 

on a particular sensor to repeat the same concentration plot after a period of several days 

had elapsed. The sensor heater was ramped up and data was collected. It was then 

ramped down to an intermediate temperature and held there for several days (300 °C). 

Then the heater was ramped up back to the same temperature and the experiment was 

repeated. The results of this experiment, shown in Figure 5.8, confirm the repeatability 

expected. The curves are nearly identical, except for the very low oxygen partial pressure 

region. The sensor output is very sensitive to leaks in this range and this is almost cer
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tainly to blame for the inconsistencies, especially since the two curves have exactly the 

same shape. The nonlinearity is due to operating the sensor at low temperature. 

5.5.1.3 Reverse Bias 

As a matter of fully characterizing sensor performance, and to develop an in-situ 

means to determine if a sensor had been installed incorrecdy, concentration testing was 

done for a sensor biased in reverse, i.e. oxygen is being pumped into the electrolyte 

instead of being pumped out. Figure 5.9 shows the results of this experiment. 

25 
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FIGURE 5.9 Reverse bias concentration plot in oxygen for two temperatures and bias 
voltages. Ptotai = mbar, Flow rate = 10 seem. 
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This experiment was done at a moderate temperature and bias voltage, and sec

ondly at a high temperature and bias voltage in order to determine the range of expected 

output as a function of operating parameters. From the results of this experiment, it is 

apparent that the output is not quite linear. It is also apparent that the sensor output is 

much higher. Limiting currents range from 0-20+ nA for the reverse bias case vs. 0-

10 |J.A for forward bias. The main disadvantage of operating the sensor in reverse bias is 

the response time, as will be shown in a later section. 

5.5.1.4 High Pressure 

Experiments were done predominandy at low pressures (P[otai = 20 mbar), but 

oxygen concentration testing was also done at higher pressures as well. Figure 5.10 shows 

the results of a concentration experiment done at Ptotai = 100 mbar. Based on this output 

(both magnitude and linearity), it appears that the sensor is relatively insensitive to total 

pressure, which is what was predicted from theory. This particular sensor was not tested 

at lower pressures, so a comparison can be made only from the magnitude of the output 

compared to other sensors of identical construction. This plot also shows data points 

taken starting from a high oxygen partial pressure and going to a lower partial pressure, 

then vice-versa—note that there is very little hysteresis effect. The intercept on the cur

rent axis is nonzero, suggesting a leak. Testing at the higher pressure range makes it more 

difficult to keep leaks out since the gas concentrations being mixed are much lower and 

the same leak has a much greater effect at higher pressures (P02 = concentration x total 

pressure) than for low pressure testing. 
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5.5.2 Diffusion-Limiting 

The diffusion-limiting experiment is another important experiment to perform, as 

it gives insight as to what the rate-limiting factor is. In this experiment, the oxygen partial 

pressure is held fixed and the bias voltage is increased sequentially. Data is shown in Fig

ure 5.11. 

From this experiment, it is apparent that the sensor is operating correctly and that 

diffusion is the rate-limiting factor (for bias voltage above 200 mV). The curve does not 
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FIGURE 5.11 Diffusion-limiting plot for oxygen. T = 450 °C, P02 = 3 |lbar, 
Ptotai = 20 mbar, Flow rate = 10 seem. 

level out completely, but that is normal considering that not all oxygen needs to diffuse 

through the diffusion layer to be electrolyzed (perimeter effects). The platinum electrodes 

are continuous out to the sides of the oxygen sensor and it is certain that a small amount of 

oxygen is being electrolyzed without first diffusing through the electrolyte. Another pos

sible cause of this is the fact that not all pores are the same size, there is a Gaussian distri

bution of pore sizes. Each pore will have its own limiting-current, and the current 

measured is a summation of each individual limiting-current. 
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Diffusion-limiting plots obtained from testing sensors made by other sources gen

erally showed a better limiting-current plateau. One of these sensors uses a single-pore 

diffusion barrier which would tend to show a well-defined limiting-current, as opposed to 

sensors which use a porous electrolyte with a distribution of pore sizes—each pore will 

have its own limiting-current. Figure 5.12 shows the results of testing a sensor made by 

SRI International. 
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FIGURE 5.12 Another difTusion-Iimiting plot for oxygen. T = 400 "C, P02 = 3 |lbar, 

Ptotai = 20 mbar, Flow rate = 10 seem. 
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5.5.3 Time Response 

Time response data for several configurations has been tested. Due to the fact that 

the sensor chamber has a finite volume, there is in theory a finite response time which can 

be calculated by ideal mixing theory. In addition, the sensor will have its own characteris

tic response time associated with the physics of oxygen pumping and electrode kinetics. 

5.5.3.1 Full Scale 

Data for time-response of the sensor at low pressures is presented in Figure 5.13 

In this experiment, the time response of the sensor is measured to (I) switching from 3 

fibar of oxygen to 0 |ibar, and (2) vice-versa. 

There is a finite volume associated with the sensor chamber, as well as the plumb

ing. Because of the small flow rates, there is a characteristic response time based on gas 

mixing. The excact volume of the chamber and plumbing can only be estimated, but a 

95% response time is on the order of 15 seconds. This is believed to be the main compo

nent of the response for this plot. 

This graph shows a rapid response time with respect to changes in oxygen concen

tration. It is interesting to note that for this graph, and virtually all graphs, the time 

response associated with a decrease in concentration is longer than for the same corre

sponding increase in concentration. It is presumed that there was a small leak in this 

experiment, preventing the oxygen partial pressure from dropping sufficiently low to see 

the development of electronic conduction (future section). 
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FIGURE 5.13 Time response for full scale oxygen partial pressure step changes. 
T = 425 °C, Ptotal = 20 mbar, V|,j^ = 400 mV, Flow rate = 10 seem. 

5.5.3.2 Small Step Changes 

A fundamental goal of the sensor is to determine very small changes in oxygen 

concentration. Time-response data for a series of step functions of oxygen concentration 

are shown in Figure 5.14. 

The response times for this experiment are much greater than those for the full-

scale test. The sensor in this experiment was mounted in Kaowool and this may explain 

some of the long stabilization times. It is thought that the Kaowool prevents ideal mixing 

from occurring in the chamber and may act as a diffusion barrier, increasing mixing times. 



93 

3 ^ !0.50 flbar 

2.8 
0.45 |J.bar 

0.40 fXbar 

2.6 

< 2.2 
a. 
c k.  URN 3 
u 

-
: 

+ 

: • 

-

» » » X  

o 
X  

• 

-

: 
o 
o ^ 

X X  -
X o « 

X  
X  X  

-

- o ^ 

?^3oetooo 

X  
• 
V  

-

Sensor pFM-XB ' 

2 r; ^ m '0.35 flbar 

1.8 
0.30 |lbar 

1.6 

1.4 — 0.25fibar 

1.2 

1 

2000 3000 4000 5000 6000 7000 
Time [s] 

FIGURE 5.14 Time response for oxygen partial pressure step changes. 
T = 475 °C, Ptotal = 10® mbar, V^jas = 350 mV, Flow rate = 10 seem. 

It is also possible that there are oxygen-insulation interactions which are not well under

stood. This test is measuring response to very small changes in oxygen partial pressure. 

From this graph, it is apparent that the limiting-current is linearly proportional to 

the oxygen partial pressure by noticing the equal spacing between partial pressures. This 

further confirms the linear response of the sensor. 
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5.5.3.3 Bias Voltage Changes 

Sensor response to changes in bias voltage is important in determining the sensi

tivity of the sensor to fluctuations in bias voltage, startup stabilization, and bias switching 

stabilization for detecting other gasses with the same sensor. Results of step changes in 

bias voltage are shown in Figures 5.15 and 5.16. 

100 
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FIGURE 5.15 Time response for bias voltage changes. T = 475 °C, Po2 = 3 fibar, 
P,otai = 20 mbar, Flow rate = 8.5 seem. 

Figure 5.15 shows sensor response to both large and small step changes in bias 

voltage. From this plot, it appears that the sensor is generally stable after 30 s for small 

changes in bias voltage. Larger changes in bias voltage take much longer to stabilize, and 

in fact never appear to actually stabilize during the course of the experiment. 
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FIGURE 5.16 Time response for bias voltage changes. T = 520 °C, P02 = 3 |lbar, 

Ptotai = 20 mbar, Flow rate = 8.5 seem. 

Figure 5.16 is a similar experiment, done at a higher temperature. Higher ionic 

conductivity as a result of higher temperature should result in a faster stabilization time. 

This appears to be the case. The sensor is stable after 30 s for small changes in bias volt

age, and is stable after about one minute for larger step changes. 

Bias voltage change response time must be taken into consideration if one decides 

to use one amperometric sensor to determine specific gas concentrations since the bias 

voltage must be changed to selectively determine compositions. 
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5.6 Carbon Dioxide Data 

A number of experiments were done with carbon dioxide. This section presents 

the basic results from these tests. 

5.6.1 Diffusion-Limiting 

The most interesting experiment when dealing with carbon dioxide is the diffu

sion-limiting graph. From this, one can tell if carbon dioxide is being electrolyzed and if 

there is a diffusion-limiting (with associated limiting-current) condition that applies to this 

occurrence. The following subsections present data collected from a variety of situations. 

Data from similar sensors from other sources is also presented where appropriate and the 

differences in performance are explained as necessary. 

5.6.1.1 Homegrown Sensors 

Figure 5.17 shows a diffusion-limiting graph obtained by flowing pure carbon 

dioxide. 

From this graph, one can clearly see the electrolysis of carbon dioxide which 

occurs around 800 mV. This is considerably higher than the previously calculated Nemst 

potential. The Nemst potential represents a voltage vi'hich must be exceeded before the 

electrolysis of carbon dioxide can begin, but significant electrolysis will not occur until 

higher voltages have been reached. 

There is a diffusion limiting plateau just above 200 mV which is almost certainly 

due to oxygen. The oxygen in the experiment is a very small level and could be a contam

inant in the carbon dioxide, since it is very difficult to obtain pure carbon dioxide. The 
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FIGURE 5.17 Diffusion-iimiting plot for carbon dioxide. T = 525 °C, 
Pco2 = 20 mbar, Ptotal = 20 mbar, Flow rate = 7 seem. 

presence of oxygen in the carbon dioxide was detected in every experiment done with car

bon dioxide suggesting that the source of the contamination is from the carbon dioxide 

bottle itself. 

Just after the diffusion limiting plateau for oxygen, the sensor output appears to 

drop slightly. This is caused because of a short time in-between data points (a minute). 

The sensor had not enough time to fully stabilize and reach equilibrium completely. 

At high voltages, the sensor output appears that it is about to level off at a plateau. 

The experiment was stopped at the point it was at because of limitations with the voltage 
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divider used to drop the power supply voltage for sensor bias. Regardless of this, it is 

inadvisable to operate zirconia above 2 V for fear of irreversibly damaging the electrolyte 

(inducing electronic conduction to such a degree that zirconia will start to transform to zir

conium metal). 

5.6.1.2 Other Sensors 

Here, the same experiment done with a sensor provided by another source (SRI 

International). Experimental results are shown in Figures 5.18 and 5.19, the latter of 

which shows a zoom-in of the carbon dioxide electrolysis region. 

The results for this experiment are virtually the same as for with the homegrown 

sensor, but there are a couple of interesting differences. First of all, the carbon dioxide 

electrolysis appears to begin at a slightly lower voltage, around 500 mV from Figure 5.18. 

When looking at the close-up graph. Figure 5.19, it is seen that the electrolysis of carbon 

dioxide begins at precisely 400 mV, which is right on the calculated Nemst potential. 

Neither this sensor or the previous sensor showed a diffusion limiting event for 

carbon dioxide electrolysis. This implies that some other factor is the rate limiting factor 

for carbon dioxide separation and subsequent oxygen ion pumping. The most likely situa

tion is the fact that the carbon dioxide levels are so high that the electrolyte is saturated 

and cannot pump enough oxygen ions fast enough and this becomes the rate limiting fac

tor. Another possible explanation is that the carbon dioxide disassociation reaction is the 

rate limiting factor. Whatever the rate limiting factor happens to be, it will be shown later 
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in this section that the sensor response to changes in carbon dioxide partial pressures is 

linear. 

5.6.1.3 Temperature Effects 

More diffusion-limiting experiments were performed on another homegrown sen

sor. Experiments were done at two different temperatures. These temperamres were both 

high in terms of the acceptable limits to prolong sensor life. In carbon dioxide electrolyz-

ation, higher temperatures are advantageous since they reduce the Nemst potential and 

greatly increase the conductivity of the electrolyte. The results are shown in Figure 5.20 

From the results of this experiment, there are two very interesting things to note. 

First of all, the data for the higher temperature shows a lower diffusion-limiting plateau 

associated with oxygen. This is what should happen if the sensor is experiencing Knudsen 

diffusion. Secondly, the voltage at which carbon dioxide is electrolyzed is much lower, 

around 600 mV vs. 900 mV. The shape of the curve for the higher temperature data looks 

much better, especially in the 600 mV to 900 mV range. 

5.6.1.4 Other Notes 

Some other interesting phenomena were seen while performing these experiments. 

In an effort to increase the conductivity of the electrolyte, very high bias voltages were 

tried. The results of an experiment with bias voltages reaching to 3.5 V are shown in Fig

ure 5.21. In this experiment, it is seen that the slope of the curve changes and increases 

sharply at about 3 V. This is due to electronic conduction (alluded to earlier) and should 

be avoided. 
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FIGURE 5.20 Diffusion-limiting plot for carbon dioxide at two temperatures. 
Pfotai = 20 mbar, Pco2 ~ 20 mbar, Flow rate = 7 seem. 

One final diffusion-limiting plot for carbon dioxide is included. This plot was gen

erated from a SRI sensor and shows a very good and defined limiting current associated 

with carbon dioxide. Experimental results are plotted in Figure 5.22. 
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5.6.2 Carbon Dioxide Concentration Response 

This section shows the sensor response to carbon dioxide partial pressure. It will 

be seen that the sensor generally provides a linear response although diffusion may or may 

not be the rate limiting factor for carbon dioxide electrolysis. The results will be separated 

into two categories, the standard low pressure (20 mbar) tests and those performed at 

higher pressures. 

5.6.2.1 Low Pressure Tests 

The bulk of carbon dioxide concentration experiments were done at the standard 

testing pressure of 20 mbar. Results for a SRI sensor in 0 to 20 mbar of carbon dioxide are 

shown in Figure 5.23. 

This experiment shows a very good sensor response. One can be sure that the sen

sor is not responding to only trace amounts of oxygen which may be present in the carbon 

dioxide because of the extremely high currents generated (100+ fiA). 

Another plot of a sensor response subject to the same conditions is shown in Fig

ure 5.24. For this plot, the bias voltage is 1.5 V. We see that the curve in this case is not 

quite linear. It is believed that the nonlinearity is due to the fact that the ionic conductivity 

of the electrolyte is not great enough. Operating the sensor at a high bias voltage does 

increase the ionic conductivity, but it also increases the rate at which carbon dioxide is 

electrolyzed. It may be better to operate the sensor at a lower bias voltage in situations 

like this where large carbon dioxide partial pressures prevent a diffusion limiting plateau 

from occurring. 
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FIGURE 5.23 Concentration plot for carbon dioxide. T = 400 °C, 
Ptotai = 20 mbar, V|,jas = 900 mV, Flow rate = 7 seem. 

Results from a third experiment are shown in Figure 5.25. This experiment was 

cut short due to a catastrophic heater failure caused by the high operating temperature. 

Again, the sensor output is not linear. It is not known why the slope of the curve is 

inverted from the results of the previous experiment. Regardless, it is clear that the sensor 

has an output which is a function of carbon dioxide and the response can be calibrated. 

5.6.2.2 Total Pressure Effects 

During the course of experimentation, one experiment was done with carbon diox

ide at various total pressures. According to the theory, the sensor response is invariant 
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FIGURE 5.24 Concentration plot for carbon dioxide. T = 525 °C, 
Ptotal = 20 mbar, V^jas = 1500 mV, Flow rate = 7 seem. 

with respect to total pressure, but this is only if diffusion is the rate limiting factor (and 

Knudsen diffusion is occuring). Other rate limiting factors, such as the electrolysis of car

bon dioxide, or ionic conductivity, may show different functional relationships with total 

pressure. Experimental results are shown in Figure 5.26. 

It is clear from this plot that, although not a strong function of total pressure, the 

sensor does show a trend of increasing output with lowering total pressure. The exact rea

son for this behavior is not known. 
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5.7 Water Vapor Data 

There is only limited experimental data for the sensing of water vapor concentra

tion. There are two reasons for this. The first reason is that it is very difficult to introduce 

a known concentration of water into the experiment. The second reason is that everything 

learned about carbon dioxide sensing is directly applicable to that for water vapor detec

tion since the Nemst potentials are so close. Thus, without loss of generality, only a diffu

sion-limiting plot has been done to confirm that water vapor does get electrolyzed and can 

be detected with the oxygen sensor. 

5.7.1 Diffusion-Limiting 

For this experiment, water vapor is introduced into the experiment by bubbling the 

oxygen mixture through a water bath just upstream of the flow controller. Two experi

ments were performed, one without the water and one with the water. A schematic of the 

water introduction device is shown in Figure 5.27. 
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Epoxy Plug I 

Water' 

o 
o 
o 
o 

-• Nitrogen + Water vapor 
(to flow controller) 

Cajon VCO Fittings 

FIGURE 5.27 Water vapor introduction system. This unit is placed directly upstream of 
the flow controller. 
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Based on calculating the equilibrium water vapor partial pressure, the water vapor partial 

pressure at the oxygen sensor during the test is estimated to be 0.430 mbar, and the oxygen 

partial pressure is 3 fibar. Figure 5.28 shows the results of the experiment. 
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FIGURE 5.28 Diffusion-limiting plot for water vapor and oxygen. T = 525 °C, 
Ptotai = 20 mbar, Flow rate = 10 seem. 

From the results of this experiment, one can see that water vapor is being electro

lyzed and can indeed be sensed with the oxygen sensor, just like carbon dioxide. The 

water vapor appears to start being electrolyzed at a bias voltage of 0.8 V. This again is 

much higher than the calculated Nemst potential for water. Although the Nemst potential 
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represents the potential which must be overcome to decompose water, the reaction will not 

occur at an appreciable rate until much higher voltages (much like the data for carbon 

dioxide). Figure 5.29 shows a close-up of the region of interest. 
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FIGURE 5.29 Close-up of water vapor electrodissociation voltage. 

It is not known why the current increases at a bias voltage above 1100 mV for the 

pure oxygen/nitrogen mixture, but it is very possible that the gas bottle contains trace 

amounts of moisture or other oxygen-bearing gasses that are being electrolyzed. It is also 

possible that water had been adsorbed in the test section during previous trials. A limiting 
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current plateau corresponding to diffusion limiting is again not seen for water vapor. This 

indicates that either the disassociation reaction is the rate limiting factor or the water vapor 

concentration is too high and is saturating the ionic conductivity. The latter is the more 

likely situation. 
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5.8 Electronic Conduction at Low Oxygen Partial Pressure 

As alluded to in earlier sections, the experimental data for oxygen response at low 

oxygen partial pressures is not what should be expected based on the theory presented thus 

far. As the oxygen partial pressure drops below the 0.3 |ibar range, the current generally 

begins to increase. This creates a double-valued function for sensor response and intro

duces ambiguity into deducing the oxygen concentration from a sensor measurement. The 

reason for this behavior is due to electronic conduction in the electrolyte, where the elec

trolyte becomes partially electronically conductive below a certain threshold oxygen par

tial pressure. 

The effects of electronic conduction on the zirconia electrolyte became noticeable 

when the experimental testbed was refined enough to eliminate leaks. When electronic 

conduction occurs, the zirconia will give up its own oxygen ions from within its own crys

tal structure in the formation of oxygen ion vacancies and create an electronic current. 

This process is reversible, but will require a recovery time to behave normally once elec

tronic conduction has occurred. Refer to Appendix D for a more detailed explanation of 

the electronic conduction process. 

5.8.1 Experimental Evidence for Electronic Conduction 

Every sensor tested, including several sensors manufactured by different sources, 

has shown the same behavior at similarly low oxygen partial pressures. This can be seen 

in the oxygen concentration plots presented in Figures 5.30 and 5.31. The onset of this 
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behavior and the output current measured are highly time-dependent processes. Figure 

5.32 shows the onset and time history of a sensor experiencing electronic conduction. 
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FIGURE 5.32 Time response data showing the onset and development of electronic 
conduction in pure nitrogen. T = 475 °C, Ptotal = 20 mbar, Flow rate = 10 scorn. 

The effects of electronic conduction are highly time-dependent as can be seen in 

the figure above. In this experiment, three responses are recorded as a function of time: 

(1) sensor response to a pure nitrogen step function (3 p.bar - 0 ̂ ibar), (2) sensor response 

to an o.xygen step function (0 ^ibar to 3 ̂ ibar) after being held in the electronic conduction 

region for several minutes, and (3) sensor response to an oxygen step function (0 jibar to 

3 |ibar) without holding in the electronic conduction regime. 
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Sensor response for case (1) shows the onset of electronic conduction. As the con

centration in the testing chamber decreases, the output decreases accordingly. When the 

oxygen partial pressure drops below the threshold value, electrons are released by the cre

ation and ionization of oxygen vacancies {VQ*'") according to (5-2). [28] 

jOllg) + C + Eqn. (5-2) 

In this equation, m is the degree of ionization (0, I, or 2) This release of electrons corre

sponds to the increase in current measured for this case. The extent to which this reaction 

occurs depends on the reaction equilibrium coefficient, which is a function of the oxygen 

partial pressure and total pressure of the system. After electronic conduction begins to 

occur, the current drops off steadily as the oxygen ion vacancies of the zirconia crystal 

structure begin to reach equilibrium. 

Response for case (2) shows a sharp negative pule when oxygen is introduced back 

into the chamber. This is because the zirconia is replenishing its equilibrium composition 

and using the current to ionize oxygen in the creation of interstitial oxygen. Case (3) 

shows the same response when the zirconia is already at its equilibrium state and does not 

need to replenish its crystal structure with oxygen ions. Note that the steady-state currents 

for the 3 jibar case are the same, suggesting that the effects of electronic conduction are 

reversible. 

5.8.2 Possible Solutions 

The onset of electronic conduction causes ambiguity in the interpretation of the 

sensor measurement. It was thought at first that this was caused by a low oxygen partial 
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pressure at the anode, since all of the oxygen is being pumped out. If this is the case, one 

would see two things; (1) higher bias voltages would lower the oxygen concentration at 

the lower electrode (Nemst equation) and electronic conduction would occur sooner, and 

(2) higher temperatures would do the same (for the same reason). The only solution 

would be operating the sensor in reverse-bias mode, since we would be pumping oxygen 

into the lower electrode instead of pumping it out. This seemed very promising, and in 

fact it appears to delay the onset of electronic conduction and decrease the effects. A con

centration plot of a sensor operating in reverse-bias over a range of bias voltages is shown 

in Figure 5.33. 

In this mode, higher bias voltages tend to lower the oxygen partial pressure thresh

old for electronic conduction, while in forward bias operation it has the opposite effect. 

This is consistent with the hypothesis presented above. This may have some effect on the 

sensor, but electronic conduction still occurs, suggesting that oxygen partial pressures 

below 0.3 |ibar are conducive to electronic conduction. Temperature does not appear to 

play a strong role. 

It is apparent that operating the sensor in reverse-bias offers no advantages and it 

does not solve the problem. It is interesting to note, however, that the onset of electronic 

conduction shows a trend opposite of that from the forward-bias case. As expected, 

increasing bias voltages tend to lower the electronic conduction threshold. Operating the 

sensor in reverse-bias also increases the oxygen conductivity, increasing the sensor out

put, and making the relative effects of electronic conduction smaller. Since it appears that 
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FIGURE 5.33 Reverse-bias operation showing electronic conduction at low oxygen partial 
pressures and various bias voltages. T = 425 °C, Ptotai = 20 mbar, Flow rate = 10 seem. 

there is no simple way to avoid this problem, a way of preventing the effects of electronic 

conduction was explored. 

5.8.3 Pulsing the Bias Voltage 

It was thought that the onset of electronic conduction was initiated by the applica

tion of the bias voltage. This is a reasonable idea since there is a development time asso

ciated with the current increase. An experiment was done to see if it was possible to 

distinguish between the two events corresponding to a small current measurement: elec
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tronic conduction or ionic conduction. The idea was to flow pure nitrogen past the sensor 

and turn on the bias voltage for a short time, 30 s, and see what happens. If there is 

enough oxygen to measure, the output will jump up immediately. If not, it was hoped that 

the electronic conduction had a slow time constant associated with it so that one would be 

able to see the current remain near zero to distinguish between the two situations. The 

bias voltage (forward-bias) was turned on for 30 s and turned off cyclically for 30 s for a 

period of 30 min. The results of this experiment are shown in Figure 5.34. 

9 
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FIGURE 5.34 Pulsing the bias voltage while the sensor is in electronic conduction, 
Vfaias = 300 mV, T = 425 °C, Ptoul = mbar. Pulse duration is 30 s on, 30 s off. 
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It turns out that this method was non-successful. The zirconia will become elec

tronically conductive even in the absence bias voltage. The magnitude of the electronic 

conduction increases as a function of time from the start of the experiment and levels off 

near the finish. 

At the moment, there are no ways around this problem. For the TEGA application, 

this sort of ambiguity is disastrous. For this instrument, a nominal oxygen concentration 

in the purge gas keeps the oxygen partial pressure above 0.3 |ibar to prevent electronic 

conduction from ever occurring. 

5.8.4 Recovery From Electronic Conduction 

The recovery from electronic conduction is initiated only when the free-stream 

oxygen concentration increases above the threshold level. The higher the level, the 

quicker the recovery time. A plot showing the time response as a sensor recovers only 

partially from electronic conduction is shown in Figure 5.35. 

A plot showing the sensor output from an effected sensor when 2 |ibar of oxygen 

is introduced into the system is shown in Figure 5.36. The output drops down past zero 

and then gradually increases again and levels off at a steady-state value. 

In Figure 5.35, only the beginning of recovery is seen. If the sensor would have 

been left at the final oxygen partial pressure for longer, full recovery would have occurred 

and the sensor output would have raised several p.A and stabilized. This is shown in the 

next graph, where an effected sensor is subject to a much higher level of oxygen partial 

pressure. Here a full recovery is obtained only in a matter of minutes. 



1 1 9  

 ̂ 0.120 ii.bar 

7 -

< 5 -

o- 0.206 ji-bar 

A 
i ^ 

1 4 -
t - \ 
3 \ 0.280 iibar 
U 3 _ A. 

\ 
A 

- A A 

I - 0.330 nbar 
0.371 nbar 

0 ^ S..^rpFM-XB 

0 1000 2000 3000 4000 5000 6000 
Time [s] 

FIGURE 5.35 Partial recovery from electronic conduction. T = 475 °C, Ptotal = 10® mbar, 
Flow rate = 10 seem. 

12 

10 - ^ 
° ,^y>oooooooo CX30000000 o 

oO°° 
- 8 - .o° 
< 
n. o 

o 
o 

o 
g 6 -o o 
= ' 
U o 

4 - o 
o 

o 

2 - o° 
o o 

o 
- o o 

o Sensor; pFM-XB ' 
0  o  ^ ^ ^ ^ ^  

0 5 10 15 20 25 30 35 

Time [min] 

FIGURE 536 Electronic conduction recovery, P02 = 0 |Ibar (for several hours with bias 
voltage off) then instantly stepped up to 2 p.bar; = 300 mV, T = 475 °C, 

Flow rate = 10 seem. 



120 

6.0 APPLICATIONS 

6.1 Space Applications 

Because of its size, weight, and excellent sensitivity in the low oxygen concentra

tion range, and its ability to operate in a low pressure environment, the amperometric oxy

gen sensor is ideal for a wide range of space mission applications. Besides MVACS/ 

TEGA, other space applications are currently being pursued. 

Research is currently underway to employ an array of these sensors on the aero-

shell of the Mars 2001 orbiter, the Aerocapture Instrumentation Project (ACIP). This 

orbiter is using the aerobraking method to enter Martian orbit. The oxygen sensors can be 

used during the aerobraking maneuvers to detect carbon dioxide and determine atmo

spheric pressure and aeroshell temperature profiles. Since the atmosphere is mainly car

bon dioxide (of a known concentration), the carbon dioxide partial pressure can be 

measured and the total pressure back-calculated from this measurement. 

Oxygen sensors are a critical technology for ISRU (In-situ resource utilization) 

missions which produce oxygen. Proof-of-concept missions are already in the works to 

produce oxygen from the Martian atmosphere, i.e. the Mars ISPP Precursur (MIP). For 

this mission, small amounts of oxygen are generated from the carbon dioxide in the Mar

tian atmosphere by solid oxide electrolysis. The project is a proof-of-concept project, 

proving the oxygen extraction technology which will later be applied to propellant pro

duction facilities for a sample return mission. The oxygen sensor is needed to verify the 

quality of the oxygen produced. 
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6.2 Medical Applications 

The high sensitivity of the sensor make it ideal for measuring oxygen released dur

ing certain biological events. Currently underway is an effort to measure intracellular 

oxygen concentrations by means of a fine glass pipet. Nitrogen is pumped into a single 

cell and intracellular oxygen is carried away with the flow of nitrogen. This oxygen is 

detected by an oxygen sensor and intracellular oxygen concentrations can be determined. 

6.3 Commercial Applications 

Oxygen sensing units based around an amperometric oxygen sensor are available 

but they are rare. The simple fabrication and scalability of the manufacturing process 

make it well suited towards commercialization. Furthermore, oxygen sensors for deter

mining oxygen concentration in gasses are difficult to find and should have a fair amount 

of demand from researchers in a wide variety of areas. 
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7.0 CONCLUSIONS 

7.1 Experimental Testbed 

Based on the integrity of the data obtained, the experimental apparatus was well 

designed and well constructed. There has always been a potential risk of air leaks, but 

through careful experimental design and experience, the leaks have been minimized. The 

flexibility of the experiment to accommodate different gas mixtures, different tempera

tures, total pressures, and flow rates make it a well planned out design. 

7.2 Experimental Results 

The results of the testing generally match well with theory. Specific comments on 

experimental results are presented in the following subsections. 

7.2.1 Oxygen Detection 

The oxygen sensor developed shows an excellent sensitivity to small oxygen par

tial pressures over the range of investigation, 0-3 |ibar. Its output has been shown to be 

linear, except for the extremely low concentration range where electronic conduction 

effects occur. 

Calibration plots showing repeatability and insensitivity to total pressure have 

been shown. Specificity to oxygen has been demonstrated for bias voltages below the 

Nemst potential for water and carbon dioxide. 
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7.2.2 Diffusion-Limiting 

Diffusion-limiting plots confirm that diffusion is the rate limiting factor associated 

with sensor operation for most temperatures. Although the diffusion-limiting plateau is 

never completely well defined, it is believed that edge effects contribute to a nearly linear 

output superimposed on top of the theoretical limiting current, resulting in a curved plot. 

Data reported from other researchers has also shown this trend, but with no explanations 

given [24, 25]. 

7.2.3 Time Response 

Time response curves generally show rapid response time, with a time constant 

associated entirely with that of ideal mixing. This is what is to be expected theoretically. 

High pressure experimentation generally showed a longer time constant, but this may be 

due to other physical characteristics of the experiment and/or mounting configuration of 

the sensor. 

Time response plots for sensors which have been mounted in Kaowool generally 

show longer response times than those mounted only by their leads. It is suspected that 

the presence of the Kaowool interrupts the ideal mixing and possibly creates diffusional 

mixing which takes longer to reach equilibrium. Insulation-oxygen interactions are also a 

possibility at such low partial pressures. 

Time response for decreases in concentration also appear to take longer than time 

responses for an equivalent increase in concentration. This effect has also been noted by 

other researchers. [26] 
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7.2.4 Electronic Conduction 

The effects of electronic conduction pose a serious problem for zirconia based 

oxygen sensors that operate in low oxygen partial pressure environments. Neither the 

presence of this effect nor its magnitude were known a prori. Theoretical data from other 

researchers suggests that the effects of electronic conduction are only significant at much 

lower oxygen partial pressures than encountered, but existing independent data is limited 

to atmospheric pressures and higher temperatures [27-29]. 

Experimental data reporting this effect is very rare [26, 30-32], and in cases where 

this event is identified, it is not well understood [30]. To the authors knowledge, this the

sis presents the first comprehensive investigation into (1) the onset of electronic conduc

tion, (2) the effects that is has on sensor response, and (3) its reversibility. This 

experimental data will be formulated into a scientific journal and submitted for publica

tion. [33] 

At present, there appears to be no solution to avoid the effects of electronic con

duction or to identify this event through measurement. The best solution is to avoid situa

tions involving the measurement of oxygen partial pressures below 0.3 [ibar altogether, if 

possible. 

7.2.5 Speciflc Gas Sensing 

Sensor sensitivity for detection of carbon dioxide and water has been shown exper

imentally and analytically. There is still some ambiguity in the detection of these gasses 

due to the lack of a well defined diffusion-limiting plateau for the electrolization of either 
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species. However, concentration experiments performed with these gasses confirm linear 

sensor output. More work in this area needs to be done in this area before implementing a 

similar sensor for detection of other gasses other than oxygen. 

From the experimental data, it appears that the electrodissociation voltage of car

bon dioxide and water are approximately the same. This suggests that the independent 

identification and quantification of both is not possible, however the sum of their contribu

tions can be measured. They both have been shown to begin electrolyzation at their 

respective Nemst potentials, but not at any appreciable rate until the voltage is greatly 

increased. This is another area which has very little experimental data in the literature. 
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8.0 SUGGESTIONS FOR FUTURE WORK 

Several suggestions for further research are presented to improve upon sensor 

design and performance, and to build upon the wealth of knowledge gained thus far. 

8.1 Sensor Materials 

Different choices for the electrolyte and electrode will have a significant impact on 

the resulting sensor sensitivity and output. Several possible choices for these materials are 

presented in the following sections. 

8.2 Sensor Construction 

Different geometries of sensor may be tried to maximize active area and reduce 

sensor size. 

8.2.1 Diffusion Barrier 

Utilizing different methods of electrolyte application will provide different geome

tries for the diffusion barrier and have a significant effect on sensor sensitivity ranges. 

Promising techniques that other authors have had success with are plasma-spraying and 

screen-printing. Airbrushing may also work. The latter two methods were tried, but no 

successful sensors were developed using these methods. The screen printing method 

looks very promising, however, and is an excellent way to control electrolyte thickness. 

8.2.2 Electrolyte 

Alternative electrolytes, such as thoria-yttria or bismuth-oxide may provide lower 

temperature operation and/or greater sensitivity because of increased ionic conductivity. 
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For applications requiring very low oxygen partial pressures, a choice such as yttria doped 

thoria would be a possible improvement over the current design since it has a much lower 

threshold for electronic conduction. 

8.2.3 Electrodes 

At the moment, platinum appears to be the most popular choice for electrode mate

rial. However, many other metal electrodes, such as gold and silver, could be employed as 

they have been in solid oxide electrolysis systems. Several conductive ceramic materials, 

such as LSM and LCM have been used successfully as electrode materials and could also 

be adapted for use with the oxygen sensor. Use of these materials would substantially 

lower the cost of fabrication and make possible commercialization of the sensor more fea

sible. 

8.2.4 Edge Effects 

As mentioned earlier, so-called "edge effects" due to the electrolysis of oxygen 

along the perimeter of the sensor are thought to play a role in the sensor output. Oxygen 

pumped in this mode does not pass through the diffusion barrier and this may be a source 

of inconsistency between the output and the limiting-current equation. Other methods of 

fabrication which address this issue should be considered. Reducing the size of the elec

trodes is one possible solution with the current geometry and method of fabrication. 
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8.3 Experimental Testbed 

The experimental testbed as it stands is very well designed for the testing pre

sented in this thesis. However, creating a purge system around sensitive components in 

the experiment, such as around the flow controllers and gas pressure regulators, would vir

tually eliminate the effects of air leaks which inevitably occur. 

In addition, automating the experiment with a data acquisition package such as 

LabView would provide tremendous returns. Many experiments are very long and 

tedious. With a software package controlling the experiment, the experimenter can spend 

more time refining the sensor design/construction. 

8.4 Testing 

More testing for sensitivity to gasses other than oxygen should be done. The char

acteristics of sensing of carbon dioxide and water are known to only a small degree and 

need to be better understood before implementing a sensor for multiple specie detection. 

In addition, the sensitivity to other oxygen bearing gasses such as carbon monox

ide should be known to some degree. Theory predicts that this gas is very difficult to 

decompose, but this should be quantified experimentally. 
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APPENDIX A: Experimental Setup 

A.l Experimental Setup 

A.2 Experiment Parts List 
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TABLE A.2 Experiment parts list 

Part Manufacturer Model Number 

Mass Flow Controllers (2) MKS Scientific, Inc. I179A 

MFC Readout unit MKS Scientific, Inc. 247 

Pressure Transducers Omega Engineering, Inc. Px81I-005AV 

Bellows Metering Valve Nupro N/A 

Vacuum Trap Generic N/A 

Dewar Generic N/A 

Vacuum Pump Welch Vacuum Technology, Inc. 8915A 

DMMs (4) Fluke 8060A 

Power Supply (heater) Topward N/A 

Power Supply (bias) Hewlet Packard 601 lA 

Pressure Readouts Omega Engineering, Inc. DP-41S 

Fittings Cajon VCO, VCR 

Anerobic Carbon Dioxide Scott Specialty Gasses, Inc. N/A 

UHP Nitrogen University of Arizona Stores N/A 

154.0 ppm Oxygen in Nitro
gen 

Scott Specialty Gasses, Inc. N/A 

20.64 ppm Oxygen in Nitro
gen 

Scott Specialty Gasses, Inc. N/A 

High Purity Pressure Regula
tors 

Scott Specialty Gasses. Inc. 11 A. 18B 
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APPENDIX B: Design Drawings 

B.l Homegrown Sensor—Design Drawings 

B.2 Homegrown Sensor—3-D Solid Models 

B.3 Flight Model Test Chamber—Cap 

B.4 Flight Model Test Chamber—Bottom 

B.5 Flight Model Test Chamber—Assembly View 
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APPENDIX C: Nernst Potentials 

C.l Nernst Potential for Carbon Dioxide 

C.2 Nernst Potential for Water Vapor 

Note: Nemst potentials for carbon dioxide and water vapor are calculated according to 

the procedure given in section 2.6.2. 
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APPENDIX D: Electronic Conduction at Low Oxygen Partial Pressures 

D.l Background 

As per solid oxide electrolysis theory, the current output of the amperometric oxy

gen sensor is generally composed of an ionic component and an electronic component, 

^total ~ ^electronic ^ionic Ecjn. (D-1) 

For most temperatures and pressures the transference number is unity, so the current is 

expressed solely as ionic current, 

f t o t a l i o n i c  Eqn.(D-2) 

However, the electronic conduction of YSZ increases at very low (electronic con

duction) and very high oxygen partial pressures (hole conduction). The shape of the con

ductivity curve is shown qualitatively in Figure D.l [27-29]. The onset of significant 

electronic conduction (T,^„ < 0.99) is given in the literature to occur at an oxygen partial 

pressure of 10"'^ atm. 

The mechanism for the electronic conduction is the creation and ionization of oxy

gen vacancies according to the equation: [28] 

2^2U) + + m(e") » Eqn. (8-1) 

In this equation, m is the degree of ionization (0, 1, or 2) This release of electrons corre

sponds to the increase in sensor output current. The extent to which this reaction occurs 

depends on the reaction equilibrium coefficient, which is a function of the oxygen partial 

pressure and total pressure of the system. After electronic conduction begins to occur, the 
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Ionic Conductivity 
(shown by solid line) 

10"'^ atm 

FIGURE D.l Conductivity curve for 8-moI% YSZ. 

sensor output current drops off steadily as the oxygen ion vacancies of the zirconia crystal 

structure begin to reach their equilibrium level. 

Due to this effect, at extremely low oxygen partial pressures, the electronic com

ponent of the conductivity will increase. Depending on the situation, this has the potential 

to swamp actual measurements and render the sensor useless in this range. Experimental 

data which shows this effect is shown in the following section. 

D.2 Experimental 

Anomalies in the experimental data prompted an investigation into this phenom

ena. Initial experiments were contaminated with leaks of unknown origin. As the expert-
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mental apparatus was refined and all leaks were eliminated, this phenomena began to 

occur. Nearly every data set for current vs. oxygen partial pressure shows the same unsta

ble behavior below 0.3 |ibar. A typical concentration plot showing this behavior is shown 

in Figure D.2. 
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FIGURE D.2 lypical concentration plot showing instability at low oxygen partial pressure. 
T = 425 °C, Ptotal ~ 20 mbar. Flow rate = 10 seem. 

This behavior is shown temporally by the time response plot. In this experiment, a 

mixture of oxygen is flowing past the sensor until the sensor reaches equillibrium. The 

flow is suddenly switched off and replaced by a flow of pure nitrogen (1). As the gas in 

the sensor chamber decreases in oxygen content, the onset of the unstable behavior can be 
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shown (Figure D.3). Also shown in this plot is a time response when the oxygen mixture 

is suddenly tumed on (2) during the unstable behavior and (3) during normal operation. 
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FIGURE D.3 Time response graph showing onset of unsteady behavior at low oxygen par
tial pressure. T = 475 °C, Ptotal = 20 mbar, Flow rate = 10 seem. 

This plot shows that this unstable region causes changes in the electrolyte of the 

sensor and alters normal performance. This change, however is reversible, as evidenced 

by the time response curve for normal operation. Operating in the electronic conduction 

regime and then introducing oxygen does cause negative currents for a short while during 

the "recovery" period, corresponding to case (2), where oxygen ion vacancies are being 
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removed (oxygen ions being replenished within the crystal structure of the YSZ) and the 

YSZ is acting as an electron "sink." 

D.3 Theory 

The onset of the unsteady behavior appears in all instances to be at an oxygen par

tial pressure of 0.3 |ibar. This is several orders of magnitude higher than that required for 

electronic conduction in the literature. This prompted a closer look into the physics of 

oxygen pumping. 

The oxygen partial pressure gradient that is established via. the bias voltage cre

ates a region of very low oxygen concentration at the cathode. The magnitude of this oxy

gen panial pressure is found by solving the Nemst equation and is given as: 

-^b.asnF 

= Eqn.(D-3) 

Biasing the sensor with a typical bias voltage of 0.3 V creates a cathodic oxygen partial 

pressure of (P02 = 0.3 ̂ ibar, T = 500 °C): 

P o 2 , c ~ ^ ^  E q n .  ( D - 4 )  

This oxygen partial pressure is the theoretical required 10"'^ atm for the transfer-

rence number to be 1% (a small amount electronic conduction). Since sensitivity is deter

mined with very small currents in the first place, the onset of electronic conduction to this 

degree will be sufficient to be measured with the sensor. 
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D.4 Possible Solution 

The onset of the unstable behavior is unavoidable at low oxygen partial pressures. 

For applications such as TEGA which demand oxygen detection at low oxygen panial 

pressures, there is possibly one easy solution—operating the sensor in a reverse bias 

mode. 

If the sensor is biased opposite, i.e. run "backwards," the cathode is not pumped 

down in oxygen concentration, but it is pumped up in oxygen concentration (and now the 

anode and cathode are reversed—the lower electrode will now be referred to as the 

anode). This eliminates the danger of entering into the unstable region. So, instead of 

oxygen diffusing into the sensor being the rate-limiting factor, oxygen diffusing out of the 

sensor will be the rate-limiting factor (Figure D.4) 

As it turns out, operating the sensor in reverse bias mode doesn't help out com

pletely, but it does appear to help delay the onset of electronic conduction and minimize 

the adverse effects (including recovery). This effect is shown in the chapter on experi

mental results. Operating the sensor in reverse bias mode has its disadvantages, though, 

such as long stabilization times which may be a result of "recycling" oxygen throughout 

its own porous structure. 
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FIGURE D.4 Amperometric oxygen sensor operating in a reverse bias mode. 



148 

REFERENCES 

[1] Soejima, S. and Mase, S. (1985), "Multi-Layered Zirconia Oxygen Sensor for 
Lean Bum Engine Application," SAE Technical Paper Series, 850378. 

[2] Dueker, H., Friese, K.H., and Haecker, W.D. (1975), "Ceramic Aspects of the 
Bosch Lambda-Sensor," SAE Technical Paper Series, 750223. 

[3] Tanaka, H., et. al. (1989), "Wide-Range Air-Fuel Ratio Sensor," SAE Technical 
Paper Series, 890299. 

[4] Suzuki, S., et. al. (1986), "Air-Fuel Ratio Sensor for Rich, Stoichiometric, and 
Lean Ranges," SAE Technical Paper Series, 860408. 

[5] Brungs, M. and ii J.J. (1984), "A Probe for Measuring Oxygen Activity in Molten 
Glasses," Science and Technology of Zirconia. II. American Ceramic Society, 
Columbus, Ohio, pp. 623-628. 

[6] Banammar, M. (1994), "Techniques for Measurement of Oxygen and Air-to-Fuel 
Ratio Using Zirconia Sensors. A Review," Measurement Science Technology, 
V. 5, pp. 757-767. 

[7] Vaniman, B. T. (1995), "Performance Characterization of a Solid Oxide Electro
chemical Cell," Master's thesis. Department of Aerospace and Mechanical 
Engineering, The University of Arizona. 

[8] Fouletier, J., Siebert, E., and Caneiro, A. (1984), ""Accurate Monitoring of Low 
Oxygen Activity in Gases with Conventional Oxygen Gauges and Pumps," 
Science and Technologv of Zirconia. 11. American Ceramic Society, Colum
bus, Ohio, pp. 618-626. 

[9] Baumard, J.F., and Anthony, A.M. (1984), "Collaborative Study on Zr02 Oxygen 

Gauges," Science and Technologv of Zirconia. P. American Ceramic Society, 
Columbus, Ohio, pp. 627-630. 

[10] Kinoshita, K. (1992), Electrochemical Oxvgen Technology. John Wiley & Sons, 
Inc., New York, pp. 379-393. 

[11] Dietz, Hermann (1982), "Gas-Diffusion-Controlled Solid-Electrolyte Oxygen Sen
sors," Solid State Ionics, v. 6, pp. 175-183. 



149 

REFERENCES—continued 

[12] Asada, A., Hideo, Y., Mitsuhiro N., and Osanai, H. (1990), "Limiting Current 
Type of Oxygen Sensor with High Performance," Sensors and Actuators B, pp. 
312-318. 

[13] Paige, David A., et al. (1995), "Mars Volatiles and Climate Surveyor Integrated 
Pay load Proposal for the Mars Surveyor Program 1998 Lander: Volume 1: 
Investigation and Technical Plan," The University of California, Los Angeles, 
NASA AO No. 95-OSS-3. 

[14] Reynolds, W. C. and Perkins, H. C. (1977), Engineering Thermodynamics. 
McGraw-Hill, Inc., New York, pp. 240-256. 

[15] Cussler, E. L. (1994), Diffusion: Mass Transfer in Fluid Svstems. Caimbridge Uni
versity Press, New York, pp. 108-193. 

[16] Serway, R. A. (1990), Phvsics for Scientists and Engineers. 3rd ed.. Saunders Col
lege Publishing, Philadelphia, pp. 578. 

[17] Sridhar, K. R., Vaniman, B., Nanjundan, A., Miller, S. (1993) "Oxygen Production 
From A Zirconia Solid Oxide Electrochemical Cell," UA/NASA Space Engi
neering Research Center Annual Progress Report, The University of Arizona, 
Tucson, AZ. 

[18] Logothetis, E. M., Visser, J.H., Soltis, R. E., Rimai, L. (1992), "Chemical and 
Physical Sensors Based on Oxygen Pumping with Solid-State Electrochemical 
Cells," Sensors and Actuators, B, v. 9, pp. 183-189. 

[19] Kinoshita, K. (1992), Electrochemical Oxygen Technology. John Wiley & Sons, 
Inc., New York, pp. 362. 

[20] Usui, T, Asada, A., Ishibashi, K., Nakazawa, M. (1991), "Humidity-Sensing 
Characteristics in Wet Air of a Gas Polarographic Oxygen Sensor Using a Zir
conia Electrolyte," Journal of the Electrochemical Society, v. 136, no. 2, pp. 
585-588 

[21] Howell, J. R. and Buckius, R. O. (1987), Fundamentals of Engineering Thermody
namics. Duffy, A. and Maisel, J.W. edt., McGraw-Hill Book Company, New 
York, pp. 520-529. 

[22] (1996) "Measuring Temperature with RTDs—a tutorial," National Instruments 
Corporation, Application Note 046. 



150 

REFERENCES—continued 

[23] Gray, J. B. (1995), "Oxygen Production In Low Pressure Environments Using 
Solid Oxide Electrolysis," Master's Thesis, Department of Aerospace and 
Mechanical Engineering, The University of Arizona. 

[24] Saji, K. (1987), "Characteristics of Limiting Current-Type Oxygen Sensor," Jour
nal of the Electrochemical Society, v. 134, pp. 2430-2435. 

[25] Maskell, W.C., Steele, B.C.H. (1988), "Miniature Amperometric Oxygen Pump-
Gauge," Solid State Ionics, v. 28-30, pp. 1677-1681. 

[26] Sharma, A. and Pacey, P. D. (1993), "Rate and Mechanism of Response of a Zir-
conia Oxygen Sensor," Journal of the Electrochemical Society, v. 140, n. 8, 
pp.2302-2309. 

[27] Steele, B. C. H. and Alcock, C. B. (1965), "Factors Influencing the Performance of 
Solid Oxide Electrolytes in High-Temperature Thermodynamic Measure
ments," Transactions of The Metallurgical Society of AIME, v. 233, pp. 1359-
1367. 

[28] Vest, R. W., Tallan, N. M., Tripp, W. C. (1964) "Electrical Properties and Defect 
Structure of Zirconia; I, Monoclinic Phase," Journal of The American Ceramic 
Society, v. 47, no. 12, pp. 635-640. 

[29] Park, J. H., Blumenthal, R. N. (1989) "Electronic Transport in 8 Mole Percent 
Y203-Zr02," Journal of The Electrochemcial Society, v. 136, no. 10, pp. 2867-

2876. 

[30] Pham, A. Q. and Glass, R. S. (1997), "Characteristics of the Amperometric Oxy
gen Sensor," Journal of the Electrochemical Society, v. 144, n. 11, pp. 3929-
3934. 

[31] Suemasu, T., Yohichi, K., and Ishibashi, K. (1993), "Analysis of Abnormal Output 
of Zirconia Oxygen Sensor in Exhaust Gas at Low Excess Air Ratio," Sensors 
and Actuators B, v. 13-14, pp. 501-503. 

[32] Copcutt, R., and Maskell, W. (1992), "CO/CO2 Electrochemistry on Zirconia 

Electrolyte with Platinum Electrodes in Relation to Amperometric Oxygen 
Sensors," Solid State Ionics, v. 53-56, pp. 119-125. 



151 

REFEREN CES—continued 

[33] Sridhar, K.R., and Blanchard, J. A. (1998), "Electronic Conduction in Low Oxy
gen Partial Pressure Measurements Using an Amperometric Zirconia Oxygen 
Sensor," (Manuscript in preparation). 

Other Useful References, Not Cited: 

[34] Oh, Seajin (1994), "A Planar-Type Sensor for Detection of Oxidizing and Reduc
ing Gasses," Sensors and Actuators B, v. 20, pp. 33-41. 

[35] loannou, A.S., and Maskell, W.C. (1992), "Characterisation of Amperometric Zir
conia Oxygen Sensors Prepared Using Planar Thick Film Technology," Solid 
State Ionics, v. 53-56, pp.85-89. 

[36] Liaw, B.Y., Liu, J., and Weppner, W. (1984), "Amperometric Tetragonal Zirconia 
Sensors," Science and Technology of Zirconia. IL American Ceramic Society, 
Columbus, Ohio, pp. 611-622. 

[37] Liaw, B. Y., and Weppner, W. (1990), "Low Temperature Limiting-Current Oxy
gen Sensors Using Tetragonal Zirconia as Solid Electrolytes," Solid State Ion
ics, V. 40/41, pp. 428-432. 

[38] Kaneko, H., Maskell, W.C., and Steele, B.C.H. (1987), "Miniature Oxygen Pump-
Gauge. L Leakage Considerations," 5o/i£ / / o n i c 5 ,  V. 22, pp. 161-172. 

[39] Usui, T., Asada, A., Nakazawa, M., and Osanai, H. (1989) Gas Polarographic 
Oxygen Sensor Using an Oxygen/Zirconia Electrolyte," Journal of the Elec
trochemical Society, v. 136, no. 2, pp. 534-540. 

[40] Badwal, S.P.S., Banister, M.J., and Garrett, W.G (1984), "Low-Temperature 
Behavior of Zr02 Oxygen Sensors," Science and Technology of Zirconia. IL 

American Ceramic Society, Columbus, Ohio, pp. 598-606. 

[41] Takeuchi, L (1988), "Oxygen Sensors," Sensors and Actuators, 14, pp. 109-124. 

[42] Krafthefer, B., Bohrer, P., Moenkhaus, P., Zook, D., Pertl, L., and Bonne, U. 
(1984), "Life and Performance of Zr02-Based Oxygen Sensors," Science and 

Technology of Zirconia. 11. American Ceramic Society, Columbus, Ohio, pp. 
607-617. 



152 

[43] Logothetis, E.M., et. al. (1986), "A High-Sensitivity Sensor for the Measurement 
of Combustible Gas Mixtures," Sensors and Actuators, v. 9, pp. 363-372. 

[44] Logothtis, E.M., et al. (1992), "Chemical and Physical Sensors Based on Oxygen 
Pumping with Solid-State Electrochemical Cells," Sensors and Actuators B, v. 
9, pp. 183-189. 

[45] Mason, L.W., Oh, S., and Joseph, J.P. (1995), "Development and Testing of a 
Solid-State CO2 Gas Sensor for Use in Reduced-Pressure Environments," Sen

sors and Actuators B, v. 24-25, pp. 407-411. 



IMAGE EVALUATION 
TEST TARGET (QA-3) 

150mm 

1M/4GE. Inc 
1653 East Main Street 
Rochester. NY 14609 USA 
Phone: 716/482-0300 
Fax: 716^^88-5989 


