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Low cost, high-performance gas sensors are needed for many applications in order to 

quantify (parts per billion, ppb, to parts per million, ppm) concentrations of individual species in 

complex gas mixtures.  These devices must often function reliably over long periods of time 

(e.g., months to years) without any possibility for recalibration (i.e., they must be stable).  Such 

gas sensors are significant for many applications and industries, including possible 

improvements in energy efficiency, pollutant emissions, process control, disease diagnostics, and 

more.  This work involved the development of methods to “actively” enhance the performance of 

potentiometric gas sensors.  Such devices, based on coupling two electrodes (either metals and/or 

semiconducting oxides) to a solid electrolyte, have been studied in one form or another for over 

100 years; though only recently have breakthroughs provided insight into the development of 

solid-state gas sensors capable of selectively quantifying low levels of individual species of 

interest in complex gas mixtures.  In this work, local modifications in temperature and the 

electric field about the sensing electrodes were explored to enhance device performance.  This 

involved the fabrication and testing of many devices, including prototype multifunctional gas 

sensor arrays for selectively detecting multiple gas species (e.g., NO and NO2) in the presence of 

others.  Electrical properties of the devices provided insight into the mechanisms behind the 
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“active” enhancements.  Several surface science techniques were used to further investigate the 

sensing mechanisms of the devices and the “active” enhancement methods for the sensors and 

potentially other solid-state ionic devices.  During the course of the work, materials were 

developed for use with a cutting-edge direct-write tool for rapid prototyping of solid-state ionic 

devices, including gas sensors and solid oxide fuel cells.  Finally, R&D procedures were 

improved through automated experiments and fabrication; significant steps were taken towards 

future commercialization; and future research goals and methods were recommended. 
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CHAPTER 1 
INTRODUCTION 

Gas sensors are devices that can be used to improve a manufacturing process, ensure the 

safety and health of humans and the environment, or to guarantee national security.  While 

successful in certain fields, currently available methods for detecting multiple gases in complex 

mixtures are expensive, bulky, non-selective, or ill-suited for many applications.1  However, a 

new type of electrochemical, potentiometric (voltage output) sensor offers a low-cost, robust 

alternative with significantly improved selectivity, stability, and more.  This opens the possibility 

for gas sensors to be used in many significant applications and industries as discussed below, 

along with the research objectives of this work. 

1.1 Small, Robust, Low-Cost Selective Multifunctional Gas Sensors 

1.1.1 Significance 

High-performance gas sensors are needed for many applications in order to quantify the 

(parts per billion, ppb, to parts per million, ppm) levels of, often several, individual gas species.  

In many situations, these devices must function reliably over long periods of time (e.g., months 

to years) without any possibility for recalibration (i.e., they must be stable).  The gas sensor 

research described herein involves improvements in sensitivity and selectivity, and other 

important features.  Therefore, this work is significant for many applications and industries, 

including possible improvements in energy efficiency, pollutant emissions, process control, 

disease diagnostics, and more. 

1.1.1.1 Energy efficiency 

Worldwide dependence on fossil fuels has taken a toll on global economies in recent years.  

For instance, gas prices rose to $4 per gallon in June 2008 as a result of record oil prices in 

January 2008.2  With the link between commodities and GDP, the recent spikes in oil and 
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derived products have resulted in annual net oil imports exceeding $800 billion, or about 2% of 

global GDP, with the import cost to some countries exceeding 15% of their national GDP.3-6  

Beyond the financial implications of such dependencies, the coupled relationship between 

economic, socio-economic, political, and cultural issues further complicates the problem.  For 

example, this issue has led to increased strain on resources (e.g., biomass being used as an 

energy source instead of food) which may result in increased conflict amongst nations, as has 

happened in the past.2,7  

Accordingly, improvements in energy efficiency are critical and have caused a shift in 

research and development efforts towards alternative energy and more efficient use of currently 

used power sources.  For example, the number of fuel cell related journal articles and patents has 

increased considerably since the early 1990s (i.e., after the last oil crisis), with major increases in 

2004, 2006, and 2008 as seen in Figure 1-1.  Similar trends are observed for gas sensor research 

related to energy efficiency.  There has also recently been a drive for ensuring a sustainable 

future in terms of materials, renewable resources, pollution, minimization of resource usage (e.g., 

energy efficiency), and many more areas.8-11  The combined effort for a sustainable future stems 

from the complicated relationship between the globally significant issues mentioned above and 

the potential long-term harm to the environment, human health, and other relevant systems. 

Fuel economy is a term sometimes used to describe the efficiency of a combustion process 

(e.g., miles per gallon for automobiles).  In the United States and Europe, the fuel economy of 

automobiles is directly related to energy security and the cost of fuel because most oil is 

imported.12  Furthermore, there is often a tradeoff between fuel economy and the emission of 

pollutants which can cause harm to the entire world.  As such a balance must be made between 

the two in order to gain the best benefit from these processes.  In order to accomplish this, there 
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is a need for advanced gas sensor technology to provide feedback as to the gas composition of, 

for example, combustion exhausts, which when coupled with other information about the system 

(e.g., pressure, temperature, and load requirements) can be used to make decisions about control 

parameters such as how to best mix fuel and air. 

1.1.1.2 Pollutant emissions 

Pollution is responsible for negatively affecting the environment and health of humans, 

animals, and ecosystems around the world.  Furthermore, these systems are linked to each other 

in many, often not obvious, ways, thereby increasing the importance of mitigating any chance for 

damage to any of them.  Examples of main pollutants include inorganic (e.g., CO, NOx, CO2, 

SOx); volatile organic compounds and unburned hydrocarbons, or HCs, (e.g., Naphthalene, or 

C10H8, and other polycyclic compounds); and semi-volatile organic compounds (e.g., particulate 

matter).13-17  These pollutants can come from such sources as stationary and mobile combustion 

processes, incinerators, or landfills.  For example, CO and HCs form during incomplete 

combustion of fuels and are known or suspected of causing cancer or other serious health effects 

(e.g., lung damage).  NOx forms during combustion at high temperatures can react with HCs in 

the presence of sunlight produce ground-level ozone, which is the major component of 

smog.12,14,18  Smog can aggravate asthma attacks or other health related problems in children and 

the elderly.  Furthermore, NOx and SOx react to form (e.g., acetic and formic) acid rain, which 

can damage soil (i.e., impacting agriculture) and important infrastructure (e.g., roads and 

bridges), buildings, and other man-made structures.14,16-18  Also, NH3 is toxic and CH4 is a 

greenhouse gas that can be explosive or cause asphyxia.  The issues described above were 

realized as early as the 1970s, when government formed the EPA and began issuing regulations 

to limit emissions and other pollutants.14,17,19  This has been accomplished in many ways, such as 

with three-way catalytic converters (TWCCs) which are used to remove CO, HCs, and NOx from 
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automobile exhausts.18,20  Another example is the use of stack scrubbers combined with selective 

catalytic reduction (SCR) in coal burning power plants to remove NOx and SOx.
14,21  However, 

the effectiveness of these techniques may change over time as the catalysts that make them work 

age or as the input or necessary output conditions change. 

Pollution also comes from chemical manufacturing processes, which can release toxic 

substances such as benzene or vinyl chloride into the air; these have been associated with cancer, 

birth defects and long-term damage to the lungs, brain, and central nervous system.14  Some 

researchers also believe that these gases are also (directly or indirectly) responsible for global 

climate change, which if left unchecked could lead to increased risk for forest fires, hurricanes, 

famine, and more harmful consequences.22,23  The possibility of climate change has even been 

associated as a risk to U.S. national security due to food shortages, decreased quality and 

availability of fresh water, and disrupted access to energy supplies.22  Even if only a few of these 

negative effects from pollution were to occur, there would be enough risk to warrant special 

technology to mitigate the potential damage.  Since current technology is limited in it 

effectiveness in doing so, new innovations are needed. 

1.1.1.3 Process control 

Process control is an important topic in almost all industries, but in particular for 

manufacturing.  Many manufacturing processes involve the use of gases (e.g., plastic materials 

production) or the development of off-gassed species during various (e.g., aqueous) chemical 

reactions.  In many cases it is desirable to know the concentration of the gases in order to 

optimize the process for improved yield or long-term stability, which could affect the quality of 

or cost to manufacture a chemical or material.  Furthermore, due to increased competition, 

fluctuating demand, and other economic factors, there is a drive to utilize chemical process 

engineering for improvements in process safety, robustness, and flexibility.24-26  Pressure, 
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temperature, and single component gas measurements are now commonly used in process 

control.  With the measurement of multiple gas species, advanced process control algorithms can 

be used to achieve enhanced operation of complex chemical processes under optimum 

conditions.  However, expensive analytical techniques are only currently available for process 

control, though they do not offer the manufacturing flexibility that the market demands. 

1.1.1.4 Noninvasive disease diagnostics and monitoring 

Current means for disease diagnostics and monitoring are time consuming, expensive, 

inconvenient/uncomfortable for patients, or not effective at early detection of disease.  These 

methods include long-standing techniques such as ex-situ blood and urine lab analyses, which do 

not provide real-time data, have been used successfully to determine disease, but must be 

continuously administered in order to monitor its development.  Other diagnostic tools (e.g., x-

ray based computed tomography (CT) scans and positron emission tomography (PET)) emit 

radiation, which when repeated exposures occur can be harmful to the patient.27,28  Many other 

non-radiation-emitting medical devices (e.g., optical coherence tomography) are being developed 

and/or improved to make them more intrusive than invasive.29  However, the ultimate goal 

should be a non-invasive technology that can provide diagnostics and monitoring of many 

different diseases and disorders. 

1.1.2 Key Applications for Advanced Gas Sensor Technology 

Multi-gas sensing is needed in the energy production, automotive, chemical processing, 

and medical industries in order to improve energy efficiency, reduce emissions, increase product 

yield, and detect/monitor disease.  However, available sensors are limited by: 

• Cost: Unable to cost effectively detect and quantify multiple gases 
• Sensitivity: Unable to accurately measure gases to desired levels 
• Selectivity: Unable to distinguish between gases in complex mixtures 
• Durability: They fail or need periodic recalibration due to interferents 
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• Versatility: Several sensors to detect multiple gases; speed too slow 
• Complexity: They are difficult to manufacture, integrate, and use 
 

The technology developed in this work improves the function of electrochemical gas 

sensors using novel material science principles and several patented methods for “actively” 

enhancing performance.  This has the potential to advance sensor technology on the same six 

critical frontiers: 

• Cost: Advanced materials, manufacturing, & designs drive down costs 
• Sensitivity: Low concentration (ppb and ppm) gas quantification 
• Selectivity: Accurate target gas measurement in complex mixtures 
• Durability: Can function in harsh environments without degradation 
• Versatility: Multifunctional materials for multi-gas sensing in a single product 
• Simplicity: Sensor designs simplify manufacturing, integration, and use 
 

There are many opportunities for commercializing this technology.  Applications require 

sensors capable of detecting related gas species at ppb to ppm levels, in ambient room 

temperature and chemically/thermally harsh environments. These opportunities include: 

• Portable Sensing Equipment: field tests or mobile platforms 
• Handheld Monitoring: medical breath analysis or safety badges 
• Stationary Power Generation: emissions monitoring for power plants 
• Remote Monitoring: industrial process and manufacturing control 
• Fail Safe Detection: sulfur levels in reformate feed stock for fuel cells 
• Other: automotive; unmanned robotics; materials handling 
 

There are likely many more applications, but for the sake of brevity, only a brief overview 

of key areas for such advanced gas sensor technology is discussed below. 

1.1.2.1 Energy production industry 

This industry includes stationary power generation (e.g., coal or gas turbine power plants) 

and technology for mobile power (e.g., diesel generator).  Gas sensors utilized in these 

combustion processes are important in terms of potential for improved energy efficiency and 

reduced pollutant emissions.  Combustion control includes two primary methods: operating point 

control (OPC) and active combustion control (ACC).  ACC can be further broken into active 



 

25 

combustion enhancement (ACE) and active instability control (AIC).  OPC is utilized for 

efficiency and pollutant emissions management, while ACE is used for optimizing performance 

and AIC is used to limit combustion oscillations.30  AIC is primarily being explored as a means 

to reduce exhaust emissions in the lean premixed combustors of high-temperature gas turbines.  

The lean combustion mode reduces NOx emissions but creates instabilities such as pressure 

oscillations, which can progressively worsen as combustion conditions change to meet dynamic 

power output requirements.  These instabilities can result in combustor failure due to damage 

from excessive heat, mechanical loads, and vibrations.30-32  There is therefore a tradeoff between 

noise and emissions, but combustion efficiency can be controlled using the data from gas sensors 

measuring concentrations of CO, CO2, and other pollutants.  In ACE there is no premixing which 

can lead to nonuniformity in gas turbine temperatures, resulting in increased emissions.  Gas 

(and pressure and temperature) sensors can be used in an ACE mode with control algorithms to 

vary turbine parameters to create gas/pressure fluctuations that are out of phase with the 

instabilities, thereby enhancing mixing and reducing emission levels.30,32  In OPC for gas 

turbines, stoichiometric (air-to-fuel ratio) conditions are slowly changed to stabilize the 

combustion flame, which also results in increased NOx emissions.  As described above, one 

alternative to this is the use of lean premixed combustion, which is a mode susceptible to an 

increased amount of instability.  In this case, control of the operating point results in a tradeoff 

between NOx and CO emissions and instability.  OPC is simpler than the ACC methods, which 

involve a direct feedback loop; however, with the improvements in gas sensing technology the 

increased use of ACC methods presents the chance to further improve energy efficiency and 

reduce emissions. 
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Coal combustion is a nonlinear process dependent on the coal quality and operating 

conditions.  Gas sensors can be used to monitor the coal quality, allowing system controls to then 

vary combustion parameters based on levels of contaminants and dilution.33  Additionally, they 

may be used to develop improved maintenance strategies and faster, more accurate fault 

detection (e.g., from contaminants).33,34  The OPC method can also be used to control coal 

combustion processes, but compared to use with gas turbines there is no need to worry about 

flame instability. 

Currently available methods of high-temperature (400 – 1600 °C) gas detection in fossil 

energy power systems are limited in their bulkiness, cost, accuracy, repeatability, sensitivity, and 

speed.   Such methods are also limited in that real-time, online measurements are not easily 

achieved due to compensation methods for interference sources (e.g., soot or H2O) and 

limitations due to application-based restrictions (e.g., high pressure).  The gas sensor technology 

developed in this work is currently appropriate for use in the exhaust of coal and gas turbine 

systems.  However, with additional materials development the technology can also be extended 

for use in turbine combustors (1000 – 1600 °C) 

As alternative energy sources become more widespread in the future, use of advanced 

multi-gas sensors will also be useful in such systems as fuel cells, as will be described briefly in 

one of the sections below.  Furthermore, the use of gas sensors with diesel generators is related 

to the use of diesel engines in transportation, heavy equipment, and materials handling as 

discussed below. 

1.1.2.2 Transportation, heavy equipment, and materials handling industries 

Multi-gas sensors will be useful in the transportation, heavy equipment, and materials 

handling industries.  The transportation industry involves transport of people and cargo using 

vehicles such as automobiles, freight trucks and trains, and aircraft.  As discussed above, for 
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vehicles using combustion engines there are tradeoffs between fuel efficiency and pollutant 

emissions.  As shown in Figure 1-2, rich-burn combustion has improved performance at the 

expense of increased fuel consumption.  Whereas lean-burn conditions result in lower 

performance, but with reduced fuel consumption and emissions.  To further improve efficiency 

and reduce emissions, on-board diagnostic (OBD) systems adjust air-to-fuel ratios (AFR) to keep 

combustion near the stoichiometric point (SP), where reactions balance and TWCCs work best.  

When the AFR is below the SP, the engine runs “rich” and unburned fuel increases HC and CO 

pollutants.  Above the SP, the automobile runs fuel “lean,” resulting in greater efficiency but 

more NOx.  Currently, OBD systems utilize oxygen sensors before and after the TWCC to 

control the AFR and to monitor the efficiency of the TWCC.30  Gas sensors currently used in 

automobiles only directly measure oxygen levels and make assumptions about the rest of the gas 

composition.  Therefore, a major improvement of OBD systems will come with the introduction 

of gas sensor arrays to provide gas concentration data for multiple species.  An advanced OBD 

system will then be able to actively switch between the combustion modes using closed-loop 

control to adjust engine parameters based on driving conditions and TWCC efficiency.   

General materials handling vehicles (e.g., conveyers and cranes/hoists) and heavy 

equipment (e.g., pavers, earth movers/backhoes/bulldozers, and excavators) used in construction 

and mining are classified as using non-road diesel engines.35,36  Some of the equipment, such as 

forklifts, can also be powered by propane, natural gas, or gasoline and can be improved as 

described above.35  The EPA has mandated that these systems take advantage of advanced 

emissions control technologies, including the gas sensors developed in this work, between 2008 

and 2014 in order to reduce pollutant emissions.  Predicted environmental benefits include 

reduced NOx emissions of 738,000 tons annually, which could prevent more than  8,000 



 

28 

hospitalizations, 12,000 premature deaths, 15,000 heart attacks, and 1,000,000 lost work days 

each year.37   

1.1.2.3 Materials and chemical processing industries 

Manufacturing industries depend on energy resources for fuel and power to convert raw 

materials into various products.  This includes chemicals, petroleum refining, mining, glass, 

aluminum, steel, and metal casting industries.  As shown in Table 1-1, these manufacturing 

activities account for a large percentage (>15% in 1998) of total US energy consumption.38  

More efficient manufacturing processes help lower production costs, increase productivity, and 

provide for a more sustainable future.  One way to accomplish this is with the use of advanced 

gas sensor technology to measure both trace levels (e.g., contaminants or undesirable side 

reactions) and major components of gas mixtures or off-gassed substances during manufacturing 

processes.  For example, in ethylene manufacturing the presence of NH3 or C2H2 will destroy the 

catalyst in the polymerization reaction.39,40  Identification and control of these contaminants can 

prevent downtime and cut production costs.  As another example, consider bioprocessing (e.g., 

pharmaceutical manufacturing or wastewater treatment), where robust gas sensors could be 

useful in monitoring such processing steps as fermentation, which typically requires a sterile 

environment, sealed off from the ambient.41-46  Other methods for monitoring fermentation 

processes, such as ultrasonic techniques or total biomass weight measurements, are insufficient 

as indicators or are prone to error due to effects from dispersed gas bubbles.41  However, off-

gassed ammonia, oxygen, ethanol, CO, SOx, NOx, and other species can be measured to gain 

information about the progress of a biochemical process.  On-line measurements using robust gas 

sensors is desirable as a way to control input parameters (e.g., nutrient levels) in batch processes 

where it can take hours to empty reaction vessels, during which time reactions continue and 

could result in undesirable byproducts.  Currently, only off-line measurements using gas 
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chromatography are possible.  Furthermore, the presence of other VOCs and ammonia derived 

compounds can interfere with such measurements.44   

In addition to these applications, many chemical- and bioprocessing methods involve 

aqueous phase monitoring.  In wastewater treatment, for example, this is challenging because of 

the hostile environment in which equipment may undergo fouling.  Therefore, there is a need for 

robust, reliable on-line sensors for improved process control by removing the sensor from 

contact with the harsh wastewater.  One such gas that can be monitored is off-gassed N2O which 

is released as stress response and can be related to the biological status of nitrifying bacteria.25 

1.1.2.4 Medical industry 

Breath analysis has been used as a diagnostic tool in medicine for centuries.  The ancient 

Greeks and other cultures knew that the aroma (e.g., sweetness) of human breath can indicate 

certain diseases and ailments.47  Human breath contains large amounts of H2O, CO2, N2, O2 and 

trace (i.e., ppb to ppm) levels of other inorganic gases (e.g., CO and NOx) and approximately 200 

volatile organic compounds (VOCs) common to all individuals; some of which can be used as 

status indicators for various biological functions.  Breath analysis has been studied in the medical 

field to identify biomarkers for the diagnoses and monitoring of diseases involving the kidneys 

(e.g., uremia), liver (e.g., cirrhosis), and metabolic processes (e.g., diabetes); cancer (e.g., lung 

and breast cancer); neurological diseases (e.g., schizophrenia and bipolar disorder); and many 

other biological deficiencies.47-49  There are also research efforts involving the use of breath 

analysis in medicinal compliance, monitoring implant rejection, toxicology, and identification of 

illegal drug use.50  Compared to standard methods of medical diagnosis tools (e.g., blood work or 

PET scans), breath analysis is non-invasive, harmless, quick, and in many cases can be used to 

identify and monitor medical problems before any other symptoms are displayed.49  Breath 

analysis may consist of gas measurement directly from exhaled breath or indirectly from 
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stored/concentrated samples.  In clinical diagnosis, this technique may also involve the ingestion 

of a precursor solution, which is broken down by the body and the products exhaled into the gas 

sensing system.49  Modern breath analysis has primarily relied on expensive, complicated 

analytical instruments (e.g., gas chromatograph/mass spectrometer, GC/MS) requiring trained 

technicians for operation and interpretation of gas measurements.  Furthermore, such techniques 

often require frequent calibrations and additional equipment (e.g., condensate trap or other 

filters) to separate or remove gas species which interfere with the measurement (e.g., H2O). 

GC/MS has been used to identify VOC biomarkers associated with lung cancer, while IR 

systems have been used to detect NO for monitoring the effectiveness of anti-inflammatory 

therapies.47-49  Solid-state sensors (typically semiconducting, chemiresistors, or electrochemical 

sensors) used for breath analysis have also had some success, being developed for detecting, for 

example, CO, NO, and trace VOCs for various diagnostic applications.47-50  However, most of 

these techniques are limited by their slow speed, high complexity, high cost, and/or long-term 

instability.  Furthermore, most techniques (other than some of the solid-state devices) are not 

capable of directly sampling breath due to interference from, for example, relative humidity 

levels of ~100% common in human breath or they are susceptibility to contamination and noise. 

Technological advances improving upon these limitations offer a chance to significantly benefit 

the breath-analysis market with the possibility for straightforward, inexpensive disease 

diagnostics and monitoring in hospital rooms, doctors’ offices, and patient homes.   

Therefore, there is a need for sensing systems capable of selectively detecting targeted 

biomarkers in a complex matrix (i.e., breath) and being used for low-cost, noninvasive disease 

diagnostics and monitoring.  In some cases such sensing systems offer the chance to detect 
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diseases and disorders in their earliest stages, which may allow more effective treatments or be 

used as a means of preventative medicine.   

1.1.2.5 Other important applications 

In addition to the applications described above, there are many situations where knowledge 

of gas exposure history of humans and/or equipment to harmful gases may be useful.  For 

example, chemical plant employees may be at risk for health problems (e.g., lung damage) after 

exposure to volatile organic compounds over time.  A safety badge able to quantify the total 

amount of gas dosage over time could be used to determine whether a worker has been exposed 

to dangerous levels of toxins.  In terms of equipment, knowledge of gas exposure history coupled 

to a fail-evident feature could save lives, time, and money.  For example, a sensor capable of 

detecting gas phase sulfur (e.g., H2S or carbonyl sulfide, COS) might be used in an external 

reformer system for fuel cells, or in conjunction with a solid oxide fuel cell (SOFC) utilizing 

internal reforming of sulfur-rich fuels such as JP-8 diesel.  Such gas sensors can also measure H2, 

CO, and/or CH4 in the reformate environment in order to best utilize the fuel with the fuel cell.   

There is also interest to use such multi-gas sensors to detect chemical/biological warfare 

agents.  In particular, interested parties include the U.S. military and countries that have 

undergone attacks with such weapons in the past (e.g., Japan in 1995).51  Many approaches have 

involved the use of standoff optical devices (e.g., infrared spectrometers), which as discussed 

above are expensive, bulky, and often have problems due to interference.  The detection of 

harmful substances (e.g., sulfur mustard gas and nerve agents such as sarin) used in such 

weapons have been demonstrated with semiconducting sensors.52,53  Unlike optical methods, 

such sensors do not allow direct standoff detection.  However, there is potential to use solid-state 

gas sensors (e.g., advanced potentiometric gas sensors with superior selectivity) in fixed 

locations or attached to automated robotics (e.g., unmanned aerial vehicles, UAVs), soldiers to 
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scan an area of interest before potentially exposing themselves to dangerous chemicals or the 

possibility of early warning systems for large cities. 

1.1.3 General Requirements of Gas Sensors 

Some correlation typically exists between components in a gas mixture, but as more gases 

are added the situation becomes more complex.  For this reason selective detection of individual 

gases is critical.  However, most gas sensors are either lacking in sensitivity and/or have 

insufficient selectivity for many applications.  In general, the goal for the design of a gas sensor 

is to maximize sensitivity to the analyte and minimize cross-sensitivity (i.e., maximize 

selectivity) without sacrificing other parameters such as response time and long-term stability.  

There are several dozen sensor parameters that can be specified for a given device; however, 

only the most important are discussed below. 

1.1.3.1 Sensitivity 

Sensitivity refers to the amount of change in the sensor signal with a change in gas 

concentration. Any given sensing electrode must have sufficient sensitivity to the gas of interest 

so that a measurement can be made.  The requirements for sensitivity will vary with the 

particular application.  This can be approached from the perspective that the sensing materials 

should be designed for the maximum sensitivity regardless of the application (i.e., one material 

for several sensing systems).  However, this could lead to problems where selectivity, discussed 

below, is of utmost importance for a particular application.  As will be discussed in Chapters 3 

through 5, the use of “active” enhancement modes could be used as an alternative for adjusting 

the sensitivity to a given application. 

1.1.3.2 Selectivity 

Selectivity refers to the ability of a device to measure one chemical species in the presence 

of others.20,54  Most sensing materials are cross-sensitive to multiple species, which increases the 
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complexity of the sensing process when used in gas mixtures.  In fact, most solid-state gas 

sensors are currently inadequate for commercial use as quantitative detectors because of poor 

selectivity.55,56  As will be discussed in Chapters 3 through 5, the methods for “actively” 

enhancing a potentiometric gas sensor developed in this work can greatly improve the selectivity. 

1.1.3.3 Response time 

A gas sensor is a transducer, where the response to the input stimuli (e.g., gas molecule) 

takes a finite amount of time to respond and to be converted into an electrical signal.  This 

response time is often defined as the time interval (t90) needed for the sensor signal to reach 90% 

of the steady-state value.57  There are often tradeoffs between response time, sensitivity, and 

selectivity.  Therefore, the sensor design needs to consider whether the final application will be 

for dynamic control or long-term monitoring.  With the use of “active” enhancements, there are 

reasons to believe that these factors may be tuned to the specific application without any need for 

design or material changes.  This could significantly reduce R&D and manufacturing costs. 

1.1.3.4 Repeatability, accuracy, and resolution 

As use of gas sensors becomes more widespread, the assurance of repeatability/reliability 

(i.e., precision) becomes more important.  These will be discussed further in Chapter 8, which 

involves current commercialization efforts of the gas sensors developed in this work.  The 

accuracy of gas sensor, or how closely the output measurement represents the actual value, is 

critical in applications where any large variance in the signal could result in undesirable 

consequences.  On the other hand, a sensors resolution refers to the smallest change in the sensor 

input (e.g., gas concentration) to which the device will detect and respond with an output.  

Improvements in resolution will likely be very important for process-control and breath-analysis 

applications.  The minimum detectable signal (MDS) of a gas sensor should be only a few 

molecules of the target species.66  However, poor performance in terms of sensitivity, the data 



 

34 

acquisition electronics, and the signal-to-noise ratio (discussed below), currently limit the MDS 

to ppm in most cases and the upper range of ppb with advanced technology.   

1.1.3.5 Signal-to-noise ratio 

Noise is a sensor parameter that obscures the desired mapping of a real world input to a 

transduced sensor output.66  It can come from many sources including intrinsically and 

extrinsically.  Intrinsic noise for an electrical system includes thermally induced interference 

(i.e., Johnson or Nyquist noise from equilibrium thermal fluctuations in a conductor), white noise 

from nonequibrium conditions (i.e., “shot” noise from random fluctuations in charge density), 

and “excess” noise (e.g., 1/f or “flicker” noise) from current processes.58  In electrochemical 

systems and devices, the electrode-electrolyte interface is a source of noise; this includes thermal 

equilibrium noise from conductors, equilibrium excess noise from charge transfer kinetics, and 

relaxation currents from mass transfer processes.59  For gas sensors there is also a source of noise 

from chemisorption, a process in which gas molecules interact (e.g., through local bonding) with 

the surface of gas sensitive materials.60  In order for the sensor to produce a useful signal, the 

materials and sensor designs must be such that the signal-to-noise ratio is large than unity. 

1.2 Research Objectives 

There were several objectives for this work, some of which followed as a result of work 

involving original objectives that did not go as planned.  In all, the goal was to investigate 

methods for enhancing the performance of potentiometric gas sensors using sensor arrays, 

thermal and electric-field enhancements, surface science, and improvements in fabrication and 

testing procedures for R&D and commercialization purposes. 

1.2.1 Sensor Arrays for Detecting Multiple Gas Species 

The first objective of this work was to create a multifunctional gas sensor array through the 

combination of multiple sensing electrode-pairs into a single, miniature sensor device, thus 
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allowing the detection of multiple gas species.  Investigations included evaluation of crosstalk 

between sensing electrodes (i.e., the response of one affects another) when placed in close 

proximity to each other and the electrode arrangement with respect to each other and the rest of 

the device.  This will be discussed in Chapters 4 and 5. 

1.2.2 Thermal Enhancements 

The temperature dependence of sensitivity and selectivity of almost all solid-state gas 

sensors is well known.  From this basis, the sensor array was improved through local heating of 

sensing electrode-pairs to different temperatures.  Thermal enhancements also included the local 

heating of each electrode in an electrode-pair to a different temperature.  These efforts will be 

discussed in Chapters 3 and 4, along with thermal modeling results and sensor design 

discussions. 

1.2.3 Electric-Field Enhancements 

The concept for electric-field enhancements of a solid-state potentiometric gas sensor was 

a direct result of ‘failed’ sensor experiment that led to a hypothesis and validation of an idea.  

After the initial observations and formulation of hypotheses as to why there was an electric-field 

effect on gas sensing performance, the objectives for this work were expanded.  The new 

objectives were to explore the use of electric fields to enhance the gas sensors; to gauge the 

effect of field strength, shape, and polarity; and to conceptually/experimentally explore the 

mechanisms behind the electric-field effect.  This work can be found in Chapter 5. 

1.2.4 Surface Science Analysis 

In past studies these potentiometric gas sensors have been investigated using temperature 

programmed techniques, diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), 

and X-ray photoelectron spectroscopy (XPS).  The conclusions from these past experiments were 

used to help explain the sensing results from this work.  Furthermore, in this work the electric-
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field enhancement methods were investigated using temperature programmed techniques, XPS, 

ultraviolet photoelectron spectroscopy (UPS), and the Kelvin probe method.  These results and 

the relationship of this work to past results are discussed in Chapters 4, 5 and 7. 

1.2.5 Improved R&D and Commercialization Efforts 

Throughout the literature, gas sensor research often involves the use of hand-made 

samples, which makes comparison between results extremely difficult.  The studies involving the 

gas sensor arrays and thermal/electric-field enhancements in this work were also almost all hand-

made to a certain extent; but since most studies involved changes of the active nature, there was 

no need to compare multiple samples.  However, in order to improve future R&D and 

commercialization efforts, the last objective of this work was to develop procedures for 

automated manufacturing and testing.  As discussed in Chapters 6 and 8, this work included 

sensor design and processing studies involving automated screen-printing, rapid-prototyping, 

wire bonding, test setups, and analyses programs. 
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Figure 1-1. Trends in the number of publications involving fuel cells since 1955. 

 
Figure 1-2. Relationship between fuel economy, air-to-fuel ratio, and pollutant emissions. Based 

on figures from Ertl and Knözinger.20 
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Table 1-1. Energy consumption data for the materials and chemical processing industries 

 
Chemicals Mining† Glass Metal 

casting 
Petroleum 
refining 

Steel Aluminum 

Total Energy 
Consumption 
(1015 Btu) 

6.1 1.125 0.206 0.236 7.1 2.0 1.0 

As percentage of 
shipment value 

5% 17% 5-7% 5% 1.7-4.5% 17% 8.2% 

Percentage of 
total domestic use 

6% — 0.2% 0.2% 7.5% 2-3% 1% 

Percentage of US 
manufacturing use 

25% — 1% 1% 29.1% 6.7% 3.3% 

†  Data from the mining industry is from 2000, while the others are all from 1998. 
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CHAPTER 2 
BACKGROUND AND LITERATURE REVIEW 

2.1 Gas Sensors 

Gas sensors are a technology that takes many forms and that have been around for a long 

time.  In fact, the human nose is likely the most advanced gas sensor, capable of detecting over 

10,000 ‘odors’; the human nose can also discriminate between odors at lower concentrations than 

detectable with a gas chromatograph or similar analytical system.61  For this reason many gas 

sensor researchers prefer the term ‘electronic nose’ or ‘e-nose’, though this is typically reserved 

for sensor arrays employing elaborate pattern recognition algorithms to sense complex odors 

associated with smells such as coffee and other agricultural products.62 

Much of the research on solid-state gas sensors, and in particular the potentiometric 

variety, has utilized combinatorial methods for materials development, where many materials are 

tested for sensing behavior and the ones with the best performance are selected. While this 

approach has merit, a more fundamental look at the overall contributions to the sensing 

mechanism allows a more systematic way to screen and design materials for particular 

applications. 

Unlike analytical gas detection systems, most solid-state gas sensors are currently 

inadequate for commercial use because of poor selectivity.  However, the solid-state sensors can 

be used in new applications where the use of analytical systems is not appropriate.  However, to 

achieve sensors capable of meeting the criteria of the new applications a few areas of research 

and development must still be investigated.  For instance, a firm understanding of the sensing 

mechanisms will support attempts to improve selectivity. 

The following provides a literature review of gas sensor technology and issues typically 

dealt with in each category.  More detail is covered for electrochemical gas sensors because they 
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are the oldest and largest group and include the specific type of sensor described in this Research 

Plan.  This chapter also discusses fundamental theories for electrochemical gas sensors, setting a 

basis for the remainder of the work.  Finally, some of the more effective experimental techniques 

used to investigate gas sensor mechanisms are discussed. 

2.1.1 General Issues 

Several key gas sensor requirements were discussed in Chapter 1, leading engineers to 

have to simultaneously consider many aspects of the materials, chemical, electrical, mechanical, 

and other design issues.  However, in general the goal for the design of any gas sensor is to make 

the device very sensitive and highly selective to the analyte with quick response.  Any given 

sensing electrode must have sufficient sensitivity to the gas of interest so that a measurement can 

be made.  Most sensing electrodes are cross-sensitive to multiple species, which increases the 

complexity of the sensing process when used in gas mixtures.  Several techniques exist for 

improving selectivity, such as temperature modulation and the uses of physical or chemical 

filters.  However, a good sensing material and understanding of the transduction mechanisms are 

still imperative.  The most common techniques available for gas quantification are analytical 

detection systems.  These include optical absorption/emissions detectors (e.g., Raman 

spectroscopy, FTIR, and chemiluminescence), gas chromatography, and mass spectrometry.  

Cost and size aside, these systems are limited in that real-time, online measurements are not 

easily achieved in many cases due to compensation methods for interference sources (e.g., soot 

or H2O) and limitations due to application-based restrictions (e.g., high pressure).  Recent 

research efforts have therefore turned to improving alternative technology based on solid-state 

devices that can potentially overcome these limitations.  A brief overview of solid-state gas 

sensor technology is provided below.  
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2.1.2 Solid-State Gas Sensor Technology 

2.1.2.1 Thermal sensors 

Thermal gas sensors include thermistors, pyroelectric devices, and catalytic gas sensors.  

An example of a catalytic sensor can be seen in Figure 2-1.  These devices work off the first law 

of thermodynamics, converting the thermal energy released from a reaction to the electrical 

domain based on a change in temperature or heat flux through a sensing element.  The sensitivity 

of these devices can be severely impaired if contaminated.63 

2.1.2.2 Mass sensors 

This type of gas sensor converts mechanical energy to electrical energy via frequency 

shifts when an atom/molecule interacts with the device.  They include piezoelectric-based 

microbridge devices and surface acoustic wave (SAW) sensors.63,64  An example of a 

micromachined piezoelectric microbridge- and cantilever-based sensors can be seen in Figure 2-

2.  They have high sensitivity to many gases, but are also highly vulnerable to interference and 

limited to low temperatures. 

2.1.2.3 Optical sensors 

Optical gas sensors convert energy from the chemical to the electromagnetic domain via 

absorption or fluorescence.  The usual arrangement involves irradiating the sample with 

monochromatic radiation and observing the secondary radiation that is emitted.63  An example of 

an optical sensing system with a solid-state detector based on gallium-nitride materials used in a 

combustion exhaust can be seen in Figure 2-3.  These sensors offer a broad detection range and 

little time lag, but are particularly sensitive to noise.30 

2.1.2.4 Electrochemical sensors 

Electrochemical sensors involve a direct transduction from the chemical to electrical 

domain, which involves electrode reactions and charge transport.  This class of sensors can be 
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highly sensitive, selective, and operate at elevated temperatures.  Electrochemical sensors can 

operate in conductometric, potentiometric, or amperometric modes.  Conductimetric (impedance-

based) gas sensors generally consist of semiconducting oxides (e.g., SnO2) as sensing layers on 

an insulator (e.g., Al2O3) as in Figure 2-4.  Gas molecules interact with the semiconductor, acting 

in effect as donors or acceptors to influence the resistance, which can be detected and related to 

the gas concentration.  While conductimetric (or chemiresistive) sensors offer a simple design, 

they are very sensitive to oxygen concentrations, and therefore are limited to applications where 

the oxygen content does not vary greatly.65  Potentiometric gas sensors incorporate electronic (or 

mixed electronic-ionic) conducting electrodes on a solid-electrolyte substrate, forming an 

electrochemical cell.  One type of that has found widespread use in automobiles for several 

decades is known as the Lambda (oxygen) probe.20  The most frequently used solid-electrolyte 

used in gas sensors is stabilized-zirconia (e.g., Y2O3 stabilized ZrO2, or YSZ), which allows 

conduction of oxygen ions and provides a sensor that can respond quickly to changes in PO2. As 

shown in Figure 2-5, the Lambda sensor typically consists of a closed-end YSZ tube with an 

internal platinum electrode kept at a constant high PO2 (air-reference) and an external platinum 

electrode that is exposed to an environment with lower and varying activity (e.g., an exhaust 

stream).  The sensor response results from thermodynamic equilibrium and fast kinetic reactions 

at the interface.30  Amperometric sensors are related to potentiometric sensors except that they 

operate away from equilibrium.  As shown in Figure 2-5, a voltage is applied between the 

electrodes, providing the energy to drive reactions with the resulting current relating to gas 

concentration.  For the specific case of automotive emission control, amperometric sensors can 

offer high selectivity in the detection of exhaust gas species but require expensive electronics 

attached to the sensor.66 
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2.1.3 Electrochemical Gas Sensor Theory 

2.1.3.1 Principles of electronic and ionic conduction 

In ceramics there are two ways in which mobile electronic carriers can be generated: 

intrinsically (e.g., excitation across the band gap) and extrinsically (e.g., impurity doping or due 

to nonstoichiometry from reduction/oxidation).67  Ionic conduction involves the diffusion of ions 

via lattice defects (i.e., vacancies and interstitials).  Both modes of conduction depend on the 

concentration, magnitude of charge, and mobility of charged species.67,68  Solid-electrolytes are 

materials often used to complete the circuit in electrochemical cells due to their high ionic 

conductivity and very low electronic conductivity.  Electronic, ionic, or mixed conduction can be 

involved in the transduction process for solid-state gas sensors. 

2.1.3.2 Principles of solid-state electrochemistry 

Electrochemical sensors involve the conversion of chemical energy to electrical energy. 

Therefore, an understanding of both types of energies is necessary.  From thermodynamics, the 

free energy associated with a given system is defined with Equation 2-1, where G is the Gibbs 

free energy, H is the enthalpy, T is temperature, and S is entropy.  

TSHG −=  (2-1) 

For an isothermal process, this energy represents the work required for a reaction to 

proceed has the dependence in Equation 2-2, where ∆G0 is the standard free energy change, R is 

the gas constant, and C is the concentration of products or reactants associated with the 

reaction.69 

ttanreac

product0

C

C
lnRTGG +∆=∆  (2-2) 

The chemical potential of a species i can be defined as the increase in the internal energy 

of a system composed of species j due to the addition of species i to the system.70  Because the 
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Gibbs free energy is a function of internal potential energy, the chemical potential can be defined 

mathematically as in Equation 2-3, the partial molar change of free energy. 

ijn,P,T
i

n

G

≠










∂

∂
=µ  (2-3) 

If i is a charged species (i.e., ion or electron), then the free energy will have an additional 

work.63,70  This additional work is electrostatic in nature and results in several types of electrical 

potentials for electrochemical systems.  An outer (Volta) potential (ψ) exists between a charged 

metal surface and vacuum.  An electrostatic potential drop, known as the surface potential (χ), 

also forms across the outer layer of surface atoms.  Based on these two terms, an inner (Galvani) 

potential between the bulk and vacuum can be defined as the sum of the surface and outer 

potentials as in Equation 2-4. 

Ψχφ +=  (2-4) 

When considering two surfaces in contact with each other, a Galvani potential difference is 

formed due to the presence of charge at the interface between the two phases. The relationship 

between these electrical potentials is illustrated in Figure 2-6.63,68,70-73 

An electrochemical potential can be defined based on combined electrical and chemical 

contributions involved in the increase in energy from addition of a charged species as in 

Equation 2-5. 

( ) Ψ+χ+µ=µ FzFz~
iiii  (2-5) 

Equation 2-5 represents the link between the electrostatic and thermodynamic laws that 

govern the interconversion of electrical and chemical energy during electrochemical reactions.   

At a solid-electrolyte/electrode/gas interface, a potential difference forms for a redox 

reaction as in Equation 2-6, in order to make the electron transfer thermodynamically or 

kinetically favorable.72 
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RneO ↔+ −  (2-6) 

This interface is known as the triple-phase-boundary (TPB).  From Equation 2-5 a 

relationship between this cell potential (E) and the free energy change associated with the 

electrochemical reaction can be derived as Equation 2-7.69,71 

nFEG −=∆  (2-7) 

For reversible, thermodynamically controlled systems, therefore, the Nernst equation 

yields the resulting electromotive force (emf) in Equation 2-8, where E0 is the standard potential 

(i.e., E when Cproducts equals Creactants), n is the number of electrons involved in the reaction, and F 

is Faraday’s constant. 

tstanreac

products0

C

C
ln

nF

RT
EE +=  (2-8) 

As evident from Equation 2-8, the Nernst equation relates the emf developed at the TPB to 

the concentration of reactants and products.73 

For non-equilibrium systems, the reaction can be either mass-transport or charge-transfer 

limited.  For solid-state materials, the modes of mass transport are diffusion and electro-

migration.67,72  The driving force for diffusion is a concentration gradient, resulting in a 

separation of charge.  This creates an electric field that drives migration.  The generally accepted 

model for mass transport can involve multiple steps and begins with species transport in the gas 

phase.74  As shown in Figure 2-7, there are several ways in which the electroactive species can 

then reach the TPB.  The gas may adsorb at the (porous) electrode or on the solid-electrolyte, 

either by physisorption or chemisorption.  The gas can adsorb and dissociate on the electrode, 

followed by surface or Knudsen (pore) diffusion of ionized species from the electrode to the 

TPB.  The gas can also diffuse to the TPB through the bulk porous region of the electrode 

without forming an adsorbate (i.e., dissociation occurs at the TPB).  Alternatively, the gas 
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adsorption and dissociation can occur on the surface of the solid-electrolyte, followed by 

transport via surface diffusion to the TPB.  In each case, the ionic species undergo electro-

chemical reactions at or near the TPB and move into the solid-electrolyte.  For YSZ, O2- ions are 

then transported from the cathode to the anode via oxygen vacancies.68,74 

In a charge-transfer limited case, the kinetics of electrochemical reactions determines the 

resulting current.  The rates of the forward and backward reactions are related to charge transfer 

through the Butler-Volmer relation, Equation 2-9, where i0 is the exchange current density; α is 

the charge-transfer coefficient; and η is the overpotential, or the difference between E andE0.
71 

( ) ( ) )]RT/nF)1exp((C)RT/nFexp(C[ii RO0 ηα−−ηα−=  (2-9) 

An example of the resulting current-potential curve is shown in Figure 2-8A.  When E 

equals E0 there is no net current flowing and Equation 2-9 becomes Equation 2-10. 

( ) ( ) )]RT/nF)1exp(()RT/nF[exp(ii 0 ηα−−ηα−=  (2-10) 

While there is no net current in this condition, a nonzero cathodic and anodic current exist, 

but with equal and opposite values equal in magnitude to the exchange current density.72  For 

large negative and positive η, Equation 2-9 simplifies to Equations 2-11a and 2-11b , which is 

collectively known as the Tafel equation. 

( ) RT/nF)iln()iln( 0 ηα−=  (2-11a) 

( ) RT/nF)1()iln()iln( 0 ηα−+=  (2-11b) 

Equations 2-11a and 2-11b can be used to find values for i0 and α from the extrapolation of 

the linear region of a Tafel plot as in Figure 2-8B.  These relations are used when trying to 

determine the reaction kinetics. 
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2.1.3.3 Electrochemical promotion 

In the field of catalysis there is a phenomenon known as  promotion, in which a diffusion 

of adsorbed species from the metal onto the support (spillover), which can alter catalyst-support 

interaction and thereby enhance the catalytic reaction.75,76  The function of the promoters can be 

classified as structural or electronic.75,77  Structural promoters alter the population stabilize the 

dispersion of active species on the catalyst support, both of which may sharply enhance the 

catalytic properties of the solid.  On the other hand, electronic promoters modify the 

chemisorptive bonding between reactants, intermediates and surface, thereby changing the 

catalytic process. 

The so-called ‘classical’ promotion is to be distinguished from what has become known as 

electrochemical promotion, in which an applied bias directly to the anode and cathode of an 

electrochemical cell results in pumping of the mobile species (e.g., oxygen ions) from the 

cathode to the anode.  This results in an electrochemically-controlled migration of the ions onto a 

catalyst electrode and causes an increased reaction rate beyond that predicted with Faraday’s 

Law, shown in Equation 2-12, where n is the moles of the substance involved in the reaction, I is 

the (constant) current passed through the cell for time t, z is the valency of the ions, and F is 

Faraday’s constant (96,485 C mol-1).78,79 

zF
tI

n
⋅

⋅
=  (2-12) 

Electrochemical promotion is also known as Non-Faradaic Electrochemically Modified 

Catalytic Activity (NEMCA).  Much evidence in the literature suggests that NEMCA may affect 

such system characteristics as the work function, adsorbate bond strength, preferential adsorption 

sites, or intramolecular stretching frequencies.77,78,80-82  These changes may alter the strength of 
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the chemisorptive bond of covalently bonded reactants and intermediates, thus changing 

activation energies and reaction rates. 

2.1.3.4 Semiconducting oxides 

Semiconducting oxides are frequently used as sensing electrodes in both potentiometric 

and resistive electrochemical gas sensors.83  Many of the sensing materials used in resistive gas 

sensors are transition metal oxides.  Therefore, the surface reactions generally involve changes in 

the concentration of surface oxygen species such as O2-.84  These surface ions form as a result of 

charge transfer when adsorbed oxygen extracts electrons from the oxide in a reaction such as in 

Equation 2-13. 

−− ↔+ 2
ads Oe2O  (2-12) 

Other reactions with oxygen are possible and can result in additional charged or neutral 

molecular/atomic surface species, such as O¯ and O2¯.  For n-type (p-type) materials, adsorbed 

oxygen acts as a surface donor (acceptor) state and results in a decrease (increase) in the major 

charge-carrier concentration.  For the forward direction of electrochemical reactions like 

Equation 2-6, electrons are consumed at the surface, causing a positive space charge to develop 

as in Figure 2-9.  An electric field forms between the positive charge and remaining electrons in 

the “depleted region,” which acts to oppose (and eventually stop) charge transfer.85  

Any modification to the surface concentration of oxygen ions changes the surface state. 

This results in a change of carrier concentration and the resistance of the oxide.84  Other than a 

direct change in PO2, the oxygen ion concentration can change if a reducing gas (e.g., NO or 

CO) is introduced and reacts with adsorbed oxygen as in Equation 2-14. 

−− +→+ e2NOONO 2
2
ads  (2-13) 
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For an n-type (p-type) material, reducing gases decrease (increase) the resistance because 

electrons are added to the material.  The opposite is true for oxidizing gases (e.g., NO2 or CO2). 

The sensing process of conductimetric sensors can be separated into ‘interaction’ and 

‘transduction’ steps.  Interaction steps include surface, catalytic, grain-boundary, bulk, and TPB 

reactions and adsorption.74,86  Transduction steps involve the way in which the sensor responds 

to the interaction steps and produces a signal.87  Both steps depend on numerous factors, 

including whether the sensing layer is compact or porous.  A compact layer does not allow gas 

molecules to penetrate beyond the surface, while the gas can interact with grain surfaces 

throughout a porous layer.  Therefore, as shown in Figure 2-10A, conduction in a compact layer 

results only from the surface or bulk (depending on the layer thickness).86,88  A porous layer, 

however, has an additional contribution from grain boundaries. 

For a porous layer, Schottky barriers to conduction may also form in between 

semiconducting grains as seen in Figure 2-10B.  Whether intergranular Schottky barriers form 

depends on how the grain diameter (d) compares to the Debye length (λD).  The Debye length is 

a measure of the distance beyond which the disturbance at a junction no longer effects the 

electron distribution away from the junction.85  Schottky barriers will form for large grains (d > 

λD) and result in band bending, while there is a flatband condition for small grains as shown in 

Figure 2-10C.  The size of the neck region between grains can also form a barrier for the same 

reason.88 

Two additional sources of barriers to conduction are Ohmic contacts and rectifying 

(Schottky) junctions between semiconductor and metal electrodes.  The relative work functions 

(Φ) of the materials determine which barrier forms at the junction.  Φ is the minimum energy to 

remove an electron from inside a metal to vacuum.  For an n-type (p-type) semiconductor with 
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ΦM>ΦS, a rectifying (Ohmic) barrier is formed; the opposite results when ΦM>ΦS.89  These 

effects are important when considering the effects of current collectors on the sensor signal. 

2.1.3.5 Mixed potential theory 

Weppner et al. have designated three types of gas sensors based on solid-electrolytes.84,90  

Type I sensors include the λ-probe and involve the direct participation of a mobile ion in the 

solid-electrolyte coming to equilibrium with the species involved in charge transfer at the TPB.  

Type II sensors do not involve equilibria between a mobile ion in the electrolyte and the analyte, 

rather the species to be detected is incorporated into the solid-electrolyte.  Type III sensors can 

have more than one reaction occurring at an electrode, and show non-Nernstian behavior. 

Fleming first introduced the idea of mixed potential as an explanation for this non-

Nernstian behavior.83,84  The theory states that the sensor emf results from the simultaneous 

reactions of cathodic reduction and anodic oxidation on a single electrode.  This can occur when 

multiple chemical species cause two or more (independent) charge transfer processes.90  In this 

case, a mixed potential forms with a value that is somewhere between the Nernstian potentials of 

the individual processes.  The system is not in not in equilibrium even though the net current is 

zero.  For example, Figure 2-11A shows a mixed potential resulting from reactions A and B.  

When dissimilar electrodes are exposed to the same gas environment, the mixed potentials 

formed at the electrodes will most likely differ.84  Figure 2-11B, shows how a potential 

difference from gold and platinum electrodes in one environment can result from their individual 

mixed potentials. 

‘Mixed Potential’ sensors originally utilized only noble metal electrodes and had an air-

reference.  Researchers, however found that at high temperatures sensor stability decreased due 

to changes in electrode morphologies.83  Therefore, metal oxide electrodes were investigated as 
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sensing electrodes because they have improved long-term thermal and chemical stability, 

reduced costs, and can show improved gas sensitivities.83 

These properties led Wachsman to develop a new, more inclusive concept known as 

‘Differential Electrode Equilibria’.65,91  This has led other researchers such as Traversa et al. to 

perform studies that have suggested that mixed potential theory agrees with experimental data 

when sensors use metal electrodes (even in the same gas environment) and when they have 

semiconducting electrodes used with an air reference.  However, when sensors have metal and 

semiconducting electrodes exposed to the same gas environment there are responses that the 

mixed potential theory cannot explain.83  In fact, Wachsman et al. have shown that the methods 

for proposing mixed potential mechanisms can lead to false confirmations.92  Both of these 

research groups have shown evidence that a more general theory is required to explain the 

mechanisms that create the overall emf response. 

2.1.3.6 Differential electrode equilibria theory 

The ‘Differential Electrode Equilibria’ theory states that the potential difference between a 

semiconducting metal oxide and a reference electrode in the same gas environment can be a 

result of combined heterogeneous catalytic, electrocatalytic (at the TPB), and semiconducting 

effects.65  At higher temperatures (e.g., >600 ˚C) catalytic reactions dominate conductivity and 

the mixed potential theory can be a good descriptor.  However, at lower temperatures there is a 

“semiconducting effect” in the sensing electrodes.  This occurs as gases adsorb onto the surface 

causing changes to the Fermi level and thus the potential drop across the electrode.  This being 

the case, the measured potential difference between the two electrodes depends on the rates of 

catalytic reactions at the electrodes, electrochemical reactions at the TPB, and band-bending in 

the oxide. 
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Recently, investigators have displayed evidence for this theory and shown that mixed 

potential does not always explain the sensor response.65,92-100  Wachsman et al. and Traversa et 

al. have investigated p-type (La2CuO4, LaFeO3, and LaxSr1-xFeO3) and n-type (Nb2O5, WO3, and 

Ta-doped-TiO2) metal oxides at elevated temperatures.  

2.1.3.7 Electrolyte and gas sensing electrode materials 

The primary components of a solid-state potentiometric gas sensor are the solid-electrolyte 

and the sensing electrode(s).  Yttria-stabilized zirconia (YSZ) is the most widely used solid-

electrolyte.  At elevated temperatures, pure zirconia, ZrO2, has a cubic-fluorite structure as 

shown in Figure 2-12.  At lower temperatures, the material becomes tetragonal and then 

monoclinc.85  In order to maintain the cubic-fluorite structure at lower temperatures, the zirconia 

is substitutionally doped with yttria, Y2O3, with the larger Y3+ cations stabilizing the crystal 

structure.  This results in the formation of oxygen anion vacancies in order to maintain charge 

neutrality as shown in Equation 2-15 using the Kröger-Vink notation. 

Y2O3 ZrO2
 →   2YZr

' + 3OO

x + VO

⋅⋅  (2-14) 

In addition to stabilizing the material, these oxygen vacancies are mobile at elevated 

temperatures, thus accounting for the ionic conductivity of the solid-electrolyte.  For gas sensors, 

which typically require a fast response, a typical yttria dopant concentration is 8 mol% which 

gives the maximum ionic conductivity (e.g., ~1.8 S cm2 at 800 °C).68  Because there is negligible 

electronic conduction in the YSZ, the sensing electrodes of a potentiometric gas sensor are kept 

from short circuiting, which allows an open circuit potential to be measured. 

As mentioned above, one gas sensor material of interest for detecting NOx gases is 

lanthanum copper oxide (La2CuO4+δ), a p-type metal-oxide.  The “δ” in La2CuO4+δ accomodates 

changes to the oxygen composition under certain conditions (e.g., low PO2 or very high 
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temperature) and signifies that this material can be nonstoichiometric.  However, the operating 

PO2 and temperature of the gas sensor in this work are not within the ranges that results in 

nonstoichiometry.101,102  At temperatures between 250 °C and 950 °C the material is tetragonal 

and can act as either a semiconductor (excess O2-) or as a metal (O2- deficient).  The crystal 

structure for the perovskite-type La2CuO4 can be seen in Figure 2-13.  The space group is 

I4/mmm and consists of alternating layers of perovskite-type (LaCuO3) and rocksalt-type (LaO) 

units along the long axis.103,104  XRD and mass spectrometry measurements have revealed that 

(at sufficiently high PO2) oxygen enters the La2CuO4 lattice as Oi'' and is compensated by holes 

(h·).105  Analogous to acceptor-doped semiconductors, conduction in the oxygen doped 

La2CuO4+δ involves h· transport and the Oi'' can be considered stationary due to low mobility.  

The Oi'' form in the La2O2 layers, while holes are created in the CuO2 planes by charge transfer 

with O2- anions.  Analysis of the conductivity tensor confirms this and shows conduction limited 

to the two-dimensional CuO2 planes perpendicular to the long axis.106   

Electrical conductivity can also be influenced by grain size, which is controlled with the 

sintering process during fabrication.  As the sintering temperature increases, larger grains grow 

by consuming smaller ones.  This results in grains with less restrictive grain boundaries and, 

thus, increased conductivity.  However, at certain sintering temperatures conductivity decreases 

as pathways are severed by cracks between grains.107  Grain boundaries act as sinks to impurities 

and defects, resulting in space-charge regions between intergranular contacts.108  The resultant 

band bending leads to potential (Schottky) barriers where charge carriers can become trapped.  

Therefore, a ‘semiconducting effect’ can influence the sensitivity because the energy barrier 

impedes hole transport between neighboring grains.  This changes with the bulk/surface charge 
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ratio and is a function of temperature, PO2 (from the defect model σbulk ~ PO2
1/6), grain size, and 

intrinsic/extrinsic defect concentrations. 

The potentiometric sensors studied in this work are primarily constructed from YSZ as a 

solid-electrolyte and La2CuO4 as a sensing electrode.  Pt was also used as a ‘psuedo-reference’ 

electrode and as heating elements/temperature sensors.  However, the principles investigated in 

this work can be applied to other materials. 

2.2 Related Work 

2.2.1 Techniques for Studying Gas Sensor Mechanisms 

Several types of experimental techniques may be used in any attempt to deconvolute the 

mechanisms responsible for determining the response of a gas sensor. 109,110  Any single 

technique is unlikely to yield enough information to make sound conclusions.  The techniques 

include electrical and optical measurements with the most relevant types discussed below. 

2.2.1.1 Conductivity measurements 

As discussed above, electronic and ionic conduction in a material can vary with changes in 

the concentration of mobile charged species.  Resistance measurements as a function of varying 

PO2 are often used to determine the concentration of carriers in metal oxides.  This is done with 

the construction of a Kröger-Vink diagram to determine defect equilibria.67  For sensors that may 

be based on differential electrode equilibria, this method can provide insight into changes in 

conductivity due to band-bending.  For instance, the theoretical 1/6 dependence of conductivity 

for La2CuO4 has been confirmed on many occasions.93,101,102,111,112  Furthermore, the responses of 

La2CuO4 to several pollutant gases were compared in both the potentiometric and resistive 

configurations.  Both the potentiometric and resistive sensors showed a negative response for 

oxidizing gases and a positive response for reducing gases.93  The two types of sensors also both 
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showed improved response times and lower magnitudes at higher temperatures due to favorable 

kinetics. 

2.2.1.2 Controlled-potential techniques 

The electrodes making up an electrochemical cell can be polarized to investigate the 

reactions occurring at the TPB.72  Such controlled-potential techniques (i.e., voltammetry) can be 

used to drive redox reactions.  For example, La2CuO4 based samples were polarized in an 

experiment to demonstrate how assumptions made in the mixed potential theory can lead to 

different results regarding the sensing mechanism, thereby lending support for the differential 

electrode equilibria theory.92  In a variant of these techniques, a voltage (or current) hysteresis 

loop is made and the resulting change in current (or voltage) can be measured and the peaks in 

the current-voltage plot related to the dissociation of chemical species at the TPB.  This cyclic 

voltammetry technique was used to explore selective electrocatalytic reduction of NO with a 

series of K2NiF4-type perovskites, including La2CuO4.
113,114  

2.2.1.3 Electrochemical impedance spectroscopy 

One of the most popular experimental techniques for exploring gas sensor mechanisms is 

electrochemical impedance spectroscopy (EIS).  Mass transport, rates of reactions, defects, 

microstructure, and compositional influences on conductivity can impede electron flow in an 

electrochemical cell.115  A small signal sinusoidal voltage is applied to the electrode of interest, 

or working electrode (WE), and kept constant with respect to a reference electrode (RE) using 

feedback circuitry.  The response current to flows between the WE and the counter electrode 

(CE), and is used to calculate impedance.  After performing EIS over a range of frequencies, data 

can be fit to an equivalent circuit.  For example, the presence of high- and low-frequency 

features in the EIS spectrum provided an indication for nonelectrochemical contributions to the 

NOx sensor response of a La2CuO4-Pt potentiometric sensor.116  However, the analysis of EIS 
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data can be ambiguous to interpret and in some cases multiple equivalent circuits can fit the 

data.115,117 

2.2.1.4 Mass spectrometry 

Mass spectrometry can be used to investigate homogeneous and heterogeneous catalysis in 

a specific system.  This technique is based on ionizing an analyte gas and characterizing the 

resulting ions for mass and charge.  Experiments include catalytic conversion measurements or 

the investigation of reaction kinetics (i.e., temperature programmed reaction, TPR) and 

adsorption/desorption processes (i.e., temperature programmed desorption, TPD).  For example, 

TPR and TPD experiments for NO+O2 and NO2+O2 over La2CuO4 powder were performed 

using a quadrupole mass spectrometer.94  The TPR results were believed to indicate that a 

catalytic mechanism for NO over LCO is unlikely because NO remains stable (i.e., no 

heterogeneous reactions).93-99  From TPD experiments, the LCO has displayed strong adsorption 

of NO below 450 °C, while above this temperature the gas can adsorb and desorb quickly.  This 

is believed to explain why the LCO based sensor shows very good sensitivity to NO starting 

around 450 °C.  The TPR and TPD indicate that a deviation from the mixed potential theory for 

NO might be explained with the semiconducting effect.  On the other hand, TPR experiments 

have also shown that NO2 is unstable over LCO above 450 °C and heterogeneously decomposes.  

This means that catalytic effects could be influencing the response.98  However, the TPD for NO2 

is more complicated than for NO and concrete conclusions are difficult to make. 

2.2.1.5 Kelvin probe work function measurements 

A Kelvin Probe (KP) is a non-contact, non-destructive surface science tool that allows in 

situ measurements of induced changes in the work function (WF) of a gas sensitive material due 

to modifications from adsorbed gases.118  The basic idea of this method is to form a capacitor out 

of the studied electrode and a reference electrode.119  A wire connecting one side of the reference 
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to a side of the sample completes the circuit and results in the formation of a contact potential 

difference (CPD) and electric field between them.  The CPD is related to the differences in the 

WFs (∆Φ) of the two materials.  The reference electrode (or, less commonly the sample) is 

mechanically set to vibrate vertically above the surface of the specimen.  The equivalent 

capacitance is modulated as the gap between them changes.  The relationship between 

compensating voltage (V0), the current (i), and capacitance (C) is shown in Equation 2-16, where 

Q is the charge on the capacitor plates and all voltages are assumed constant.109,118-124 

( ) ( )
dt

dC
VCV

dt

d

dt

dQ
)t(i 00 ∆Φ−=∆Φ−==  (2-15) 

V0 is adjusted until equal to the CPD (i.e., where i(t) goes to zero).  In a real experiment, 

care must be taken to ensure the WF of the KP reference electrode remains constant. Several 

techniques exist for overcoming this issue and make this a powerful technique.124,125 

2.2.1.6 Electron spectroscopic techniques 

Electron spectroscopy is a set of techniques in which the measurement of emitted electrons 

from a solid can yield information about the bulk and surface characteristics.75  Electron 

spectroscopic methods allow non-destructive, quantitative determination of oxidization states, 

local chemical environment, electronic band structure, and elemental analysis of the surface and 

subsurface of an adsorbate-material system.126  Photoelectron spectroscopy involves the 

photoemission of electrons following irradiation with electromagnetic energy (i.e., light).126-131  

In x-ray photoelectron spectroscopy (XPS) a high energy photon ionizes an atom, thereby 

ejecting a free electron from the strongly bound inner orbitals and the outer valence level 

orbitals.  As the photoelectrons emitted from the sample reach the detector, a spectrum is 

collected with characteristic peaks.126  The peak intensities depend on the photoionization cross-

section, which corresponds to the number and type of atoms present.  The number of peaks is 
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related to the number of occupied levels in the atoms with binding energies lower than that of the 

incident radiation.  The position of the peaks is dependent on the binding energy of the particular 

orbit of the electron and therefore gives elemental information.  The XPS spectrum may also 

consist of many complex features, including doublet peaks used in elemental identification; 

multiplet splitting which provides information on chemical bonding; and ‘shake-up’ satellite 

peaks used in chemical-state identification.  These appear as a result of coupling between 

electrons and atoms in the solid and are related to relaxation processes as the photoelectron 

passes through the surface into vacuum.126,128-130 

Ultraviolet photoelectron spectroscopy (UPS) is related to XPS and, in fact, the 

photoionization process is identical.126  However, the lower energy ultraviolet radiation results 

mostly in information (i.e., electrons) from the surface of the solid.  While XPS is generally used 

to characterize the bulk and subsurface regions of a solid, UPS primarily yields information 

about the electronic structure at the surface and can be used to study valence and electron bands 

or as a means to identify adsorbed surface species and investigate surface binding 

energies.75,126,131   

Auger electron spectroscopy (AES) measures Auger electrons that are emitted during XPS 

as a result of electron decay, providing additional spectra to deconvolute the compositional 

information.126  Auger electrons can also be emitted when a beam of electrons is incident on a 

surface, but there is no need to do this if the experiment already involves irradiation with x-rays. 

2.2.2 Electric-Field Effects in Surface Processes and Solid-State Devices 

Certain gas sensors known as CHEMFETs, or chemical field-effect transistors, are related 

to the standard electronic semiconductor devices such as MOSFETs.63  An electric field applied 

to a semiconductor results in modification of the carrier concentration, and these devices use this 

effect (through the use of a gate voltage) to control an electron channel through the device.63,89  
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In the CHEMFET, a gas sensitive material acts as the gate and provides a means to detect species 

when the electron conduction channel is opened from a change in the gate field.  The research 

groups of Doll et al and others have developed a modified version of the CHEMFET, called 

work function sensors or gate-refreshable CHEMFETs, in which the device takes advantage of 

the Wolkenstein’s concept of ‘electroadsorptive’ effect in order to enhance reversibility.132-135  

Another method of refreshing the sensor involves the use of UV illumination.  Furthermore, 

Tuller et al have investigated the use of photo-induced improvements in chemiresistive gas 

sensor sensitivity and selectivity, and photo-activated catalysis in solid oxide fuel cells.136,137  

Also, NEMCA involves the electric-field from the double layer created by spillover ions, and the 

process has been used in electrochemical reactors for industrial processes and discussed for use 

in other solid-state ionic technology such as batteries and fuel cells.138  These phenomena can be 

described with Wolkenstein’s electronic theory of chemisorption which will be discussed in 

detail in Chapter 5.   

2.2.3 Other Important Electrolytes and Sensing Electrodes 

Tables 2-1 and 2-2 list some of the important electrolyte and sensing electrode materials 

used in gas sensors.  As can be seen, most of the materials can be used to sense multiple gases.  

This is why improvements in the understanding of sensing mechanisms and the development of 

new materials is so important to the success of such devices.  However, the general volume of 

materials knowledge from most types of solid-state gas sensors can be used to improve and 

enhance the performance and capabilities of the potentiometric gas sensors based on differential 

electrode equilibria. 
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Figure 2-1. Solid-state ‘thermal’ (catalyst) gas sensor. Based on a figure from Azad et al.87 

 
Figure 2-2. Solid-state ‘mass’ gas sensor.  From Jinata.63 

 
Figure 2-3. Conceptual representation of a solid-state ‘optical’ gas sensor. 

 
Figure 2-4. Solid-state ‘electrochemical’ (chemiresistive) gas sensor.  Based on a figure in 

Barsan and Weimar.88 
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Figure 2-5. Schematics of Lambda (oxygen) probe and an amperometric gas sensor.  From 

Azad et al.87 

 
Figure 2-6. Relationship between Volta, surface, and Galvani potentials in a metal.  From 

Girault.70 

 
Figure 2-7. Illustration of various reaction paths that can occur at the electrical conductor, 

electrolyte, and triple-phase-boundary in an electrochemical device.  From Nowotny 
et al.74 

 
Figure 2-8. Current-potential curve from Butler-Volmer equation and Tafel plot.  From Wang. 72 
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Figure 2-9. Formation of depleted surface layer during chemisorption of O2 gas.  From Moulson 

and Herbert.85 

 
Figure 2-10. Schematic showing barriers to conduction.  From Barsan and Weimar.88 

 
Figure 2-11. Basic concept of mixed potential theory.   

 
Figure 2-12. Cubic-fluorite structure of yttria-stabilized zirconia (YSZ) solid electrolyte. 
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Figure 2-13. La2CuO4 crystal structure illustrating perovskite-type nature. 
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Table 2-1. Key electrolytes for gas sensors 
Material Gas 
YSZ CO, CO2, NOx, O2, various hydrocarbons 

β-Al2O3 CO2, AsOx 

Nafion (NaSiCON) SOx 
 
Table 2-2. Key sensing electrodes for gas sensors 
Material Gas 
SnO2 CH4, CO, NOx, H2, H2S, H2O 

LaFeO3 C2H5OH, NOx 

WO3 H2S, O3, NOx, NH3, H2, C2H6O, CO 

ZnO CO, CH4, C3H8, C2H6 
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CHAPTER 3 
DIFFERENTIAL ELECTRODE TEMPERATURE EFFECT 

3.1 Introduction 

Solid-state potentiometric gas sensors based on semiconducting metal-oxides show much 

promise as NOx detectors for applications ranging from emissions control in combustion 

exhausts to disease diagnostics breath-analysis.30,50  They are sensitive to ppm and sub-ppm 

levels of NOx, CO, and HCs and have fast response times.1,65,91,139  However, the selectivity of 

these sensors is currently inadequate for commercial application.55,56  In fact, this is the major 

limitation of most solid-state gas sensors.140  One approach for improving selectivity is the use of 

an array with multiple sensing electrodes, each with a different selectivity.  During operation the 

signals from the array are entered into linear algorithms established during an initial calibration 

process.  The array can then be used to find the concentrations of each measurant (e.g., NO).  

This approach was used for quantitative determination of CO, NO, NO2, and O3 in ambient air 

environmental monitoring with resistance-type sensing elements.141,142  Therefore, this work is 

aimed at improving selectivity of solid-state potentiometric gas sensors through local thermal 

modifications of the sensing electrodes using two investigatory gas sensor arrays.  These were 

tested as an initial proof of concept and to understand changes in sensitivity, selectivity, and 

other observed phenomena.   

3.2 Background 

Potentiometric gas sensors based on measuring the potential difference between a 

semiconducting metal oxide and a noble metal pseudo-reference electrode in the same gas 

environment offer highly selective devices that are easily manufactured and robust in harsh 

environments.143,144  These devices were originally thought to be governed solely by mixed 

potential, where an electromotive force is produced at the gas/electrode/solid-electrolyte 
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interface as a result of competing anodic and cathodic reactions occurring at a single electrode.83  

Recent evidence, however, suggests that the more inclusive differential electrode equilibria 

theory describes sensor responses that cannot be explained with the mixed potential theory 

alone.65,91-93,96-98,100,116,139,145,146  This theory predicts that the potential difference of an electrode-

pair can result from the individual equilibria of the electrodes, including differences in 

heterogeneous catalytic reactions, semiconductor band-bending, and/or electrocatalytic (mixed 

potential) reactions. 

A well-suited material for NOx detection in combustion exhausts is La2CuO4 (LCO), a p-

type semiconducting metal-oxide.  As with most gas sensing electrode materials, the sensitivity 

of LCO to NO and NO2 varies with temperature.147  At higher temperatures, a loss in NO 

sensitivity results in improved NO2 selectivity with potentiometric gas sensors using a La2CuO4-

Pt electrode-pair.  This means that thermal modification of individual electrodes in an array may 

result in improved selectivity.  To achieve maximum selectivity for each gas, an array can have, 

for instance, two La2CuO4 electrodes kept at different temperatures using a heater.  The 

selectivity of individual sensing elements can then be adjusted using this ‘differential 

temperature effect’ to achieve sufficient signal disparity for accurately calculating pollutant 

concentrations.   

Heating elements and resistance-temperature-devices (RTD) typically utilize platinum 

when designed for high-temperatures.  Platinum is an industry standard for high-temperature gas 

sensors because of excellent durability and chemical and thermal stability, even in harsh 

environments.  Though the choice of material is fairly straightforward, the actual heater and 

temperature sensor designs need to be considered.  In general, surface temperature measurements 

are very difficult and some of the best methods available include use of optical infrared sensors 
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and RTDs.  This is especially true in high-temperature environments due to the influence of the 

surrounding gas.  However, platinum RTDs can be calibrated using a simple polynomial 

equation (see Appendix A for details).148  Furthermore, heating elements can be used not only to 

heat another object but also concurrently as a temperature sensor.149,150  If the resistance of the 

heater can be accurately determined, then the temperature of the Platinum element can be 

calculated. 

3.3 Experimental 

This work involved the study of two investigatory sensor arrays to study the differential 

temperature effect.  Figure 3-1 shows the first design, which consisted of two LCO sensing 

electrodes (LCO1 and LCO2) and a platinum pseudo-reference on the top with C-shaped Pt 

elements on the opposite side aligned with the electrodes.  Many samples were made with four 

Platinum elements on the back, but for the initial experiments only three were used; one 

heater/temperature sensor aligned with the LCO1 sensing electrode and two temperature sensors.  

In order to gauge the effectiveness of the investigatory sensor array design (e.g., sensing 

electrode spacing with respect to the heater and each other), thermal analysis was used as a tool 

to determine the temperature profile of the device when heated locally.  Finite Element Modeling 

was performed using the device geometry (e.g., heater and substrate dimensions) and the 

characteristic properties of the system and device materials.151  The properties were determined 

through experiment and from available material datasheets.  One of the resulting thermal models 

for the can be seen in Figure 3-2 for an ambient furnace temperature of 450 °C and a heater 

temperature of approximately 515 °C.  The thermal gradient between the top and bottom of the 

substrate was found to be negligible because the substrate is very thin (~0.1 mm).  This means 

that Platinum temperature sensors provide good estimates for the real temperature of the sensing 

electrodes, even though they are on opposite sides of the substrate. 
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The second investigatory sensor array consists of two LCO and two Platinum sensing 

electrodes as shown in Figure 3-3.  This yields a total of six distinct signals from four sensing 

electrodes: these are sensing electrodes of similar temperature and different material; different 

temperature and different material; and different temperature and similar material.  As with the 

first investigatory array, all of the C-shaped Platinum elements aligned with the sensing 

electrodes (on the opposite side of the substrate) are used as temperature sensors.  However, in 

the second array the inner LCO and Pt electrodes are heated (LCO(2) and Pt(3)), while the outer 

LCO and Pt electrodes (LCO(1) and Pt(4)) remain near the furnace temperature. 

Platinum elements were tested using serpentine and C-shaped patterns on planar YSZ 

substrates and calibrated with custom software as described elsewhere.151  The software also 

calculated the temperatures for each electrode during the tests.  Calculated temperatures agree 

with results from the thermal modeling.  Once repeatability and stability were confirmed, 

different coplanar sensing electrodes were tested with a heater on the opposite side. 

3.3.1 Sample Preparation 

Platinum paste (Heraeus) was screen-printed as C-shaped Platinum elements on planar 

YSZ substrates (Marketech) and sintered at sufficiently high temperature to achieve good 

adhesion and a dense conduction layer.  LCO powder was synthesized using a wet-chemical 

route (auto ignition lean) and characterized in past experiments.147  The LCO powder was mixed 

with Polyethylene Glycol (PEG 8000, Fischer Scientific) to form screen printing ink.  Then, the 

Pt and LCO sensing electrodes were coated onto the opposite side of the YSZ, aligned with the 

middle of a corresponding Platinum element using a manual screen printer.  Finally, the arrays 

were sintered at a lower temperature of 800 °C for 8 hours.  X-ray diffraction (XRD) was used to 

confirm phase purity. 
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3.3.2 Test Setup 

The experimental setup consisted of a quartz furnace tube with sample holder and wire 

guides, two computers, and a bank of mass flow controllers with control box.  For these initial 

experiments a Keithley 2400 Sourcemeter, Keithley 2000 Digital Multimeter (DMM) with 10-

channel scancard, and a Keithley 2000-20 DMM with 20-channel scancard were used to control 

the heater, monitor the electrode temperatures, and acquire the OCP measurements from the 

sensing electrodes.  Two DMMs were used to avoid any possible complications associated with 

differences in the measurement ranges for the Platinum elements and the sensing electrodes.  The 

sensor array was connected to the instruments with a custom wire-harness. 

3.3.3 Testing Procedures 

Prior to testing the gas sensor array, custom software (NI LabVIEW™, Version 7.1) was 

used to calibrate the Platinum elements on the surface of the YSZ substrate.  The software 

measured the resistances of the Platinum elements as the furnace ramped to 750 °C from room 

temperature at 2-5 °C/min.  Data was acquired using a Eurotherm 2408 furnace controller and a 

Keithley 2000-20.  The resistance data was then fit to a polynomial equation describing the 

temperature dependence of the platinum resistance using either the ‘Curve Fit Tool’ in 

MATLAB™ (Version 7.0) or within the LabView program.  The software was then used to verify 

the calibration by calculating the temperature of the Pt elements while varying the furnace 

between 450 °C and 650 °C.  This allowed a direct comparison of the predicted temperatures 

with the value measured using a thermocouple in the furnace. 

The first-generation investigatory array testing was completed prior to the start of the 

second-generation array tests.  The investigatory arrays were initially tested with the furnace at 

450 °C, 500 °C, and 550 °C to gauge performance with all electrodes at the same temperature 
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(i.e., no heater bias was applied).  Custom software (NI LabVIEW™, Version 7.1) controlled the 

furnace ambient temperature, the mass flow controllers, and the heater power source, while 

simultaneously measuring the investigatory array signals.  The software also calculated the 

temperatures for each electrode using voltage and current measurements from the DMMs.  All 

equipment was periodically calibrated to ensure the accuracy of the measurements. 

All tests using the investigatory sensor arrays were conducted in 3% O2 with N2 balance at 

a total flow rate of 100 ccm (cc/minute).  The software applied voltage incrementally across the 

Platinum heaters until various setpoints were reached.  The furnace ambient was maintained at 

450 °C during all tests with the first-generation array and at 500 °C with the second-generation 

array.  The temperature of each Platinum element was monitored simultaneously during the 

heater ramp and sensor experiments.  At each setpoint, the system was allowed to equilibrate for 

approximately one hour.  The software then successively stepped gas concentrations (0, 50, 100, 

200, 400, and 650 ppm) of NO and NO2, one gas at a time, while measuring the corresponding 

open-circuit potential with a Keithley 2000. 

3.3.4 3D Reconstruction of Sensing Electrodes with FIB/SEM 

A focused-ion beam/scanning electron microscope system (FIB-SEM, FEI, Inc.) was used 

to mill through the as-deposited Pt and LCO sensing electrodes, with a micrograph image taken 

for each slice.  The slices were then reconstructed in three dimensions (Amira-ResolveRT 

version 4.0, VSG) in order to quantify microstructure (e.g., particle shape) and phase fractions 

(e.g., pore and compositional fractions) of the materials.  These techniques are only recently 

being used in gas sensors, but have been investigated in similar ceramic technology (e.g., solid 

oxide fuel cells).152 
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3.4 Results and Discussion 

The curve fits for the Pt elements were very good (R2=1) and allowed accurate 

determination of surface temperatures.  Table 3-1 shows the calculated electrode temperatures 

and power consumption for three heater voltage setpoints during tests with the first-generation 

investigatory array.  The FEM results agreed closely with the measured values (TLCO1, TPt, and 

TLCO2), which represent average temperatures for the Platinum elements.  The second-generation 

array was also in agreement with thermal modeling.  Additional details are in Appendix A. 

3.4.1 Proof of Concept 

The results for the first-generation investigatory array provided evidence that the use of a 

differential temperature between two sensing electrodes can be used to modify device 

performance.  Figure 3-4 shows the steady-state sensitivity plots for LCO1 and LCO2 versus the 

Pt pseudo-reference for NO and NO2 gas steps at several heater bias setpoints.  The responses 

were positive for NO at all concentrations but saturated at higher values.  For NO2 the responses 

were negative at low concentrations and became positive at higher concentrations.  As the heater 

temperature increases, LCO1-Pt sensitivity to NO steps decreases (Figure 3-4A), while the 

measured value for NO2 steps still shows sensitivity (Figure 3-4B).  LCO2-Pt has a similar 

sensitivity to NO2 (Figure 3-4D) as LCO1-Pt, though interestingly shows improved sensitivity to 

NO as heater temperature increases (Figure 3-4C). 

The decreasing sensitivity of LCO1-Pt to NO as the heater temperature increases is an 

improvement over the unheated sensor because the response of LCO versus Platinum is 

generally positive for increasing concentrations of NO and negative for NO2.  Therefore, the 

overall sensitivity is decreased if both gases are present because the responses tend to cancel 

each other.  With the use of the differential temperature effect, a sensor array should not have 
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this problem and the NO and NO2 concentrations should be able to be determined with the 

measurements from both electrode pairs. 

3.4.2 Changes in Sensitivity 

The second-generation investigatory sensor array was used to further explore the 

differential temperature effect.  To get an idea of the sensitivity trends with changes in absolute 

electrode temperatures, logarithmic fits of the steady-state sensor response versus gas 

concentration plots (e.g., see Figure 3-5) were made for each sensing electrode-pair at all heater 

setpoints.  Each curve represents a different heater setpoint, which in turn represents the 

sensitivity for a distinct temperature difference (dT) between the electrodes.  The slopes of these 

plots represent the sensitivity (mV change in signal per decade change in gas concentration).  

Figures 3-6 through 3-11 show the six unique signals for NO and NO2 gas steps, grouped as 

electrode-pairs made of electrodes of similar materials and dissimilar temperatures; electrodes of 

dissimilar materials and similar temperature; and electrodes of dissimilar materials and dissimilar 

temperatures. 

As seen in Figures 3-6 and 3-7, the NO sensitivity of the LCO(4)-LCO(2) electrode-pair 

significantly rises as the temperature of the LCO(2) electrode increases beyond the temperature 

of LCO(4).  In fact there is almost an increase of ten times the initial sensitivity when no 

temperature difference exists between the electrodes.  In contrast, as the heater setpoints 

increase, the NO2 sensitivity decreases to almost zero.  There is a slight increase in sensitivity at 

later setpoints, but at least over a small range of the setpoints this electrode-pair is insensitive to 

NO2.  Therefore this electrode-pair was effectively NO selective. 

The sensitivity trends with increasing heater setpoint for the Pt(3)-Pt(1) electrode-pair can 

also be seen in Figures 3-6 and 3-7.  The NO sensitivity initially becomes more negative than the 

case without local heating, and then becomes more positive as the temperature difference 
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increases.  The NO2 sensitivity initially goes more negative and decreases rather significantly, 

and then moves in the positive direction as the temperature difference increases further.  After 

the initial change in sensitivity, the decreasing NO sensitivity is much slower than the change for 

NO2 sensitivity. 

The sensitivity trends for LCO(2)-Pt(3) can be seen in Figures 3-8 and 3-9.  The NO 

sensitivity decreases to almost zero, which effectively makes this electrode-pair selective to NO2.  

However, the NO2 sensitivity becomes more positive and changes from a negative response to a 

positive response as the temperature difference between the electrodes increases.  Therefore, this 

electrode-pair is selective to NO2.  Note that there was a slight difference in the temperature that 

resulted in small changes in sensitivity. 

As can be seen in Figure 3-8 and 3-9 for the LCO(4)-Pt(1) electrode-pair, the NO 

sensitivity remains nearly fixed at the level where the signal is without localized heating.  

However, the NO2 sensitivity becomes more positive and changes from a negative response to a 

positive response as the temperature difference between the electrodes increases. 

Figures 3-10 and 3-11 shows the NO and NO2 sensitivity trends for the LCO(2)-Pt(1) 

electrode-pair.  The NO sensitivity becomes increasingly negative as the temperature difference 

between the electrodes is increased.  Also, the sensitivity to NO2 becomes more positive and 

increases nearly five times compared to the sensitivity without a temperature difference between 

the two electrodes.  There was a very large change in NO sensitivity between the first and second 

heater setpoints, while the NO2 sensitivity remained near its initial value.  However, after the 

first few heater setpoints, there were larger changes in NO2 sensitivity compared to NO 

sensitivity as the heater temperature increased further. 
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Finally, the trends in sensitivity of NO and NO2 for the LCO(4)-Pt(3) electrode-pair are 

displayed in Figures 3-10 and 3-11.  The sensitivity to NO nearly doubles with respect to the 

condition without a difference in temperature between the electrodes.  Also, the sensitivity to 

NO2 becomes more positive and changes from a negative response to a positive response as the 

temperature difference between the electrodes increases. 

3.4.3 Baseline Shifts 

There were variations in the temperature difference between sensing electrodes in a given 

sensing electrode-pair as the heater setpoints increased.  In some cases this change was large, 

while in others the temperature of both electrodes remained about the same.  As this occurred, 

there was an increase or decrease in the baseline voltage measured in only 3% O2 with N2 

balance (i.e., 0 ppm NO or NO2).  For large differences in electrode temperature, the baseline 

shift tended to be greater than for small differences in electrode temperature.  The trends of the 

baseline shift for the Pt(1)-LCO(4), LCO(2)-LCO(4), LCO(2)-Pt(1), and Pt(3)-Pt(1) electrode-

pairs is shown in Figure 3-12.   

The resulting baseline voltage was negative if the sensing electrode at higher temperature 

was attached to the positive terminal of the voltmeter and the lower temperature sensing 

electrode to the negative terminal.  This trend was also seen with the first-generation array. 

A potentiometric gas sensor with electrodes at the same temperature typically returns to a 

value near zero after the gas (e.g., NO or NO2) concentration returns to 0 ppm, and only O2 (N2 

balance) is flowing.  This can be explained with the Nernst equation where, for an unheated 

sensor, the oxygen concentrations and the temperatures for the electrodes are equal and therefore 

the potential difference (E) is zero.150  When the Nernst equation is expanded as in Equation 3-1, 

the temperature of each electrode becomes important. 
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In deriving the Nernst equation, one assumes that the Electrode/YSZ interface is at 

equilibrium with the gas phase.153,154  Therefore, the potential difference between two electrodes 

depends on the temperature and partial pressure of oxygen at each electrode.  In the unheated 

case when no reactive gas is present, the oxygen in the gas phase is in equilibrium with the 

oxygen in the YSZ.  Therefore, Equation 3-1 applies and the measured potential difference can 

be described as Nernstian.  When a gas mixture with reacting gases is present, the possibility 

arises for a departure from equilibrium with the gas phase because of competing reactions 

occurring at the electrodes.84,153,154  This non-equilibrium situation does not follow Equation 3-1, 

and the measured signals are called non-Nernstian.  In this case one has to consider the activities 

of the gas species present rather than their partial pressures, as shown in Equation 3-2. 
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Theoretically, the observed baseline shifts in the current work could have occurred due to 

the differences in electrode temperature as explained with Equation 3-1.  However, using the 

electrode temperatures measured with the Pt elements, theoretical calculations are far from the 

observed values for baseline shifts in only O2.  Therefore, this indicates that the shifts in the 

baseline measurements do not follow the Nernst equation (though still not technically classified 

as “non-Nernstian”).  If local thermal modifications result in changes in the activity, then 

Equation 2 might give values of the EMF which are close to the measured baselines.  However, 

at this time no satisfactory explanation exists to explain the observed baseline shifts. 
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The nature of a potentiometric measurement is such that each electrode in an electrode-pair 

contributes to the measured (potential difference) signal.  This being the case, changes to the 

sensitivity of an electrode-pair are possible through modification of the individual temperatures 

of each electrode.  As mentioned above, with the introduction of reactive gas mixtures the Nernst 

equation may not apply due to non-equilibrium conditions.  Others have claimed that the non-

Nernstian signal arises due to the formation of a mixed potential due to competing reactions at 

the electrodes.84  However, we have been working to explain the more general theory of 

differential electrode equilibria” for the origins of these signals.  This theory takes into 

consideration differences in electrode equilibria arising from such sources as mixed potential, 

catalytic activity, and the semiconducting response of electrodes.  Therefore, the trends in 

sensitivity with local thermal modification of electrodes theoretically could be a result of 

changes to any of these electrode equilibria contributions. 

3.4.4 3D Reconstructions and Analysis 

Figure 3-13 shows 3D reconstructions for a porous Pt electrode on YSZ and a porous LCO 

electrode.  The scale in these images is different; the Pt electrode had large pores (e.g., YSZ 

electrolyte can be seen through electrode) and particle sizes on the order of 0.75 to 1 micron, 

while the LCO electrode had plate-like particles (i.e., a tortuous gas pathway) with pores and 

particle sizes on the order of 0.15 to 0.25 microns.  From these reconstructions, the phase 

fraction and tortuosity were calculated.  Phase fractions as a function of depth from the electrode 

(i.e., Pt or LCO) surface are shown in Figures 3-13A and 3-13B.  The Pt and porous phases 

remain fairly even (50% / 50%) throughout most of the electrode, until the porosity begins to 

increase near the Pt/YSZ interface.  The LCO electrode, on the other hand, consisted of nano-

sized grains, and therefore had a much greater phase-fraction consisting of porosity. 
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The tortuosity of the electrodes can be seen in Figures 3-14C and 3-14D for Pt and LCO, 

respectively.  Here we can see that the nano-sized LCO resulted in a more highly tortuous gas 

pathway than the Pt electrode.  The torutosity of the LCO electrode can be visualized in Figure 

3-15, where the nodal network is shown.  The tortuosity dictates the relative kinetics of mass 

transport between the electrodes, and thus will result in different contributions to the individual 

EMFs formed at the Pt and LCO.  Furthermore, this can be related to the relative effect of 

differential electrode temperatures. 

3.5 Conclusions 

Two investigatory gas sensor arrays with integrated Platinum heaters and temperature 

sensors have been fabricated and tested to investigate the differential electrode temperature 

effect.  Modulating the temperature of individual sensing electrodes was shown to change 

selectivity and should allow detection of NO and NO2 in NOx gas mixtures.  Furthermore, 

additional sensing electrode materials can be added to the array to detect more gas species (e.g., 

CO).  While several explanations were offered to explain the baseline shifts with differences in 

electrode temperatures, there is still not definitive proof as to their origin.  However, the baseline 

shifts do not take away from the enhancements in selectivity now possible with this technique; 

the responses were still reversible.  Though future experiments will aim to resolve the baseline 

shift question, possibly using a modified form of Solid Electrolyte Potentiometry (SEP) to 

investigate the contribution of thermal gradients as a source of the non-equilibrium conditions. 
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Figure 3-1. Schematic of first-generation investigatory gas sensor array.  The top view is and 

the cross-section through A-A' are shown in A) and B), respectively. 

 
Figure 3-2. Thermal model for first-generation investigatory gas sensor array. 

 
Figure 3-3. Schematic of second-generation investigatory array.  The top view is and the cross-

section through A-A' are shown in A) and B), respectively. 
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Figure 3-4. La2CuO4-Pt sensor response to NOx as a function of heater voltage setpoint.  LCO1-

Pt is shown in A) and B) for NO and NO2, respectively.  The response of LCO2-Pt 
is shown in C) for NO and D) for NO2. 

 
Figure 3-5. Plots of steady-state sensor response versus gas concentration for Pt(3)-LCO(4).  

The results for NO and NO2 gas steps can be seen in A) and B) respectively. The 
slopes from (log scale) plots such as these were used to obtain trends in sensitivity 
as heater temperature increased. 
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Figure 3-6. NO sensor response from the LCO(4)-LCO(2) and Pt(3)-Pt(1) signals as a function 

of the difference in temperature between the electrodes of each electrode-pair. 
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Figure 3-7. NO2 sensor response from the LCO(4)-LCO(2) and Pt(3)-Pt(1) signals as a function 

of the difference in temperature between the electrodes of each electrode-pair. 
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Figure 3-8. NO sensor response from the LCO(2)-Pt(3) and LCO(4)-Pt(1) signals as a function 

of the difference in temperature between the electrodes of each electrode-pair. 
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Figure 3-9. NO2 sensor response from the LCO(2)-Pt(3) and LCO(4)-Pt(1) signals as a function 

of the difference in temperature between the electrodes of each electrode-pair. 
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Figure 3-10. NO sensor response from the LCO(4)-Pt(3) and LCO(2)-Pt(1) signals as a function 

of the difference in temperature between the electrodes of each electrode-pair. 
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Figure 3-11. NO2 sensor response from the LCO(4)-Pt(3) and LCO(2)-Pt(1) signals as a function 

of the difference in temperature between the electrodes of each electrode-pair. 
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Figure 3-12. Baseline shifts versus difference in temperature between the electrodes of each 

electrode-pair.  
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Figure 3-13. 3D reconstructions of two electrode materials made using images from FIB-SEM 

slices.  A) shows the reconstruction for LCO/YSZ, while B) shows that of Pt/YSZ. 
C) and D) show the reconstruction concept for LCO/YSZ and Pt/YSZ, respectively. 

 
Figure 3-14. Phase fraction and tortuosity as determined from 3D reconstruction of Pt/YSZ and 

LCO/YSZ.  A) and C) show the results for the Pt/YSZ sample, while those of the 
LCO/YSZ sample can be seen in B) and D). 
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Figure 3-15. 3D skeleton reconstruction of LCO and pore structure on YSZ.  In A) the LCO 

nodal network is in blue, while B) has the additional nodal network of the pores 
shown in green.  The YSZ is shown in black. 
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Table 3-1. Surface temperature measurements and heater power at three voltage setpoints 
Setpoint Applied voltage (V) Heater power (mW) TLCO1 (°C) TPt (°C) TLCO2 (°C) 
1 1.5 70 460 452 450 
2 2.5 185 484 454 451 
3 3.5 360 515 457 452 
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CHAPTER 4 
THERMALLY ENHANCED GAS SENSOR ARRAY 

4.1 Introduction 

Gas sensors are needed to monitor and control emissions in combustion exhausts and 

industrial processes due to concern for health, environmental, and economic issues.  The gas 

mixtures of interest involve such species as N2, O2, CO2, CO, NO, and NO2.  In gas mixtures, 

some correlation typically exists between components, but as more gases are added the 

determination of individual gas concentrations from sensor signals becomes increasingly 

difficult.  Selective detection of individual gases is critical if complex gas mixtures are to be 

easily analyzed.  However, currently available detection methods for these gases are non-

selective, expensive, or ill-suited for harsh environments.  Therefore, there is a need for low cost, 

robust devices for applications such as with on-board diagnostic systems in automobiles.  Of 

particular interest is the potentiometric gas sensor, whose signal consists of the potential 

difference between two sensing electrodes on the surface of a solid electrolyte. 

Many solid-state gas sensor arrays are heated (using various means), while some merely 

operate at ambient temperatures.141,143,151,155-157  In the former, the entire device tends to be 

heated to a single temperature.  In other instances, the sensing electrodes and associated 

components (e.g., electrolyte and/or heaters) exist as separate devices, each operating at the 

optimal temperature, housed in a single enclosure.141  In Chapter 3, it was shown that a single 

device with multiple sensing electrodes locally heated to different temperatures can significantly 

improve selectivity and sensitivity.157  These potentiometric gas sensor arrays show promise for 

selective detection over a large range of gas concentrations and temperatures.  Furthermore, the 

indirect and direct detection of individual NO and NO2 concentrations were demonstrated using 

various sensor array designs. 
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In this study the effects of ambient temperature, gas flow rates, and the local electrode 

temperature on the sensor signal were examined.  The gas sensor array was also tested using 

different gas mixtures of O2, NOx, and COx.  Depending on the combination of these parameters, 

the sensor showed variations in sensitivity and selectivity.  In addition, temperature programmed 

reaction (TPR), temperature programmed desorption (TPD), x-ray photoelectron spectroscopy 

(XPS), and diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) data from past 

work was used to explain the more significant results. 

4.2 Background 

Solid-state potentiometric gas sensors have been demonstrated as highly selective devices 

that are easily manufactured and can withstand harsh environments.143  These sensors are based 

on measurements of the potential difference between two different electrodes, often a 

semiconducting metal-oxide and noble metal (pseudo-reference) electrode in the same gas 

environment.  Three general categories of potentiometric gas sensors exist as described by 

Wiemhofer and Gopel, Moseley, and others.84,158-160  The first type of sensor is based on the 

thermodynamic equilibration of the gas with either a mobile or immobile component of the 

electrolyte.  These sensors probe the electro-chemical potential of the electrons (i.e., the Fermi 

level) in the solid ionic conductor at the gas/electrode/solid-electrolyte interface (i.e., triple phase 

boundary, or TPB).  The second class of sensor utilizes an auxiliary phase that couples the 

chemical potential of an analyte to an unrelated mobile ion in the solid electrolyte.  The last class 

of sensors involves the simultaneous presence of multiple, competing anodic and cathodic 

electrochemical reactions occurring at each TPB (i.e., mixed potential), when the electrodes are 

exposed to the same environment.  Recent evidence, however, suggests that the differential 

electrode equilibria theory more appropriately describes the response of this type of sensor.  This 

theory is based on the idea that the measured potential difference results from dissimilar 
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equilibria (such as from variations in heterogeneous catalytic reactions, adsorptive-based band-

bending, and/or electrocatalytic reactions) generated at each electrode.65 

In order to fully evaluate the semiconducting effect on the potential generated at each 

electrode, one needs to consider the relationship between the Fermi level and adsorption 

equilibria.  The Fermi level is essentially the electrochemical potential of the electrons in the 

electrodes.  Were the electrodes of the electrochemical cells connected, their Fermi levels would 

eventually become equal as equilibration occurred.  However, since the potentiometric sensor 

operates at open-circuit conditions, the cell voltage is equivalent to a difference in the Fermi 

levels between the electrodes.159  With the use of a semiconducting material, the Fermi level of 

the electrode can change as gas adsorbs on the surface.161  Our recent work utilizing XPS, 

DRIFTS, and temperature programmed techniques has provided evidence for the formation of 

charged surface complexes upon exposure to various pollutant gases.96-98,145,146  The results have 

suggested, at least in the case of NO, that the sensor response is primarily an adsorptive effect.146  

For NO2 there exists the possibility that the adsorptive effect also alters the supply of electrons to 

the electrocatalytic reactions occurring at the TPB.  As a result of evidence from chemiresistive 

and potentiometric gas sensor research, these effects should dominate with many other 

semiconducting electrodes.139,162 

4.3 Experimental 

For the prototype gas sensor arrays discussed in this work, manual screenprinting was 

utilized to construct the various elements of each device.  Due to the numerous materials and 

patterns used, fabrication involved several steps of deposition, drying, and sintering.  After a 

device was made and loaded into the test setup, an initial calibration was conducted for the 

heating elements and temperature sensors.  Gas sensor experiments without localized heating 

were also performed at this time.  The sensor array was then evaluated for changes in 
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performance as the result of local thermal modification.  This included experiments to see the 

effect of flow rate, ambient and local electrode temperature, gas mixture composition. 

4.3.1 Sample Preparation 

La2CuO4 (LCO) powder was synthesized using a wet-chemical route and made into an ink 

as described previously.157  Pt ink (Heraeus) was screenprinted as C-shaped elements on planar 

yttria-stabilzed zirconia (YSZ) substrates (Marketech) and sintered at sufficiently high 

temperature to achieve good adhesion and dense microstructure.  Then, Pt and LCO sensing 

electrodes were deposited onto the opposite side of the YSZ.  As shown in Figure 4-1, the device 

consisted of two Pt and two LCO sensing electrodes, coplanar on the surface of a YSZ substrate.  

On the opposite side of the YSZ, aligned with the sensing electrodes were C-shaped Pt elements.  

The inner two Pt elements were used as heaters and temperature sensors, while the outer two 

acted only as temperature sensors.  The array provided six unique signals based on three sets of 

different electrode-pairs.  These are electrodes of different materials with similar temperatures, 

different materials with different temperatures, and similar materials with different temperatures.   

4.3.2 Automated Experimental Setup 

The test setup was a controlled gas environment consisting of a quartz tube with sample 

holder that placed the device within the hot zone of a furnace.  A custom wire-harness coupled 

the device to various pieces of electronic equipment as described in past work.157  Mass flow 

controllers were attached to a manifold in order to control the gas composition and total flow rate 

during experiments.  A computer using a custom program (NI LabVIEW™, Version 7.1) 

controlled the heating elements, calculated local surface temperatures, monitored and adjusted 

the ambient furnace temperature, recorded the array signals, and changed gas concentrations 

during experiments. 
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4.3.3 Experimental Procedure 

Prior to testing the gas sensor array, custom software was used to calibrate the C-shaped Pt 

elements.  As demonstrated in past results, the calculated temperatures agreed with results from 

thermal modeling151,157.  Subsequently, the software applied power to the Pt heaters aligned with 

LCO(2) and Pt(3).  The temperature of each Pt element was monitored simultaneously during the 

heater ramp and sensor experiments as described previously.  During the heater ramps, 3 % O2 

and 97 % N2 flowed through the quartz tube.  After an appropriate delay, the software stepped 

through two up/down loops for gas concentrations (0, 50, 100, 200, 400, and 650 ppm) of NO 

and NO2 successively in 3 % O2 with N2 balance, while measuring the corresponding open-

circuit potential of each sensing electrode-pair.  When gas mixture experiments were being 

tested, a static gas of NO2 (NO) was introduced at the beginning of the NO (NO2) gas stepping 

sequence and the system was allowed to equilibrate before proceeding.  After NO (0 and 200 

ppm static NO2) gas steps were run, the program tested the sensor array for NO2 (0 and 200 ppm 

static NO) gas steps.  After all the respective gas stepping runs were completed at a particular 

ambient temperature the program adjusted the furnace setpoint.  Furnace temperatures varied 

from 650 °C to 500 °C.  This procedure was repeated for various Pt heater setpoints.  Also, total 

flow rates of 100 to 300 ccm were tested. 

4.4 Results and Discussion 

The prototype gas sensor array was tested for various gas mixtures, flow rates, and 

ambient/surface temperature combinations.  As mentioned earlier, a total of six sensor signals 

were monitored during all experiments.  Each signal and experimental condition verified that the 

thermal modification of individual potentiometric sensing electrodes can result in enhanced 

sensor performance.  However, only the most significant results will be discussed in detail.   
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4.4.1 NOx Gas Mixtures 

The NOx gas mixture results shown here are for NO (0 and 200 ppm NO2) gas steps and 

NO2 (0 and 200 ppm NO) gas steps.  The total flow rate was 300 ccm and the ambient 

temperature was 600 °C for the data shown.  Under these conditions the prototype gas sensor 

array provided very clear proof that individual changes in local electrode temperatures improved 

the sensitivity and selectivity of the device.   

4.4.1.1 NO2 selectivity 

The LCO(2)-Pt(1) sensor response (linear scale) to NO2 gas steps for various heater 

setpoints is shown in Figure 4-2.  Also marked in the figure are the changes in the measured 

signals between the 0 ppm NO2 baseline (i.e., only 3% O2, N2 balance) and the 200 ppm NO2 gas 

step.  Without the use of the heaters, a change from 0 ppm to 200 ppm NO2 modified the 

response by approximately 3.5 mV.  When a small amount of power was delivered to the heaters 

(~21 mW), the measured voltage difference changed to 5 mV upon introduction 200 ppm NO2.  

At even higher power settings, the voltage difference change was 6.5 mV.  As heater power 

increased, so did the temperature of the LCO(2) electrode.  Due to the location of the other 

electrodes relative to the heaters, the Pt(1) electrode temperature varied slightly but remained 

close to that of the ambient.  These changes in local electrode temperature were what caused the 

variations in sensor output. 

Figure 4-3 represents the LCO(2)-Pt(1) sensor response (log scale) to NO2 for gas mixtures 

with static concentrations of 0 ppm NO (solid lines) and 200 ppm NO (dashed lines).  The 

square, circle, and diamond symbols represent the conditions where 0, ~21, and ~81 mW of total 

power were delivered to the Pt heating elements.  As can be seen for NO2, the slope of each set 

of lines (i.e., the sensitivity, or mV change in signal per decade change in gas concentration) 

increased in magnitude as additional heater power was supplied.  Furthermore, the sensitivity 
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was mostly unaltered when NO was added to the NO2 gas steps.  This is significant because the 

results indicate that the LCO(2)-Pt(1) electrode-pair was NO2 selective. 

Figure 4-4 shows the sensor response for NO gas exposure (log scale) with 0 ppm NO2 

(solid lines) and 200 ppm NO2 (dashed lines).  The positive sensitivity to NO decreased toward 

zero as the heater power increased.  Also marked in this figure for each heater setpoint are the 

approximate shifts in NO sensitivity when 200 ppm NO2 was added to the gas mixture.  The 

shifts were all negative as expected when considering the larger (negative) response to NO2 as 

seen in Figures 4-2 and 4-3.  For low power levels, the shift was more prominent at larger NO 

concentrations.  This was likely due to the fact that the response to NO and NO2 were in opposite 

directions and had different slopes (i.e., sensitivities).  Without the use of the heaters, the shift in 

the sensor response was 0.18 to 1.3 mV along the entire NO concentration range.  For ~21 mW 

of heater power, the shift was between 3.2 and 3.7 mW.  Therefore, as the heater power 

increased the shift became more uniform over the entire range of NO concentrations probed.  At 

approximately 81 mW the heater power was sufficient to reduce the NO sensitivity to such a 

degree that the response curve was essentially horizontal.  When 200 ppm NO2 was introduced 

for this setpoint, the curve remained horizontal but shifted to more negative values by 6.8 mV.   

When the results for NO (0 ppm and 200 ppm NO2) in Figure 4-4 are compared to the 

changes in voltage between the 0 ppm NO2 baseline and 200 ppm NO2 gas step (Figure 4-2), the 

improved NO2 selectivity due to changes in local electrode temperature becomes apparent.  

Without the use of the heating elements, the measured shift of the LCO(2)-Pt(1) electrode-pair 

when 200 ppm NO2 was added to the NO gas mixture was (3.32 to 2.2 mV) lower than the 

expected value.  This was a significant amount when considering the overall magnitude of the 

response.  In a gas sensor, this type of discrepancy can be debilitating when trying to determine 
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individual concentrations of species in a gas mixture because the actual voltage measured would 

be different from the anticipated value.  However, the much improved NO2 selectivity achieved 

for a heater setpoint of ~81 mW had a difference of only 0.3 mV from what was expected. 

In summary, the LCO(2)-Pt(1) electrode-pair demonstrated that the array was capable of 

NO2 selectivity through the use of local thermal modifications to (primarily) one of the 

electrodes.  The NO and NO2 sensitivity (mV/decade ppm) as a function of total heater power is 

shown in Figure 4-5 for the various NOx mixtures.  As is clear from the plot, the NO sensitivity 

went to zero (when heater power was ~81 mW) even in the presence of 200 ppm NO2.  

Furthermore, the NO2 sensitivity almost doubled at the same heater setpoint that the NO2 

selectivity was achieved.  The overall improvements to the device are clear when considering 

these changes in sensitivity and the more consistent voltage shifts observed with exposure of gas 

mixtures to NO and NO2.  Understanding why these improvements happened will be integral to 

the design of the next generation sensor arrays. 

4.4.1.2 Total NOx sensitivity 

Another relevant array signal to consider is that of the LCO(2)-LCO(4) electrode-pair.  

Referring to Figure 4-1, the temperature of LCO(2) became elevated with respect to the LCO(4) 

electrode (as well as the ambient) when power was delivered to the heaters because of the 

location of the electrodes about the array.  Furthermore, without the use of the heaters one would 

expect zero NOx sensitivity for this signal since the sensing electrodes are made of the same 

material and due to the symmetric arrangement of the Pt and LCO sensing electrodes.  However, 

as can be seen in Figure 4-6, while there was minimal NO sensitivity there was a more evident 

NO2 response even without the use of the heaters.  This can be explained, at least in part, as a 

result of the fabrication process, in which slight variations in the manual screenprinting 

parameters might have caused differences in the geometry of the electrodes and/or in the 
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microstructure of the various sensing structures (e.g., electrode and electrode/electrolyte 

interface) on the device.  The properties of these sensor features have been shown to affect the 

responses of potentiometric and chemiresistive sensors.147,163-165  However, this does not change 

the underlying significance of the results from this electrode-pair signal. 

Figure 4-7 shows how the LCO(2)-LCO(4) electrode-pair was able to detect total NOx 

concentrations when NO and NO2 co-existed in a gas mixture.  This data represents the case for 

~81 mW of total heater power, where the square symbols represent NO gas steps and the circle 

symbols are for NO2 gas steps.  Filled symbols (dashed lines) represent the instances when NOx 

gas mixtures were tested.  The response to NO2 and NO gas steps always showed a negative 

slope (i.e., sensitivity) at this ambient temperature, even when NOx gas mixtures were present.  

Furthermore, the shift in the LCO(2)-LCO(4) signal was always a larger (more negative) value 

regardless of whether NO was added to NO2 gas steps, or NO2 during NO gas steps.  As with the 

LCO(2)-Pt(1) signal, this was likely a result of the fact that the LCO(2)-LCO(4) signal had 

negative sensitivity for both NO and NO2 gas steps.  Figures 4-6 and 4-7 both show that only 

minor changes in sensitivity occurred as a result of the shifts in sensor response when 200 ppm 

NO (NO2) was added during NO2 (NO) gas steps.  The total-NOx sensing capabilities of the 

LCO(2)-LCO(4) electrode-pair was further demonstrated with the fact that the signal had a 

distinct value for each combination of NO and NO2 concentrations.  Furthermore, the results for 

the NO and NO2 gas steps were in agreement.  In order to fully understand the reasons why this 

electrode-pair was able to provide total-NOx sensing, there is a need to compare the results from 

the signal to the conclusions that have been drawn in previous work. 

4.4.1.3 Possible explanations for sensing electrode-pair response 

Because the LCO(2)-LCO(4) signal resulted from two electrodes of the same, well-studied, 

(p-type) semiconducting material, there is the opportunity to relate the sensor response directly to 
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the results from XPS, DRIFTS, and temperature-programmed reaction (TPR) and desorption 

(TPD) experiments that have been conducted in the past.98,145,146  During NO adsorption, the 

formation of a nitrite, NO2¯, surface species has been proposed to remove one electron from 

LCO for every NO molecule adsorbed, which would raise the potential (i.e., Fermi level) of the 

electrode.  Isotopically labeled oxygen TPR and TPD results suggested that this occurs as the NO 

molecule consumes a subsurface oxygen ion from the LCO, without the involvement of any 

adsorbed oxygen.  Thus, the locally removed electron maintains charge neutrality after the 

adsorbate takes the lattice oxygen, which is an acceptor dopant in the LCO.145,146,166  Upon 

desorption, the oxygen is returned to the LCO lattice, which explains the reversibility of the 

sensor response.  Nitrate, NO3¯, formation from the adsorbed NO2¯ would result in the extraction 

of a total of 3 electrons (2 more after conversion from nitrite) from LCO for every original NO 

molecule adsorbed.  On the other hand, nitrite formation from an NO2 molecule would cause a 

single hole to be removed from the LCO (thereby lowering the potential) to maintain charge 

neutrality.  In this case, a lattice oxygen is not removed from the LCO.  However, nitrate 

formation from the NO2-spurred nitrite species would take a lattice oxygen and remove an 

electron from LCO (thereby raising the potential).  On LCO, nitrite and nitrate groups exist in 

varying amounts at different temperatures for both NO and NO2 adsorption due to inherent 

differences in the complex stabilities.145,166-168  Furthermore, the proposed mechanisms for NO2 

and NO adsorption involve the interconversion between nitrite and nitrate species during some 

overlapping temperature range.  Consequently, the ratio of nitrate: nitrite species in both the NO 

and NO2 adsorption cases will change depending on the temperature.  As the temperature 

increases past some critical point, the ratio will be greater than unity as the nitrite group begins to 

convert into the more stable nitrate species in greater numbers.145,146 
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In the DRIFTS and XPS work, the gases were adsorbed at 225 °C and quenched in order to 

maximize surface coverage for the full range of adsorbate species evolving during the TPD 

experiments.  Those studies were aimed at identifying the surface complex species, while the 

labeled oxygen experiments were conducted to assign the species to the various TPD peaks and 

understand the role of LCO lattice oxygen in the sensing mechanism.98,145,146  While the 

desorption peaks in the TPD experiments were below the temperature range investigated in this 

paper, under continuous flow conditions there will be NOx adsorbed on the surface of LCO even 

at these higher temperatures.  Above the peak temperatures the rate of desorption merely exceeds 

the rate of adsorption, and NOx adsorbates still exist on the surface.  Also note that the past TPD 

results were for powder samples.97,98,145,146,169  Therefore, the temperatures of the desorption 

peaks, and hence the range of temperatures at which each surface species exist, will shift upward 

with a solid electrode due to decreased surface area.170,171  In addition, the La2CuO4 from the 

previous experimental studies contained minor copper oxide phase impurities, which could 

account for some of the operating temperatures differences seen in the current investigation.98  

Subsequent work has utilized inductively coupled plasma (ICP) spectroscopy to verify precursor 

concentrations prior to powder synthesis, which has minimized impurities.  In fact, LCO sensors 

have been manually fabricated on separate occasions with resulting optimum sensing 

performance from 400 – 600 °C in some instances and 500 – 700 °C in others.98,147,157,164,165  

Furthermore, we have shown that geometrical and microstructural differences can affect the 

range of operating temperatures, sensitivity, and response time of these sensors.147,165  Finally, 

more recent results demonstrated that sample configuration (i.e., proximity of catalyst layers or 

method of electronic lead attachment) can alter performance.164  In light of the preceding 
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comments, we believe that the proposed mechanisms are likely to have remained the same for 

the LCO(2)-LCO(4) signal as described in the analysis below. 

When power was applied to the heaters, the LCO(2)-LCO(4) signal showed a negative 

response to increasing concentrations of both NO and NO2.  Normally if an electrode-pair of a 

potentiometric gas sensor is sensitive to both NO and NO2, the responses are in opposite 

directions.98,147  This happens to cause a drop in the measured signal for simultaneous NOx 

exposure.  Therefore, the LCO(2)-LCO(4) signal may have an advantage for total-NOx sensing.  

For the reasons mentioned above, there is only one other known case where a potentiometric gas 

sensor has been used to detect total NOx without a drop in response magnitude.172  However, in 

these devices the sensor really only detected NO2 because a PtY filter (upstream of the sensor) 

selectively converted NO into NO2 before being exposed to the sensing elements.  There are a 

few more examples of total-NOx sensors, but most do not actually qualify as such. 

As the total heater power increased for the array, the temperature at the LCO(2) electrode 

increased relative to LCO(4) and the ambient.  In the case of NO gas steps, the negative response 

for the LCO(2)-LCO(4) signal may have been due to decreased total (nitrite and nitrate) surface 

coverage at the LCO(2) electrode compared with the lower temperature LCO(4).  This would 

lower the total amount of charge injected into LCO(2), and hence decrease the extent of band-

bending.  Though no direct experimental proof exists, we believe that the LCO(2) Fermi level 

would decrease (relative to the previous value) even if there was an increase in the nitrate:nitrite 

ratio, which as discussed before would occur because the nitrate is the more thermally stable 

group.  Therefore as the heater power increased, the potential of LCO(2) would have decreased 

and the resulting electrode-pair measurement would become more negative, as observed.   
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In the case of NO2 gas steps, the ratio of nitrate:nitrite species would have also risen as the 

LCO(2) temperature increased.  However, the temperatures at which these complexes existed 

would be higher than that of the corresponding species resulting from NO adsorption.98,145,146  

Furthermore, past TPD experiments showed approximately a 2:1 ratio for NO2 to NO surface 

coverage on LCO.98  Therefore without the use of the heaters, the higher overall surface 

coverage during NO2 exposure was likely the cause for the nearly double NO2 sensitivity when 

compared to that of NO (Figure 4-6).  Interestingly, when the heater power was increased, the 

difference between the NO and NO2 sensitivities also increased.  In fact with a total heater power 

of ~81 mW, the NO2 sensitivity was approximately triple the NO sensitivity.  As with the case of 

NO exposure, there is the possibility that differences in the nitrate:nitrite ratio as the temperature 

of LCO(2) increased were the cause for the changes in NO2 response.  However, without 

additional experiments there is no way to determine whether the modified NO2 sensitivity was 

due to this or changes in surface coverage.  But these observations do demonstrate the 

importance of adsorptive properties in determining the voltage response of a potentiometric 

sensor involving at least one semiconducting electrode.  

4.4.1.4 Determining NO and NO2 concentrations 

In general, gas sensors require a calibration in order to correlate the output of the 

transducer to the known value of input (i.e., gas concentration).  In this work, the sensor array 

prototype was demonstrated to have the capability of NO2 selectivity with the LCO(2)-Pt(1) 

signal and to sense total-NOx using the LCO(2)-LCO(4) electrode-pair.  Therefore, simple linear 

math can be used to determine the individual NO and NO2 concentrations from the calibration 

curves of these two signals (e.g., Figures 4-4 and 4-6).  For example, suppose the sensor array 

outputs a value of approximately 26.5 mV for the LCO(2)-LCO(4) electrode-pair and 27.5 mV 

for the LCO(2)-Pt(1) signal.  Then, using the calibration curve for LCO(2)-LCO(4) the predicted 
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concentration of pollutant gases is 400 ppm of total-NOx.  While this is useful in and of itself, 

determination of the individual concentrations of NO and NO2 requires use of the LCO(2)-Pt(1) 

calibration curve.  This works out to a value of 200 ppm NO, which after subtraction leaves 200 

ppm of NO2.  This scenario can be extended to additional gas mixtures, and may involve any 

other species when utilizing numerous electrode-pairs. Note, however, that the picture presented 

above is oversimplified because the calibration curves have only been made for NO (0 and 200 

ppm NO2) and NO2 (0 and 200 ppm NO).   

We believe the capability to sense total-NOx with the LCO(2)-LCO(4) signal is due in part 

to the fact that both NO and NO2 adsorption result in the creation of nitrite and nitrate surface 

complexes.  At higher temperatures, the nitrate species will exist in relatively higher numbers.  

Furthermore, the resulting species from both NO and NO2 adsorption caused the measured 

electrode-pair potential to go more negative.  From this and the previously mentioned concepts, 

we believe that mixtures of NOx in different ratios (100:300 or 300:100 ppm NO to NO2) at a 

particular temperature differential between electrodes could result in unique responses that are 

parallel and shifted with respect to the curves shown in Figure 4-7.  Therefore even though the 

level of response to NO and NO2 are unequal, there may be the possibility to utilize this signal 

for total-NOx measurements.  This hypothesis will be experimentally verified in future work.  

However, even if this ends up not being the case, the LCO(2)-LCO(4) electrode-pair can still be 

used to determine total-NOx by utilizing the NO2-selective signal when both electrodes are at the 

same temperature and the response when they are at different temperatures (Figure 4-6).  

4.4.2 Other Gas Sensor Array Results 

The effects of local electrode temperature and NOx gas mixtures have already been 

discussed.  The following will briefly review the effect of total gas flow rates, ambient 

temperature, and exposure to other gases on these findings.  The results presented are primarily 
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for the LCO(2)-LCO(4) electrode-pair.  However, other signals will be referred to when 

appropriate. 

4.4.2.1 Effect of ambient temperature 

The effect of local electrode and NOx gas mixtures for the LCO(2)-LCO(4) electrode-pair 

varied depending on the ambient temperature of the furnace.  For instance, at 500 °C, 550 °C, 

and 600 °C this signal had almost zero NO sensitivity without localized heating.  As the total 

heater power increased, the NO sensitivity became increasingly negative, with a larger change in 

sensitivity for lower ambient temperatures.  As discussed earlier, this probably had to do with 

increased surface coverage at lower temperatures.  Furthermore, at lower temperatures LCO is 

further away from the extrinsic-intrinsic transition, allowing adsorption to have a larger effect on 

band-bending.  At 500 °C, there was a relatively large positive NO2 sensitivity without localized 

heating, which transitioned into a small negative response as total heater power increased.  When 

the ambient temperature was 550 °C and 600 °C, there were small negative responses without 

the use of the heaters.  Under these conditions, the signal also became increasingly negative as 

total heater power increased.  A possible reason for the positive NO2 response at 500 °C was that 

the LCO(4) electrode had a smaller ratio of nitrate:nitrite species than LCO(2).  This resulted in a 

smaller potential at LCO(4) compared to LCO(2), because the nitrite complex formed from NO2 

injected more electrons into LCO than those removed during nitrate formation.  The transition 

from positive to negative NO2 response probably occurred as the surface coverage at the LCO(2) 

electrode decreased with increasing heater power.  Overall, this electrode-pair had the 

characteristics of a good total-NOx signal at ambient temperatures of 550 °C and 600 °C using a 

total heater power of less than 85 mW in both cases.  Moreover, the LCO(2)-Pt(1) electrode-pair 

retained the capability of NO2 selectivity at 550 °C, though with slightly less NO2 sensitivity.  
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These result indicate that the prototype gas sensor array was able to selectively determine 

individual concentrations of NO and NO2 over a fairly large ambient temperature range. 

4.4.2.2 Response time 

The response times of the LCO(2)-LCO(4) sensor were relatively fast and can be seen in 

Table 4-1 for 500 °C and 600 °C at two different heater setpoints.  Note that the actual power 

delivered at these ambient temperatures was slightly different because the automation program 

set the same voltages at each furnace setpoint, but the inherent resistance of the heating elements 

changed with temperature.  Along with any changes in the thermal transport properties, this 

resulted in slight variations in the temperature differences between the electrodes at each furnace 

setpoint.  As expected, the response time was (slightly) faster at higher ambient temperatures.  

However, in some cases the response time was slightly slower when using localized heating.  

This may have been due to minor thermal-gradients that thermal models predicted in the LCO(4) 

electrode due to the arrangement of the sensing electrodes with respect to the heaters.157  Local 

equilibria may have taken more time when a thermal gradient was present in the electrode.  

Interestingly, this effect was more apparent during exposure to NO. 

4.4.2.3 Effect of total flow rate 

Past results were conducted at 500 °C and under a total flow rate of 100 ccm.151,157  Under 

these conditions, the LCO(2)-LCO(4) electrode-pair was able to achieve NO selectivity at 

various heater setpoints, while the Pt(3)-LCO(4) signal resulted in NO2 selectivity .  

Furthermore, the Pt(3)-LCO(2) signal was able to attain both NO and NO2 selectivity depending 

on the temperature difference between the electrodes.  In terms of LCO(2)-LCO(4), higher flow 

rates produced total-NOx sensing capabilities.  Another observation to note was that the response 

time of this electrode-pair was much slower (~200 s) when the total flow rate was only 100 ccm.  

This is more than 12 times as slow when compared to the case when total flow rate was 300 ccm 



 

102 

(Table 4-1). This result corresponds with the observation of others, and has been suggested to 

occur due to mass-transfer limitations that change the local rates of equilibration.173-175   

4.4.2.4 Responses to other gases 

For LCO(2)-LCO(4), there was some minor cross-sensitivity of NO or NO2 with CO, 

though more work needs to be done with these gas mixtures.  However, the initial results 

indicated that the likely result will be an electrode-pair capable of total-NOx+CO detection.  Past 

TPD experiments showed that the presence of CO allowed NO to desorb beyond the normal 

temperature threshold.98  In terms of LCO(2)-LCO(4) there was a greater effect of CO on NO 

than NO2, which was probably due to surface reactions of CO with lattice oxygen.  As mentioned 

earlier, the formation of nitrite and nitrate surface species from NO requires lattice oxygen.  

Conversely, only the formation of the nitrate complex from NO2 requires lattice oxygen.  At zero 

and low heater power levels, there was a relatively large CO2 effect on NO sensitivity (500 °C to 

600 °C).  This was expected as past TPD results have shown that CO2 prevents NO 

chemisorption at high temperatures.98,169  However, with 81 mW of total heater power the NOx 

response of LCO(2)-LCO(4) was mostly unchanged when up to 10% CO2 was introduced during 

NO2 gas steps and up to 20% CO2 during NO gas steps (550 °C and 600 °C).  Furthermore, CO2 

caused only minor shifts in the LCO(2)-Pt(1) NO response, while maintaining zero sensitivity to 

NO and not really affecting NO2 sensitivity.  The CO2-induced shifts during NO gas steps 

improved considerably as heater power increased.  This electrode-pair was not sensitive to CO, 

even when NO was introduced to the gas mixture.  NO2, on the other hand, caused shifts without 

much change in slope. 

4.5 Conclusions 

This work has shown how modification of local electrode temperatures in a potentiometric 

gas sensor array can lead to a device with the capability of selectively determining individual NO 



 

103 

and NO2 concentrations.  Additionally, the sensitivity to both NO and NO2 was simultaneously 

enhanced.  The gas sensor array prototype proved to be a device capable of selective NOx 

detection even in the presence of large concentrations of CO2.  There was a small effect of CO 

on the NOx response of the LCO(2)-Pt(1) and LCO(2)-LCO(4) signals.  This can likely be solved 

with the introduction of a CO selective signal into the array.  Then linear math calculations can 

be used to determine individual concentrations of CO, CO2, NO, and NO2.  The sensor signals 

were related to past results using temperature programmed techniques, XPS, and DRIFTS 

experiments.  Furthermore, this work emphasized the importance of adsorption equilibria in the 

sensing mechanism for potentiometric gas sensors with electrodes in a single gas environment 

and involving at least one semiconducting electrode.  Future work will involve addition of new 

materials and optimization of electrode geometry and microstructure, which should result in 

larger responses while maintaining selectivity.  Furthermore, to elucidate the band-bending and 

resultant Fermi level shift process, new experiments will be conducted with a Kelvin probe 

capable of UHV and atmospheric measurements, which is inline with an electron spectroscopic 

(XPS, UPS, and AES) system. 

As mentioned before, a total of six sensor signals were monitored using only two materials 

arranged as four electrodes in the array.  As a result, this work has opened up the possibility for 

conducting simultaneous, combinatorial materials research in the area of potentiometric gas 

sensors.  Thus far, we have achieved differences in electrode temperature exceeding 50 °C.  In 

order to achieve larger thermal gradients on the device, future arrays will utilize rigid structural 

supports to improve thermal shock resistance allow an increased number of sensing electrodes.  

We will also investigate possible cross-talk and proximity effects using designs that separate the 

individual electrode-pairs onto separate regions of YSZ coatings on the surface of the structural 
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support.  Furthermore, there exists the possibility of incorporating other methods of actively 

changing the differential electrode equilibria such as with the use of an external electric field.176  

All of this future work will be more easily conducted thanks to on going research of fabricating 

solid-state ionic devices with a rapid-prototype machine.177 
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Figure 4-1. Schematic of second-generation gas sensor array.  The device consisted of four 
sensing electrodes using two materials, Pt and LCO, which were staggered on a 
YSZ substrate.  Each sensing electrode was aligned with a C-shaped Pt element, 
which had been deposited on the opposite side of the YSZ substrate.  In the 
experimental work presented, only the two inner Pt elements were used as heaters, 
while all four were used as temperature sensors. 
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Figure 4-2. NO2 sensor response at three different total heater power settings with an ambient 

temperature of 600 °C.  Also shown are each of the voltage changes when 200 ppm 
NO2 was introduced compared to the cases with only 3% O2, N2 balance.   
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Figure 4-3. Response to NO2 gas steps with and without 200 ppm NO for the LCO(2)-Pt(1) 

electrode-pair and an ambient temperature of 600 °C.  Square, circle, and diamond 
symbols represent cases with 0, ~21, and ~81 mW of total heater power (solid lines, 
open symbols – both NO and NO2; dashed lines, closed symbols – only NO2). 
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Figure 4-4. Response to NO gas steps with and without 200 ppm NO2 for the LCO(2)-Pt(1) 

electrode-pair for an ambient temperature of 600 °C.  Square, circle, and diamond 
symbols represent cases with 0, ~21, and ~81 mW of total heater power delivered to 
the heating elements (solid lines, open symbols – both NO and NO2; dashed lines, 
closed symbols – only NO2). 
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Figure 4-5. Sensitivity versus total heater power for LCO(2)-Pt(1) electrode-pair with an 

ambient temperature of 600 °C.  NO sensitivity, both with and without 200 ppm 
NO2 present, went to zero at higher heater levels. 
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Figure 4-6. Sensitivity versus total heater power for LCO(2)-LCO(4) sensing electrode-pair 

with an ambient temperature of 600 °C.  As can be seen, the signal showed some 
NO2 selectivity without the use of the heaters.  As heater power increased, the 
electrode-pair became capable of total-NOx detection. 
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Figure 4-7. Total NOx sensitivity for LCO(2)-LCO(4) sensing electrode-pair when total heater 

power was ~81 mW with an ambient temperature of 600 °C. 
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Table 4-1. Typical NOx response times at 500 °C and 600 °C (at different heater setpoints, 300 
ccm total flow rate) 

Response Time Conditions 500 °C      
(0 mW) 

500 °C      
(~87 mW) 

600 °C           
(0 mW) 

600 °C       
(~81 mW) 

NO gas steps 7 s 18 s N/A 15 s 
NO2 gas steps 12 s 15 s 12 s 12 s 
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CHAPTER 5 
ELECTRIC-FIELD ENHANCEMENTS IN POTENTIOMETRIC GAS SENSORS AND 

OTHER SOLID-STATE IONIC DEVICES 

5.1 Introduction 

Many solid-state ionic devices involve interactions between adsorbed gas species and 

electrode and/or electrolyte materials.  These adsorbates and the surface atoms of the solid(s) 

have individual local electric fields resulting from their respective charge distributions.178,179  

The way in which these fields interact with each other can influence reaction mechanisms, and 

ultimately the performance, in solid-state ionic devices.  This means that a device may be 

enhanced if the properties of these fields can be favorably modified.  Therefore, the primary 

focus of this work was to explore the use of an externally-generated electric field to enhance the 

performance of solid-state ionic devices.  Particular attention was given to the effect of an 

electric field on potentiometric gas sensors.   

Recent developments have expanded the number of possible applications for these non-

Nernstian potentiometric gas sensors and improved the chance that they will be successfully 

commercialized.151,157  Such devices are particularly attractive for applications requiring 

quantitative detection of multiple species in complex gas mixtures (e.g., O2, NOx, COx, H2O, and 

hydrocarbons).  The gas sensors must be highly sensitive and selective to the species of interest 

without substantial interference from other gases.  In many cases the sensors must also be 

capable of surviving in thermally and chemically harsh environments. 

The sensing mechanisms of these devices are summarized in the differential electrode 

equilibria theory, which includes contributions from electrochemical reactions (mixed potential), 

heterogeneous catalysis, and band-bending when at least one semiconducting electrode is 

used.65,91  In order to fully evaluate the semiconducting effect on the potential generated at each 

electrode, one needs to consider the relationship between the Fermi level and adsorption 
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equilibria.  The Fermi level is essentially the electrochemical potential of the electrons in the 

electrodes.  Were the electrodes of the electrochemical cells connected, their Fermi levels would 

eventually become equal as equilibration occurred.  However, since the potentiometric sensor 

operates at open-circuit conditions, the cell voltage is equivalent to a difference in the Fermi 

levels between the electrodes.159  With the use of a semiconducting material, the Fermi level of 

the electrode can change as gas adsorbs on the surface.161  Therefore, if the local field-interaction 

of adsorbates and the surface is able to be modified, this likely affects the sensing mechanism 

and device output.  This opens the possibility for actively enhanced gas sensors. 

The active enhancement of these gas sensors was accomplished through the use of 

indirectly-generated electric fields that do not result in charge reaching the electrolyte or 

electrodes making up the cell (i.e., essentially zero current flow).  This is a significant distinction 

from electric-fields generated with a direct bias to an electrochemical cell, which can drive 

electrochemical reactions but has an upper limit in terms of maximum field strength due to risk 

from Joule heating or material decomposition.  We have successfully demonstrated that through 

the use of these externally-generated electric fields, the sensitivity of the potentiometric gas 

sensors can be increased significantly and they can be made more selective. 

Several configurations were used to investigate the electric-field effect.  Initially 

experiments involved a planar gas sensor with all sensing electrodes in the same gas 

environment.  This sensor was used to investigate the influence of field shape, magnitude, and 

polarity.  The next sample was air-reference based, where changes in the potential of the sensing 

electrode to varying analyte concentration were measured in conjunction with gas analysis of the 

effluent coming off this electrode.  A third configuration took the form of a capacitor-type chip 

made from the sensing electrode material (i.e., without solid electrolyte).  This sample was used 
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in temperature programmed desorption (TPD) experiments to investigate the effect of the electric 

field on chemisorption.  In all of the configurations, an electric field was generated at the surface 

of the samples with an applied voltage to electrodes which allow charge to accumulate near the 

surface but prevent charge transfer to the device.  When possible the direction of the field was 

changed to see the influence of positive and negative fields. 

5.2 Background 

The effect of electric fields on surface reactions in UHV conditions can be found in the 

literature as early as the 1960s.161,178,179  Most researchers believe that an electric field can 

influence a reaction due to electrostatic mechanisms, chemical mechanisms, or contributions 

from both.  Electrostatic mechanisms include changes in adsorbate charge density, which can 

affect bond length or alter molecular bending modes and frequency.  On the other hand, chemical 

mechanisms relate to changes in orbitals and donation/backdonation between adsorbate and 

adsorbent.  Also included in this category are changes in Pauli repulsion, which may affect the 

stability of surface complex formation. 

In electrochemistry there is another effect, known as electrochemical promotion, which 

involves the use of an applied bias to alter catalysis.  Electrochemical promotion, which is also 

known as Non-Faradaic Electrochemically Modified Catalytic Activity (NEMCA), involves the 

direct voltage or current bias of the cell using a power supply.180  For an oxygen-ion conducting 

solid electrolyte, this results in an electrochemically controlled migration of oxygen ions onto the 

catalyst electrode and causes an increased reaction rate beyond that predicted with Faraday’s 

Law.78,79  Much evidence in the literature suggests that the bias may affect such system 

characteristics as the work function, adsorbate bond strength, preferential adsorption sites, or 

intramolecular stretching frequencies.77,78,80-82,181  These changes may alter the strength of the 

chemisorptive bond of covalently bonded reactants and intermediates, thus changing activation 
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energies and reaction rates.  Other work has shown that electrochemical promotion can be used 

to electrochemically enhance NOx reduction on LaBO3 perovskites (where B is a transition metal 

or rare earth metal).113 

5.2.1 Electronic Theory of Catalysis and Chemisorption on Semiconductors 

The theories for the relationship between catalysis and chemisorption involving 

semiconductors has been discussed and formulated by such researchers as Wolkenstein, Hauffe, 

Madou, and Morrison.159,161,182,183  Typical catalyst materials are metals, with noble metals (e.g., 

Pt or Pd) often having the highest activity for many reactions.  However, it has long been known 

that semiconductors also represent a large class of important catalysts.  In fact, many metal and 

noble-metal catalysts actually have a thin semiconducting oxide layer at their surface that is often 

responsible for catalytic activity.161,184  In most cases there is a relationship between the catalytic 

activity, work function, and electrical conductivity of a semiconductor for a particular reaction.  

Semiconducting properties will have an effect as long as a certain stage of the reaction has at 

least one elementary step involving free electrons or holes at the surface.  Furthermore, 

metal/semiconductor interactions can drastically change such reactions being catalyzed on the 

metal.  The properties of semiconductor catalysts can also change reaction rates, which 

determine in part the path that a reaction takes.  These processes may result from changes to the 

semiconducting oxide Fermi level because in terms of chemisorption, the Fermi level position, 

amongst other things, determines the adsorptivity of acceptor and donor molecules, surface 

charge, and relative fraction of surface complexes formed. 

5.2.2 Related Work 

In chemical field effect transistors, or CHEMFETs, a gas sensitive material acts as the gate 

of a standard (metal-oxide-semiconductor) MOSFET device and provides a means to detect 

species when the electron conduction channel is opened from a change in the gate field.  The 
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research groups of Doll et al. and others have developed a modified version of the CHEMFET, 

called work function sensors or gate-refreshable CHEMFETs, in which the device takes 

advantage of Wolkenstein’s concept of the ‘electroadsorptive’ effect (discussed below) in order 

to enhance reversibility.132-135  Another method of refreshing the sensor involves the use of UV 

illumination to change the sensing electrode Fermi level.  Furthermore, Tuller et al. have 

investigated the use of photo-induced improvements in chemiresistive gas sensor sensitivity and 

selectivity, and photo-activated catalysis in solid oxide fuel cells.136,137 

5.3 Experimental 

Initial experiments involved a planar device with sensing electrodes in a single gas 

environment.  This device had electric-field electrodes, which were electrically (and ionically) 

isolated from the rest of the device.  The second sample was an air-reference sensor used to 

concurrently measure changes in sensor response and gas composition over the sensing 

electrode.  The third sample consisted of a capacitor-type device built around the sensing 

electrode material for use with TPD experiments.  In all samples, the working electrode was 

La2CuO4 (LCO), which was prepared using powder synthesized with the auto-ignition (lean) 

wet-synthesis technique, followed with calcination at 650 °C for 8 hours.  The use of a mass 

spectrometer to monitor gas effluent required a high surface-area sensing electrode.  Therefore 

the air-reference and TPD samples were made from a solid, porous bar of LCO. 

5.3.1 Sample Preparation 

5.3.1.1 Planar sensor 

For the planar sensor in Figure 5-1A through 5-1C, two adjacent square rings (with 

rounded corners) of Al2O3 paste were deposited on both the top and bottom of a thin (100 µm), 

commercial YSZ substrate (Marketech).  The Al2O3 paste was prepared using powder (Alcoa) 

and a commercial vehicle (ESL).  In order to achieve dense layers, the sample was sintered at 
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1450 °C for 3 hours.  Following this step, gold (Engelhard) conduction layers were carefully 

deposited on top of the now dense Al2O3 layers. Gold wires were also attached to the gold paste.  

Note, that the width of the gold layer was smaller than that of the Al2O3 to prevent contact with 

the YSZ.  After drying, another layer of Al2O3 was applied as a cover.  Using LCO and Pt 

(Heraeus) pastes, square electrodes of both materials were then deposited in the center opening 

of each square Al2O3 ring, in contact with the YSZ.  The LCO paste was prepared using powder 

mixed with Polyethylene Glycol 8000 (PEG 8000, Fischer Scientific).  Pt wires were attached to 

the Pt and LCO electrodes using the same respective pastes as used in the last steps.  The sample 

was sintered at 800 °C for 10 hours. 

5.3.1.2 Air-reference sample 

Unlike the planar gas sensor, the air-reference sample in Figure 5-1D and 5-1E had only 

one ring of Al2O3/Au/Al2O3 (prepared in the same way as above), on the side of the YSZ 

substrate that contained the Pt air-reference (with attached Pt wire).  In order to achieve the high 

surface-area sensing electrode needed for the mass spectrometer, 2 grams of LCO powder was 

combined with graphite to produce a 97:3 LCO/carbon ratio, mixed with 5 mL of 10% polyvinyl 

buytral (PVB, Alfa Aesar) in ethanol and then uniaxially pressed at 2000 psi for 2 minutes.  The 

bar was then sintered for 10 hours at 800 °C.  A segment of the LCO was cut from the bar using 

a diamond saw and ground to size using fine-grit SiC on a polishing wheel.  The high surface 

area, porous LCO was attached to the YSZ using PEG 8000/LCO paste.  On the opposite side of 

the YSZ was a Pt air-reference centered in an Al2O3/Au/Al2O3 ring prepared similarly to the 

electrodes of the planar sensor described above.  A Pt wire was then attached to the LCO using 

the same paste.  Both the top face of the porous LCO and the Pt wire were capped with a thin 

Al2O3 section.  The Al2O3 was prepared in the same way as the high surface-area LCO, except 

that the sintering temperature was 1450 °C for a half-hour.  A gold contact and wire were 
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attached to the top of the alumina section, and dried.  The entire device was dried and then 

sintered at 800 °C for 10 hours.  This configuration was assembled differently from the planar 

sensor due to constraints of the air-reference test setup. 

5.3.1.3 TPD “capacitor-chip” sample 

As seen in Figure 5-2, the capacitor-type chip consisted of a 1.25 mm by 1.25 mm by 4 

mm porous LCO rectangle sandwiched between two thin segments of Al2O3.  The Al2O3 

segments were attached to the LCO with Al2O3 paste.  Gold contacts and wires were attached to 

the Al2O3 and dried.  The entire chip was then sintered at 800 °C for 10 hours. 

5.3.2 Experimental Setups 

The planar sensor was tested in a standard quartz tube reactor with square sample holder, 

placing the sensor in the furnace hot zone.  Sensor leads connected to gold wires running down 

the reactor inside alumina wire-guides.  Wires terminated at BNC connectors reinforced with 

steel tubing and epoxy outside the furnace.  The air-reference sensor was tested in a reactor 

consisting of a hollow alumina tube with a flat notch on the outside of the curved portion as 

shown in Figure 5-3.  A hole was drilled into the center of the notch so that the air-reference 

sample rested on a flat face in the middle of the tube.  In this way, the high surface-area LCO 

electrode was exposed to various reactive gases from inside the alumina tube, while the air-

reference remained at constant oxygen partial pressure.  A smaller, solid Al2O3 rod was inserted 

into the hollow tube in order to reduce dead volume.  Ceramic cement (Ceramabond) was used to 

seal the sensor to the reactor tube.  This alumina reactor was placed inside a larger tube that lined 

a small, cylindrical furnace.  The effluent was sampled using a quadrupole mass spectrometer 

(Extrel).  To perform device analysis via TPD, a reactor tube (Figure 5-2) was constructed using 

4 mm inner-diameter quartz tubing welded to a short section of a 2 mm inner-diameter tube.  

This configuration allowed for the insertion of a full device into the tube center for rapid heating, 



 

117 

while maintaining minimal dead volume downstream of the sample into the mass spectrometer.  

The sample was loaded into the wider end and was connected to gold wires supported in small 

alumina tubes which remained in the upstream volume. 

For experiments in the planar sensor and air-reference reactors, the gas environment was 

controlled using a manifold of mass flow controllers (MFCs, MKS Instruments).  For TPD 

experiments a separate MFC setup for mass spectrometry measurements was used.  In all tests, at 

least one Keithley 2000 digital multimeter with scanning card was used to monitor the sensor 

signals and applied field bias.  Either a Keithley 2400 SourceMeter or a Hewlett-Packard 6681A 

was used to apply constant potential to the field electrodes and ensure zero current conditions.  A 

custom LabVIEW program controlled/monitored the furnace temperature, gas concentration, 

field bias and the sensor signal. 

5.3.3 Testing Procedures 

For the planar sensor, total flow rates were fixed at 300 ccm (3% O2 with N2 balance), 

while NOx was stepped at concentrations of 0, 50, 100, 200, 400, and 650 ppm.  NO was stepped 

up and down twice, with each step held for 300 seconds.  The same sequence was then repeated 

for NO2.  This gas stepping scheme was conducted at 550, 500, and 450 °C.  After the entire 

thermal cycling of gas steps was complete and the furnace returned to 550 °C, the electric-field 

bias was changed between 0 to ±8 V.  For the bias scheme tested, “+” refers to a positive 

(negative) bias applied to the top (bottom) field rings, while “–” refers to the opposite case.  

Following a change in bias, a testing delay of one hour was used to ensure complete re-

equilibration of the device.  This sample was also used to test various bias schemes of the field 

electrodes, providing various electric-field “shapes.”  These field-electrode configurations are 

summarized in Table 5-1 and illustrated in Figure 5-4.  These electric-field vector-contour maps 

show relative field strengths and spatial orientation for the sensor prototype using the various 
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charging schemes. While not shown, it should be noted that the field contours also extend 

through substrate and other parts of device (i.e., the field penetrates the device). 

In order to match the planar sensor setup as closely as possible, testing of the air-reference 

device involved the same gas conditions except with a total flow rate of 50 ccm.  The same 

electric-field biases were applied between the Au/Al2O3 layer atop the LCO and the 

Al2O3/Au/Al2O3 ring surrounding the Pt air-reference.  The effluent gases coming off the high 

surface-area LCO were analyzed with mass spectrometry.  Since those gases contained N2 as a 

balance gas, the minor identifier m/z ratios of 14 and 28 were unavailable to determine 

conversion of NO2 to NO or the reverse. As a result, only the major m/z ratio for the gas being 

tested can be used to make definitive conclusions.   

The LCO capacitor-type sample was exposed to 1% NOx/1% O2 gas mixtures (He balance) 

at 300 °C with a total flow rate of 30 ccm, and subsequently cooled at 5 °C/minute to 25 °C 

under gas atmosphere.  The sample was then outgassed under pure He for 8 hours to remove 

residual NOx species from the reactor chamber.  Following outgassing, the sample was heated at 

10 °C/minute to 600 °C.  During heating, the effluent from the reactor was analyzed via mass 

spectrometry to determine the desorption points of the NOx from the LCO surface. This 

experiment was performed at 0, 2, 5, and 8 V across the device (polarity being irrelevant due to 

the device configuration). 

5.3.4 Electric-Field Simulations 

In order to better understand this electric field effect and to assist in future designs, the 

field-electrodes were modeled using analytical and numerical expressions (Mathcad, Version 

12.0), while Finite Element Modeling was used to picture the field distribution (i.e., shape) for 

each field-bias scheme (MatLAB, Version 7.0).  The simple relation for a parallel plate 

capacitor, which is known by most engineers and scientists, cannot be used to predict the field 
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strength.  Therefore, the electric field was modeled using charged ring and charged annulus disk 

configurations, as shown in Figure 5-5.  Also shown in Figure 5-5 is the configuration and shape 

of one of the actual field-electrodes (i.e., a square ring with rounded corners); the dimensions of 

the inner radius and outer radius were 1.5 mm and 3.5 mm, respectively.  Any differences 

between the modeled and real configurations would likely occur near the corners of the field-

electrode.  Though this is believed to be insignificant future modeling will resolve this issue. 

The capacitance of the electric-field electrodes was measured at 450 °C using a precision 

LCR meter (Agilent 4284A).  This value was used to determine the charge stored in the field 

electrodes for the different bias setpoints using the relation in Equation 5-1. 

VCQ ⋅=  (5-1) 

In this relation Q, C, and V represent the stored charge, measured capacitance, and applied 

voltage, respectively.185 

The electric field along the axis of a charged disk with a hole in the center is computed 

with Equation 5-2. 
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Equation 5-2 is derived from the relation between voltage, charge, and the electric field of 

a ring charge called Poisson’s equation, as shown in Equation 5-3. 

EV v2
•∇=

ε

ρ
=∇  (5-3) 

In Poisson’s equation, V, ρ, ε, and E are voltage vector, (volume) charge, permittivity, and 

electric field vector. 

When considering the off-axis regions of a field-electrode, the situation is much more 

complex.  In this case, analytical expressions for the variation of the electric field in the radial 
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and axial directions can be derived using (complete) elliptic integrals of the first and second 

kind.  A closed form solution is not possible, such that numerical methods must be used to solve 

these expressions which are shown in Equations 5-4 and 5-5.186,187 
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In Equations 5-4 and 5-5, Q is the charge, R is the ring radius, r is the distance along the 

radial direction, and z is the distance along the axis.  K and E are the complete elliptic integrals 

of the first kind and second kind, respectively.188  ξ and k are defined in Equations 5-6 and 5-7. 
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Equations 5-4 and 5-5 were solved numerically using Mathcad with a convergence 

criterion (TOL) of 0.02 for various radial and axial distances.  Equation 5-2 was solved 

analytically for a range of axial distances.  The electric field magnitudes were tested for field-

electrode biases of 1, 5, and 8 V.  In evaluating the analytical and numerical solutions, the 

electric fields generated at the top and bottom field-electrodes were superimposed to obtain the 

total field distribution.  There may also be the need to consider the effect of each field-electrode 

on each other, which will be done in future work. 

5.4 Results and Discussion 

5.4.1 Electric-Field Simulations 

The measured capacitance of the field-electrodes between 450 and 550 °C was ~ 20 nF.  

Figure 5-6 shows the resultant solutions for the electric field (5 V) along the z-axis of the field 
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electrode for the top and bottom capacitors using the analytical formula found in Equation 5-2.  

These fields were modeled with an outer ring radius (R) of 1.75 mm.  Also shown are the 

superimposed field for the case in which the top capacitor has +Q and the bottom capacitor has 

−Q (i.e., +/−) as in Figure 5-6A, and the opposite case (i.e., −Q top and +Q bottom, or −/+) as in 

Figure 5-6B.    Field strengths are given in terms of V/Å in order to compare the relative field 

strengths in this work to the UHV surface science and modeling results found throughout the 

literature.189-192  At the exact center of the ring (i.e., in-plane and z = 0 mm) the field components 

are zero V/Å, but increase as axial distance becomes larger before peaking around 1 mm.  

However, the (superimposed) total field has a Gaussian distribution with a maximum (~ 0.01 

V/Å for 5 V) at z = 0 mm that tapers off around 1 mm. 

Figures 5-7 and 5-8 show the numerical solutions to Equations 5-4 and 5-5 for the (off-

axis) axial and radial electric-field strengths.  In order to obtain similar axial values as in the 

analytical case, the numerical solutions were modeled using a ring radius (R) located between 

the inner and outer radii of the annulus (i.e., R = 1.25 mm).  The electric field is linearly 

proportional to the applied bias, which results in peak field strengths of approximately ±0.002, 

0.01, and 0.02 V/Å for 1, 5, and 8 V field-biases as shown in Figure 5-7A (+Q/−Q) and 5-7B 

(−Q/+Q). 

The radial field distributions in the vicinity of the sensing electrodes for the +Q/−Q and 

−Q/+Q cases are shown in Figures 5-8A and 5-8B, respectively.  The field strength does not 

become appreciable in the region of the sensing electrode until the distance above field electrode 

capacitor (i.e., the center of the YSZ) exceeds ~10 - 100 microns.  Therefore, the field does 

likely penetrate the sensing electrodes and beyond in the surrounding space. 
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5.4.2 Field-Enhanced Sensor 

The results for the electric-field enhanced gas sensor are shown in Figures 5-9 through 5-

13.  The testing configuration and conditions will be described and then discussed in terms of the 

effect of field shape, field strength, and field polarity.  Finally, the implications of these results 

on future sensor design will be discussed. 

Figure 5-9 shows the NOx sensor results for field-bias scheme 1 with positive polarity for 

several temperatures, showing the effect on sensitivity.  In this scheme, the results are compared 

for the sensor having no externally-generated electric field (solid) with field created using +1 V 

bias (dashed) from top Al2O3/Au/Al2O3 rings to bottom rings. The ambient temperatures were 

varied between 600 and 450 °C.  

Figure 5-10 shows NOx sensor results for field-bias scheme 1 with negative polarity, 

showing the effect of field-bias magnitude on sensitivity at 500 °C.  In this scheme, the results 

are compared for the sensor with an electric field created using a 0, -1, -5, and -8 V bias from top 

Al2O3/Au/Al2O3 rings to bottom rings.  

Figure 5-11 shows the NOx sensor results for field-bias scheme 2 with positive/negative 

polarities and multiple field-bias magnitudes, showing enhanced selectivity, at 500 °C.  In this 

scheme, the results are compared for the sensor with an electric field created using a 5, 1.5, 0, -

0.2, and -0.5 V bias between the top and bottom field-electrodes around the LCO sensing 

element, and the opposite polarities biased between those around the Pt electrode. 

The NOx sensor results for field-bias scheme 3 with negative polarities and multiple field-

bias magnitudes is shown in Figure 5-12 with trends in sensitivity at 500 °C.  In this scheme, the 

field electrodes around the LCO sensing element were biased, while those around the Pt sensing 

electrode were left floating (i.e., unbiased). 
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Figure 5-13 shows the NOx sensor results for field-bias scheme 4 with positive/negative 

polarities and multiple field-bias magnitudes, showing trends in sensitivity at 450 °C.  In this 

scheme, a positive (or negative) bias was applied to the electric field electrodes surrounding the 

Pt sensing electrode, with a negative (or positive) bias applied to the corresponding electric field 

electrode on the opposite side of the substrate; the field electrodes around the LCO sensing 

electrode were left floating (i.e., unbiased).  The trends for effect of the electric-field shape, 

magnitude, and polarity are summarized in Table 5-2. 

5.4.2.1 Influence of electric-field shapes 

During active shaping, the electric field distribution may be effectively made into to any 

desired (contour) profile with respect to specific locations on the device (e.g., local reaction 

zones) or to the entire device/support.  The electric fields may also penetrate any point within the 

device.  Furthermore, the field strengths at various points in the device/support may differ.  The 

field shapes are illustrated in Figure 5-4 for the four field schemes.  When the field is symmetric 

with respect to top and bottom of the sensor (e.g., as in bias scheme 1), there were negative shifts 

in the absolute sensitivity when a positive field-bias was used, and positive shifts for negative 

field-biases for both NO and NO2 gas exposure (Figures 5-9 and 5-10).  The extent of the 

changes depended on field magnitude, field polarity, and the nature of the gas. 

In bias scheme 2, the field around the LCO and Pt electrodes were oriented opposite from 

one another as illustrated in Figure 5-4B.  In this case, a positive (negative) shift in absolute 

sensitivity occurred during NO gas exposure for a positive (negative) field bias as seen in Figure 

5-11.  On the other hand, during NO2 gas exposure a positive field bias resulted in a negative 

shift in absolute sensitivity.  While a -0.5 V field bias resulted in a positive shift in the 

sensitivity, there was a discrepancy at -0.25 V field bias for NO2.  This may have been a result of 

the relatively small field not being unable to completely reverse the polarization that occurred as 
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a result of testing positive field biases first.  Trends with regard to the effect of field-shape were 

less apparent in bias schemes 3 and 4. 

5.4.2.2 Influence of electric-field magnitude 

The effect of the field magnitude depended on the particular bias scheme, and thus the 

electric field shape, being used.  In some instances the sensitivity did not change at all, while in 

other cases the sensitivity increased dramatically.  Other times the selectivity was enhanced.  For 

example, in bias scheme 1 increasing the magnitude of the field-bias when the polarity was 

positive decreased the sensitivity (Figure 5-9).  Whereas, in bias scheme 3, the sensor became 

NO2 selective when the field bias of -0.5 V was used (Figure 5-12).  Interestingly, the signal was 

very similar for field biases of -0.5 V and +5 V during NO2 (but not NO) gas exposure.  

Similarly, the +5 V and +1.5 V field biases resulted in almost identical signals during NO (but 

not NO2) gas exposure.  This may be a result of changes in the field distribution over the entire 

sensor as field-bias magnitude changes. 

5.4.2.3 Influence of electric-field polarity 

The effect of the field polarity depended on the particular bias scheme, and thus the electric 

field shape, used.  In some instances the sensitivity did not change at all, while in other cases the 

sensitivity increased dramatically.  Selectivity also changed with electric-field polarity in certain 

cases. 

In bias scheme 1, a negative field polarity resulted in extremely large changes in sensor 

response (Figure 5-10).  For example, at 500 °C NO sensitivity increased approximately 20 times 

that of the unbiased case, while that of NO2 increased around 10 times.  On the other hand, 

positive field-polarities had almost no effect during exposure to NO from 450–650 °C, while 

there were relatively large effects (e.g., an increase of ~1.75 in sensitivity at 450 and 500 °C) 

during NO2 exposure.  This highlights the importance of field polarity and may have something 
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to do with the changes in the charge distribution of the adsorbate-surface bond, as is discussed 

elsewhere.176 

5.4.3 Air-Reference Results 

The results for the air-reference sensor are shown in Figures 5-14 and 5-15.  The sensor 

signals were very low at 550 °C and 500 °C, which resulted in little or no change in sensitivity 

with applied field (not shown), except for the −8 V setpoint with NO at 500 °C.  However, as 

seen in Figure 5-14, at all temperatures, alteration of the field bias produced changes in the gas 

composition coming off the LCO sensing electrode as detected with mass spectrometry.  These 

plots were made using the measured NOx compositions from the 650 ppm NO or NO2 feed 

composition of the respective gas steps.  These plots are in terms of electric-field bias voltage 

because of the difficulty in ensuring that modeled field-strengths accurately represent reality 

when applied to handmade samples.  As evident from both plots in Figure 5-14, there were 

significant changes in NOx levels for both NO and NO2 gas steps.  Surprisingly, when compared 

to NO TPR measurements on LCO powder we see that the high surface-area LCO electrode in 

this device resulted in some conversion of NO to NO2.
98  This might be explained as a result of 

the gas species having a longer resident time to react as they are trapped in the pores of the solid 

LCO electrode.  Furthermore, in the case of the NO2 gas steps, a shoulder/peak evolves in the 

measured NO2 curves (around −5 V field bias) as temperature increases. 

A focused-ion beam/scanning electron microscope system (FIB-SEM, FEI) was used to 

mill through the as-deposited Pt and LCO sensing electrodes, with a micrograph image taken for 

each slice.  The slices were then reconstructed in three dimensions (Amira-ResolveRT version 

4.0, VSG) in order to quantify microstructure (e.g., particle shape) and phase fractions (e.g., pore 

and compositional fractions) of the LCO nanomaterial.  These techniques are only recently being 

used in gas sensors, but have been investigated in similar ceramic technology (e.g., solid oxide 
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fuel cells).  This was done in an order to determine if there was any correlation between these 

characteristics and the difference in the TPDs and gas evolution seen during these experiments.  

The reconstruction concept is shown in Figure 5-16A where several SEM slices (60 nm between 

each) are stacked, with the space (i.e., particles and pores) between slices is interpolated.  Figure 

5-16B shows the reconstructed surface (19.9 µm by 21.3 µm by 11.28 µm) of the bulk porous 

LCO sample, with Figure 5-16C emphasizing the pores in black.  For comparison, Figures 5-17 

shows the microstructure of LCO powder such as that used in the original temperature 

programmed experiments.  The loose powder consists of mesopores (~ 30-50 nm) and 

macropores (~ 50 nm – 2 µm).  This representative powder agglomerate has an overall diameter 

of ~15 – 25 µm. 

Relative fractional area was derived from the reconstruction as approximately 51% for the 

LCO and 49% for the pores throughout the bulk of the sample.  The volume normalized surface 

area of the bulk porous LCO electrode was 2.089 µm-1.  Relating this value to the measured mass 

and volume of the larger sample (188.9 mm by 3.34 mm by 0.94 mm) from which the slices 

were made a simple estimate of the specific surface area of the bulk porous electrode is 5.77 

m2/g.  When compared to the specific surface area of the powder (~7.5 – 10 m2/g), it is clear that 

the values are close.  The derived average particle and pore size was 1.52 µm and 1.35 µm, 

respectively, using the BET derivation from the surface area (i.e., assuming spherical particles).  

However, as the LCO particles consist of elongated platelets (with unit particles typically 

ranging from 200 nm to 750 nm) this value is more representative of the (connected) 

consolidated structures.   

Mass spectrometer measured effluent for powder and screen printed LCO electrodes have 

not detected any appreciable NO conversion to NO2.  One reason may be that the bulk porous 
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LCO electrode had a much larger surface area than the screen-printed sample.  In comparison to 

the powder, the increased pore size is the main difference and may have contributed to the 

detectable NO conversion to NO2. 

At 450 °C, there were significant changes for both NO and NO2 sensitivity as the electric 

field was created on the device.  The sensitivity (mV/decade ppm NOx) to gas steps and 

concentrations measured during the 650 ppm NO or NO2 feed composition can be seen in Figure 

5-15.  In the case of NO gas steps, from region I to II a decreasing (+) field bias resulted in 

concurrent increases of NO and NO2 concentrations without much change in sensitivity.  In 

region II, a transition from (+) to (−) field bias occurred with the result of a sharp decrease in 

measured NO and a more gradual decrease in NO2.  This difference in the change of species 

concentrations appears to have caused the sensitivity to decrease in going from region II to III.  

With a further decrease in the now (−) field bias there resulted a continuing decrease in NO2 

levels with essentially no change in NO.  This was accompanied with a dramatic increase in the 

NO sensitivity of the device.  Finally in transition from region III to IV, there was a relatively 

large decrease in sensitivity as the NO and NO2 concentrations dropped in response to a more (−) 

field bias. 

Now considering the four regions of inflection in Figure 5-15 for NO2 gas steps at 450 °C, 

there appear to have been more complicated changes to the sensing mechanism.  In going from 

region I to II, there was a sharp increase in the NO2 concentration accompanied with a slower 

decrease in NO.  This resulted in a sharp shift in the NO2 sensitivity to smaller, more positive 

values.  In the middle of region II, there was a crossover of the NO and NO2 concentrations with 

a concomitant dip in NO2 sensitivity.  After a small increase at the more (−) end of region II, 

there was a sharp decrease in NO2 sensitivity as region III begins.  Also during this transition 
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was a second crossover of the NO and NO2 concentrations as the amount of NO2 decreased 

sharply and NO more slowly increased.  As region III nears region IV, the measured NO 

concentration began to inflect and decreased while the NO2 continued to decrease.  As a result, 

the NO2 sensitivity increased slightly in region IV. 

5.4.4 “Capacitor-Chip” Results 

The effect of the electric field on the desorption profile of LCO was measured in a small 

dead-volume reactor tube.  The desorption series performed on this LCO capacitor-type sample 

was 1% NO/1% O2 for various electric-field bias conditions.  The desorption profile under 0 V 

field bias shows an NO spectra similar to the powder samples in previous results, but at lower 

temperatures as shown in Figure 5-18.98  The sample exhibits easy desorption of NO from the 

surface, with 3 peaks in the region below 400 °C.  In other work, these peaks have been 

attributed to covalent/ionic NO, NO nitrites, and NO nitrates.98,145,146  The NO spectrum slowly 

tapers downward above these temperatures, as the pores began to exhaust NOx species from the 

pellet interior.  As the electric-field voltage setpoint increased, the desorption peaks for NO 

shifted to higher temperatures, while maintaining similar initial peak shapes, albeit different 

intensities.  The peak temperatures in the solid sample were slightly higher than in the powder 

sample. In addition to the upward temperature shift of the peaks, the lingering desorption of NO 

at high temperatures was expressed as more defined peaks.  These peaks sharply reduce to zero 

concentration as the system approaches 600 °C.  This shift was accompanied by the appearance 

of substantial NO2 desorption peaks at the same temperatures as NO desorption, also shown in 

Figure 5-18. 

The area underneath the peaks increased for NO and decreased for NO2 when the field bias 

was changed to 2 V from 0 V.  The next bias application of 5 V resulted in a minor increase in 

peak temperatures with concurrent minor decrease in the intensity of the low temperature NO 
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peak at ~300 °C, a doubling of the peak sizes for NO2 desorption and a decrease in the high-

temperature NO peak roughly equivalent to the increase in NO2 emission.  The 8 V field bias did 

not change NO peak placement, but the high temperature NO peak returned to a larger area, and 

the NO2 desorption peaks returned to the 2 V level, albeit with slightly higher peak temperatures.  

Total amount of NOx adsorbed during NO TPD experiments, as calculated from the area under 

the TPD curves, can be seen in Table 5-3. 

Identical experiments using 1% NO2/1% O2 were subsequently performed on the sample, 

with desorption spectra shown in Figure 5-19.  Again, the spectra obtained from 0 V 

approximated the results from powder samples, though the amount of NO desorbed at the higher 

temperature peak was larger compared to the NO2 desorption peak for the solid sample 

experiment.98  Increase in field voltage from 0 V to 2 V caused a 300 ppm drop in NO2 peak 

desorption at 325 °C, but the peak at 425 °C was roughly equivalent to the 0 V desorption.  NO 

concentration at the low temperature peak was slightly reduced from the 0 V sample, but again 

remained roughly constant over the higher temperature region.  Stepping the voltage to 5 V 

resulted in an increase of NO and NO2 at the low temperature peak, and a decrease for both gases 

at the high temperature peak against the 2 V case.  The 5 V case produced the least amount of 

NO desorption of all the NO2 adsorption experiments.  At 8 V, the NO2 signal dropped below the 

concentration at 2 V for the lower peak, and the 5 V level for the high peak.  Overall, this bias 

generated the lowest level of NO2 emission.  NO emission at the low temperature peak was 

slightly above the 2 V case, and slightly above the 5 V case at the high temperature peak.  Table 

5-4 show the total amount of NOx adsorbed during NO2 TPD experiments.  Figure 5-20 

summarizes the results from Tables 5-3 and 5-4. 
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From the planar gas sensor results, a clear difference was seen in the effect of field 

directionality on sensitivity and for different (reducing or oxidizing) gases.  As mentioned 

earlier, the effects of the field scheme discussed in this paper were one of many studied.  With 

other field “shape” schemes, the results differed.  This included those in which a field existed 

around only one of the sensing electrodes (Pt or LCO).  In the air-reference experiments, several 

regions of inflection in the sensitivity and mass spectrometer measurements were observed.  

Regions III and IV occurred at approximately the same electric-field biases in both the cases for 

NO and NO2 gas steps.  However, region II was much larger than region I for the NO2 gas steps, 

while the opposite was true for the NO gas steps.  These results indicate that the changes in 

sensitivity are related to the changes in gas composition. 

5.4.5 Discussion 

Based on previous results from XPS, DRIFTS, and temperature programmed techniques 

using normal and labeled oxygen we can make a few comments as to what might cause the 

electric-field effect with the gas sensor.  From this past work, the primary mechanism for NO 

and NO2 sensitivity has been concluded to occur as a result of surface complex formation, which 

either injects electrons or holes into the p-type LCO thereby changing the Fermi level and thus 

potential of the semiconductor.145,146  Furthermore, the change in chemisorptive properties due to 

the presence of an electric field was first described as the “electroadsorptive” effect by 

Wolkenstein in 1955.161  

Under the effect of an external electric field an adsorbate may undergo long-range 

influences such as changes in the bond angle or bond length.  The bond angle and bond length 

depend, in part, on the geometry of the site and the charge distribution of the surface and 

adsorbate.  In dipolar adsorbates (e.g., NO), the levels of the oxygen atom are raised with respect 

to the nitrogen near surface because of the net positive dipole. An external electric field can 
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electrostatically influence this adsorbate dipole and the extent of interaction depends on the field 

direction (total energy increases if dipole moment is opposite field direction).  The field can 

result in extending the bond length or bending of molecular axis away from surface normal to 

move oxygen atom into regions with smaller field energy.  A less mentioned effect is the 

possibility that the external electric field may also cause polarization of the adsorbate, surface or 

bulk solid. 

Some of the possible reasons for this effect with LCO are the electrostatic interaction of 

surface complexes and orientation of the NOx molecules for adsorption.  Complexes remaining 

on the electrode surface at moderate to high temperatures in the non-modified case all possessed 

negative charge, and while the adsorbate layer was not entirely independent of the surface, a 

preferential orientation of electrons towards the surface of a complex would, by simple 

repulsion, tend to force the charged complex further from the surface, and make it more likely to 

desorb intact.  There is also the possibility of polarization of the LCO, which is paramagnetic at 

these temperatures, due to the electric fields.193-195  As a result, during the desorption step, the 

orientation of electron orbitals interacting with the charged surface complexes may allow the 

release of an oxygen from certain zones of the surface to nitrite complexes during 

decomposition.  The modification of bonding in these zones due to the orientation changes might 

allow for the separation of an NO2 molecule during the nitrate/nitrite transition, which in the 

non-modified case decomposes without oxygen release.98,145,146  These processes may be a result 

of changes to the Fermi level of the semiconducting oxide.  This is due to the fact that in terms of 

chemisorption, the position of the Fermi level, amongst other things, determines the adsorptivity 

of acceptor and donor molecules, the surface charge, and the relative fraction of surface 

complexes formed.161  Also, the possibility of gas-phase orientation of NOx may play a role, as 
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the adsorption bonding direction can play a role in the statistical complex formation due to the 

different formation mechanisms.  As polar molecules, both NO and NO2 would show some 

degree of rotational shift in the electric field generated from the field-electrodes.  There are likely 

many other possible explanations for the observed electric-field effects involving the LCO, as 

discussed in the background.  However, at this time there is not enough experimental evidence to 

say which are actually occurring. 

There was an electric-field effect on the sensing response even when only the Pt electrode 

of the LCO/YSZ/Pt planar sample was involved.  The literature has both experimental and 

modeling results for the effect of large electric fields (~ 0.1 – 1 V/Å or larger) on NO adsorption 

on Pt.190,196  The evidence suggests that the fields influence the electronic structure of the 

adsorbates and can affect the bond angle and hence bond strength.  As the modeled field 

strengths in this work approach these field strengths, there is a chance that the same effect is 

occurring. 

Furthermore, from NEMCA research there exists the possibility that a migration and 

(reverse) spillover of oxygen ions from the YSZ onto the electrode can alter the reactions.  Under 

NEMCA conditions, when a bias is directly applied to metal electrodes on YSZ, the resulting 

current and electric-field causes an electrochemical supply of oxygen ions to migrate across the 

cell and onto the catalyst electrode.  The spreading of the oxygen ions onto the catalyst surface is 

accompanied with the formation of an effective electrochemical (dipole) double-layer, and 

associated (strong) electric field, that increases the electrode work function.68,77,78,81,82,180,181,196,197  

The dipole layer is believed to enhance reactions due to a beneficial weakening of the binding 

energies of (gas-phase induced) chemisorbed oxygen.  This causes catalytic reactions to proceed 

at higher rates because weakened bonds allow these oxygen surface species to more easily 
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oxidize other adsorbed species.  Therefore, in terms of the observed field effect involving only 

the Pt electrode, the lack of any appreciable current applied to the device suggests that the field-

induced migration and (reverse) spillover of oxygen ions might still occur but would be limited 

to the original O2- concentration in the YSZ.  Since these oxygen ions are less reactive than 

adsorbed oxygen and primarily act as the source of a large local-field, the spillover-ions are not 

likely to be consumed.  The dipole layer would therefore be present until the bias applied to the 

field-electrodes is removed.  Clearly, further investigation is needed to verify which, if any, of 

these explanations correctly describes the electric-field effects for the entire LCO/YSZ/Pt device. 

5.5 Conclusions 

This work has shown that an externally-generated electric field at the surface of an 

electrochemical cell (without the passage of ionic or electronic current) can dramatically 

influence the sensitivity of a gas sensor.  Furthermore, using three types of samples (planar gas 

sensor, air-reference sample, and capacitor-type chip) we have shown that there are changes in 

catalytic conversion, shifts in adsorption energies, and modifications to the sensor signals.  The 

effect of field shape, field magnitude, and field polarity have been explored using several 

different electric-field bias schemes.  In the case of the air-reference sample, there seems to have 

been correlation between the gas concentration measurements and the sensitivity of the device as 

the field bias was changed.   

The electric field distribution and strength has been modeled using both analytical and 

numerical models.  The results indicate that the field strength about the field-electrodes is large 

enough to affect the adsorbate bonding and the Fermi level of the semiconducting LCO.  For the 

tested configurations (i.e., +/− and −/+), superposition of the top and bottom rings of the field-

electrode resulted in a decrease in the overall field strength.  While not tested with an actual 

sensor, the models predict an increase in field strength for the same field biases using a different 
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configuration (i.e., +/+ or −/−) as shown in Figure 5-21.  Many more field configurations are 

likely possible by increasing the geometry, spacing, and number of field-electrodes. 

Future work will try to broaden the understanding of this electric-field effect with a surface 

science investigation using a Kelvin probe system capable of UHV and atmospheric 

measurements, which is inline with an electron spectroscopic system.  Any changes in chemical 

and electronic (valence) structure should be detectable.  Eventually, using simultaneous 

conductivity measurements, the Kelvin probe measurements will allow determination of changes 

in the WF (and therefore, the Fermi level of the surface) of the LCO as the electric field bias is 

applied.  Furthermore, the use of a 3D direct-write system will permit a more-controlled 

geometry in the fabrication of the field electrodes.177  This will allow us to make samples from 

the bottom up with field-electrodes that more closely match those modeled.  Eventually the 

electric-field effect will be tested in other solid-state ionic devices, such as solid oxide fuel cells 

and gas separation membranes, to see if similar enhancements are possible. 
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Figure 5-1. Planar sensor and air-reference configurations.  A cross-section of planar sensor (A) 

shows dense Al2O3 layers in contact with thin YSZ substrate.  As seen in the top (B) 
and bottom (C) views, the LCO and Pt electrodes, which exist only the top surface, 
are in the middle of the Al2O3/Au/ Al2O3 electric-field rings.  In (D) a cross-section 
of the air-reference sample shows a thick, high surface-area LCO electrode attached 
to the YSZ.  Attached to the LCO is an Al2O3 section with Au conductor on top.   

 
Figure 5-2. LCO capacitor-type chip used in TPD experiments.  A high surface-area LCO 

rectangle was sandwiched between two Al2O3/Au field electrodes.  Tests were 
conducted inside a low-dead volume quartz reactor, with effluent going to a mass 
spectrometer. 
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Figure 5-3. Test setup for air-reference with gas effluent measurements.  

 
Figure 5-4. 2D contour and vector plots of electric-field shapes for bias schemes tested with the 

field-enhanced sensor.  Bias schemes 1, 2, 3, and 4 are shown in A), B), C) and D). 
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Figure 5-5. Geometry for numerical and analytical calculations of electric-field strength.  A) 

represents the actual geometry of a field electrode, where d (2r), D (2R), and L had 
dimensions of 1.5, 3.5, and 1 mm.  B) shows the arrangement for the numerical 
calculation of the off-axis electric field of a ring of charge, while C) represents the 
geometry used in the analytical electric-field solution for an annulus disk of charge. 

 
Figure 5-6. Analytical results for the electric field in the z-direction along the central axis of a 

charged annulus and effect of superposition.  A) shows case for +Q on the top 
capacitor and –Q on the bottom, while B) is for -Q on top and +Q on the bottom. 

 
Figure 5-7. Results of numerical analysis for the off-axis electric field of a ring of charge as a 

function of distance (z) from the plane of the ring along the central axis for field-
biases of 1, 5, and 8 V.  A) shows results for +Q/–Q, while B) is for –Q/+Q. 
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Figure 5-8. Results of numerical analysis for the off-axis electric field of a ring of charge as a 

function of distance (r) from the center of the ring along the radial direction.  A) 
shows case for +Q/–Q resulting from a 5 V applied bias (at z values of 0, 0.01, 0.1, 
and 0.25 mm), while B) is –Q/+Q.  The relative location of either sensing electrode 
(L = 1 mm) is shown as the shaded region. 

 
Figure 5-9. NOx sensor results for field-bias scheme 1 with positive polarity for several 

temperatures, showing the effect on sensitivity.  In this scheme, the results are 
compared for the sensor having no externally-generated electric field (solid) with 
field created using +1 V bias (dashed) from top Al2O3/Au/Al2O3 rings to bottom 
rings. The ambient temperatures were varied between 600 and 450 °C. 
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Figure 5-10. NOx sensor results for field-bias scheme 1 with negative polarity, showing the effect 

of field-bias magnitude on sensitivity at 500 °C.  In this scheme, the results are 
compared for the sensor with an electric field created using a 0, -1, -5, and -8 V bias 
from top Al2O3/Au/Al2O3 rings to bottom rings. 
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Figure 5-11. NOx sensor results for field-bias scheme 2 with positive/negative polarities and 

multiple field-bias magnitudes, showing enhanced selectivity, at 500 °C.  In this 
scheme, the results are compared for the sensor with an electric field created using a 
5, 1.5, 0, -0.2, and -0.5 V bias between the top and bottom field-electrodes around 
the LCO sensing element, and the opposite polarities biased between those around 
the Pt electrode. 
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Figure 5-12. NOx sensor results for field-bias scheme 3 with negative polarities and multiple 

field-bias magnitudes, showing trends in sensitivity at 500 °C.  In this scheme, the 
field electrodes around the LCO sensing element were biased, while those around 
the Pt sensing electrode were left floating (i.e., unbiased). 
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Figure 5-13. NOx sensor results for field-bias scheme 4 with positive/negative polarities and 

multiple field-bias magnitudes, showing trends in sensitivity at 450 °C.  In this 
scheme, a positive (or negative) bias was applied to the electric field electrodes 
surrounding the Pt sensing electrode, with a negative (or positive) bias applied to the 
corresponding electric field electrode on the opposite side of the substrate; the field 
electrodes around the LCO sensing electrode were left floating (i.e., unbiased). 
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Figure 5-14. Mass spectrometer measured NOx concentrations versus applied electric-field 

voltage during 650 ppm NO feed and 650 ppm NO2 feed using air-reference sample.  
NO feed conditions are shown in A), while NO2 feed conditions are shown in B) 
Mass spectrometry results were measured simultaneously with sensor response. 

 
Figure 5-15. Mass spectrometer measured NOx concentrations and air-reference sample 

sensitivity versus applied electric-field voltage during 650 ppm NO feed and 650 
ppm NO2 feed.  The changes in air-reference sample sensitivity were to gas steps of 
0, 50, 100, 200, 400, and 650 ppm NO in A), or NO2 in B) as the field-strength 
varied.  Four regions of inflection are seen for both experiments. 
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Figure 5-16  FIB-SEM reconstruction of bulk porous LCO used in air-reference sample.  A) 

illustrates the reconstruction concept, while B) and C) show the resulting surface- 
and pore-emphasized 3D models. 

 
Figure 5-17. SEM image of LCO powder (scale-bar is 1 µm).  Modified from Wachsman.139 

 
Figure 5-18. Measured NO and NO2 desorption profiles for 1% NO/1% O2 TPD at various 

electric-field biases across the capacitor-type chip. 

A B C 

0

100

200

300

400

500

600

100 200 300 400 500 600

M
e
a
s
u
re

d
 [
N

O
] 
(p

p
m

)

Temperature (°C)

0V

2V

8V

5V

0

100

200

300

400

500

600

100 200 300 400 500 600

Temperature (°C)

2V

8V

5V

0V

M
e
a
s
u
re

d
 [
N

O
2
] 
(p

p
m

)



 

143 

 
Figure 5-19. Measured NO and NO2 desorption profiles for 1% NO2/1% O2 TPD at various 

electric-field biases across the capacitor-type chip. 

 
Figure 5-20. Adsorbate concentration versus E-field bias for NO and NO2 adsorption. 
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Figure 5-21. Modeled field-strength for field-electrodes with +Q on top and bottom.  A) shows 

variations in electric-field strength (5 V) along a cross section of a field-electrode.  
The radial field component for this configuration can be seen in B) for several 
values of z and C) for several field-biases (z = 0 mm). 
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Table 5-1. Field-bias schemes to investigate the effect of field shape, magnitude, and polarity 
Bias 
Scheme # 

Top Field-
Electrode (LCO) 

Top Field-
Electrode (Pt) 

Bottom Field-
Electrode (LCO) 

Bottom Field-
Electrode (Pt) 

1 + (-) charge + (-) charge - (+) charge - (+) charge 
2 + (-) charge - (+) charge - (+) charge + (-) charge 
3 + (-) charge floating - (+) charge floating 
4 floating + (-) charge floating - (+) charge 

 
Table 5-2. Summary of trends for field-bias schemes 1-4 
Bias Scheme # Field Bias NO Gas Exposure NO2 Gas Exposure 

+ Negative Shift (down) Negative Shift (down) 1 
– Positive Shift (up) Positive Shift (up) 

+ Positive Shift (up) Negative Shift (down) 2 
– Negative Shift (down) Varies with field magnitude 

+ N/A N/A 3 
– No Apparent Effect Negative Shift (down) 

+ Negative Shift (down) Positive Shift (up) 4 
– Negative Shift (down) No Apparent Effect 
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CHAPTER 6 
DIRECT-WRITE RAPID PROTOTYPING 

6.1 Introduction 

In a perfect world, scientists and engineers would be able to visualize an idea, and then 

rapidly and easily convert the concept into reality.  Often, this is not the case as a device or 

sample may require deposition of novel materials into complex patterns with small feature size.  

The material deposition may be for the investigation of device designs (e.g., fuel cells, gas 

sensors, or batteries) or the fundamental science of such devices.  To complicate matters, many 

techniques (e.g., screenprinting or photolithography) are not compatible with certain materials or 

require individual masks/screens for each design or pattern.  Also, the iterative design of devices 

can be time consuming and expensive with these processes. In addition, the most economical 

methods are not capable of fine-line features (i.e., mesoscale).  Thus, there is great need for 

techniques to rapidly prototype samples and devices using virtually any material. 

The realization of rapid-prototype designs using various materials for solid-state ionic 

devices and research can now be acheived with the use of a direct-write dispensing machine 

(e.g., 3Dn 450 HP/nScrypt, Inc).  This rapid-prototype system can deposit ceramic, metallic, and 

polymeric materials in any pattern using predefined CAD files.  The machine is capable of 

depositing materials ranging from low viscosity inks to high viscosity pastes/slurries (e.g., 1 to 

over 1,000,000 cP).  Furthermore, the deposition is additive and material waste is minimized 

when compared to other techniques.  As shown in Figure 6-1, multiple print heads allow 

simultaneous printing of different materials and the system can also be configured to produce 

compositional gradients between functional layers for good adhesion at interfaces.  Using novel 

pump technology with picoliter volume control, the direct-write machine can deposit materials 

with feature sizes below 10 microns while larger area patterns can be rastered at speeds up to 500 
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mm/s.  In addition, the system has the capabilities of x, y, and z motion with a resolution on the 

order of 0.1 microns and material can be deposited on flat surfaces or conformally over rough/3D 

surfaces.  This is possible through surface mapping with a laser sensor.  Using advanced 

software, the system can make true three dimensional (3D) or two dimensional (2D) features 

using layer-by-layer deposition.  Therefore, the machine can be used to precisely vary the 

geometry of layers as device properties are investigated and improved. 

In order to utilize the full capabilities of this direct-write technique, there is a need to 

develop materials with properties that are optimized for the desired deposition quality.  The 

material parameters that can affect the deposition include particle size and shape, particle-size 

distribution, viscosity of paste/ink, and particle loading.  As a tool for the development of solid-

state ionic devices, fuel cell and gas sensor materials (electrodes and electrolytes) were 

developed for use with the rapid-prototype machine.  Deposition of common metallization 

materials (e.g., Pt, Au, and Ag) was also accomplished. 

This paper covers the various types of available rapid-prototype techniques and advantages 

of the nScrypt system for scientific and device research in the area of solid-state ionics.  Results 

from automated combinatorial testing of the machine process parameters (e.g., stage speed and 

pump backing pressure) are covered next.  Then the material properties making up the inks or 

pastes used during the combinatorial tests will be related to the machine process parameters and 

ultimately the deposition quality.  The starting materials and final depositions were characterized 

using various techniques.  After the initial material development phase, the system will be able to 

quickly and easily fabricate entire devices even when there are changes in design and material 

properties.  Furthermore, the use of such rapid-prototype machines ensures that all experimental 

samples are accurately produced with repeatable depositions.  Coupled with the capability to 
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specify a wide range of controlled material properties, this tool has the potential to be a pivotal 

instrument for advancing research and rapid design analysis. 

6.2 Background 

As mentioned previously, the goal of this work was to develop procedures and materials in 

order to eventually use this direct-write technique for rapid prototyping of solid-state ionic 

devices.  The main devices of interest, fuel cells and gas sensors, have two primary components, 

namely electrolytes and electrodes.  Solid oxide fuel cells (SOFCs) are needed as fuel-flexible 

power sources that will help during the transition from a society that uses combustion engines to 

a hydrogen economy.  One current problem with SOFCs are the requirement of high operating 

temperature and resultant need for expensive materials.  However, with the use of a direct-write 

technique new materials can be investigated and entire devices fabricated in an attempt to 

overcome this and other limitations.  For the fuel cells a dense, leak free electrolyte is critical to 

the performance of the device.198  Furthermore, the electrolyte should be thin to reduce Ohmic 

losses.  In terms of an entire cell (anode/electrolyte/cathode), the device may be tubular or 

planar.  While each approach has advantages, our research focuses on the design of planar cells.  

In particular one of the goals of this work is to use the direct-write machine to make micro fuel 

cell stacks.  Though there are several issues (e.g., cracking during drying) that need to be 

considered, this fabrication can even be done from the bottom-up, thereby reducing leakage 

between cells and theoretically improving performance. 

The second application being investigated involves the direct-write fabrication of 

potentiometric gas sensor arrays for gas analysis in combustion exhausts, industrial processes, 

and medical applications.  Recently, new potentiometric gas sensor arrays have been designed in 

such a way that they have significantly improved selectivity and sensitivity.199-204  Several layers 

may be used in the device construction including structural supports, solid-electrolytes, sensing 
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electrodes, and metallization (e.g., for heating elements, temperature sensors, etc.).  The direct-

write deposition technique will allow us to rapidly run through an iterative process of simulation 

and experimental verification of sensor design.   

Conventional fabrication methods in solid-state ionics include tape casting, tape 

calendaring/pressing, extrusion, chemical and physical vapor deposition, spin-coating, dip-

coating, spray pyrolysis, and many other related techniques.198,205,206  As mentioned in the 

introduction, one of the main drawbacks in using these types of techniques is the amount of time, 

money, and effort needed to make devices and experimental samples.  The use of direct-write 

methods to make gas sensors has been accomplished by others in the past, but mainly using ink-

jetting techniques.207  As far as we know, there are only a few SOFC devices that have been 

developed using direct-write technology.208  Though they did not achieve high power densities, 

the capabilities of the method used in this work should allow us to achieve more impressive 

results. 

There are various types of direct-write methods, with the generic term referring to the 

programmable transfer of a patterned material.  This can involve subtractive or additive pattern 

transfer.  The former relates to the removal of material (which may have been deposited in 

previous steps), while the latter refers to simply adding the patterned material on the surface of a 

substrate.  Most subtractive methods of deposition, such as those used in microelectronics 

fabrication, are not direct-write technologies.  Though advances in laser micromachining, e-beam 

lithography, focused ion beam (FIB) milling, and laser transfer of materials have allowed this 

area to reach into new applications of rapid prototyping.209,210  For solid-state ionic devices, 

however, the additive approach is more applicable because of the wide range of materials (some 

of which are expensive) involved in their fabrication. 
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Several types of additive direct-write techniques exist, including aerosol spraying and ink-

jetting. 209,210  As shown in Table 6-1, each method has its own benefits and range of capabilities, 

even when compared to more standard solid-state ionic device fabrication techniques such as 

screenprinting.  Another type of direct-write method is syringe dispensing, which involves 

material deposition as a result of positive-pressure displacement of fluid controlled with a 

plunger.  On the other hand, the nScrypt system utilizes a novel air pressure-backed pump with a 

sealed-valve that prevents, rather than causes, fluid flow.  In other words, the material flows 

around an open valve into the ceramic tip because of the backing pressure and is quickly drawn 

back via the vacuum created when the sealed-valve retreats into the pump.  This nScrypt micro-

dispensing technology allows for superior start/stop dispensing and fine-line control.  Compared 

to other direct-write techniques, this method offers the most flexibility, speed, and capability to 

create three-dimensional structures or to deposit films conformally over a surface.  Key machine 

parameters are backing pressure, relative gantry and pump-valve speed, and path taken during 

deposition.  Important material parameters are particle size and particle-size distribution, slurry 

viscosity, evaporation rate of slurry solvent, and the wetting properties of slurry and substrate. 

6.3 Experimental 

In order to use the direct-write machine for fabrication of fuel cells and gas sensors, there 

was the need to develop materials with ideal properties from the standpoint of the deposition 

technique and the final quality of the structure being printed.  Namely, the electrodes should 

show sufficient connectivity amongst the particles and open porosity for the gas to interact with 

the electrode and at the triple phase boundary (i.e., gas, electrode, and electrolyte interface); the 

electrolytes should be dense and uniform, with the ability to control thickness.  Furthermore, the 

materials must possess sufficient rheological properties so as to ensure proper flow through the 

pump nozzle without resulting in any clogs. 
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6.3.1 Ceramic Powders 

Powder samples of Gadolinia-doped Ceria (GDC, Rhodia) for the fuel cells and Yttria-

stabilized Zirconia (8 mol% YSZ, Tosoh) for the gas sensors were obtained for the electrolyte 

materials.  The electrode materials tested included WO3 (Alfa Aesar), TiO2 (Alfa Aesar), and 

La2CuO4 (LCO) for the gas sensors, and (La,Sr)(Co,Fe)O3 (LSCF, Praxair) and LaMnO3 (LSM, 

Praxair) for the fuel cells. Most of the powders were purchased directly from the manufacturer 

and used as is or underwent further processing using ball-milling and/or filtering with a sieve.  

The LCO powder was prepared using the autoignition synthesis technique as explained 

elsewhere.147  Particle size and particle-size distribution were measured via laser diffraction 

using a Coulter LS230.  Ultrasonication of the powder in water ensured dispersion during the 

particle size measurements.   

6.3.2 Electrodes 

Initial attempts of making slurries for the nScrypt utilized a commercial binder vehicle 

(ESL) as a way of standardizing results.  Metallization for the devices utilized commercial pastes 

of Pt (Heraeus), Au (Engelhard), and Ag (Dupont).   

Electrode pastes were prepared by combining the vehicle, powder, and a dispersant in a 

container and initiating various de-airing and mixing cycles using a centrifugal mixer (Thinky, 

ARE-250).  Pastes were then loaded into 3 mL syringes (EFD) for use with the nScrypt.  This 

was repeated for various solids-loading (25 to 60 wt%, relative to vehicle).  Prior to use with the 

direct-write system, a final mixing step was conducted in order to rid the pastes of any air 

trapped during transfer to the syringes. 

6.3.3 Electrolytes 

To achieve a more dense, sintered GDC layer, a slurry with relatively high solids-loading 

(~35 vol%) was prepared.  This was achieved by mixing a water-based solution of sub-micron 
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GDC powder until nearly saturated, followed by the drop-wise addition of a polyelectrolyte 

(Darvan-C) to disperse the particles.  The process was repeated until polyelectrolyte additions no 

longer had an effect on the flow properties of the slurry.  De-ionized water was also added drop-

wise until the slurry again exhibited a water-like viscosity.  A small amount (1 wt%) of binder 

solution (36 wt% polyvinyl alcohol dissolved in water) and 2/3 wt% plasticizer (ethylene glycol) 

were added to the well-dispersed GDC slurry, and ball milled for 12 hours.  To increase the 

viscosity of the slurry, a 2 M water-based dissolved cerium nitrate solution was added with a 

dropper and shaken until the slurry appeared creamy.  For de-airing, the slurry was transferred to 

a 30 mL plastic syringe, capped off, and the plunger pulled back to create an internal vacuum.  

The syringe was knocked against a hard surface to pull air pockets out from the bulk of the 

slurry.  This process was repeated until no evidence of air pockets could be observed.  The paste 

was directly transferred to the 3 mL feed syringes used by the rapid prototyping equipment. 

YSZ was made into slurries using two different methods.  The first consisted of the same 

commercial binder and preparation method used with the electrode pastes.  The second slurry 

involved ball milling of a mixture of YSZ powder, fish oil, dibutyl phthalate (DBP), polyvinyl 

butyral (PVB), toluene, ethanol, and polyethylene glycol (PEG 8000).  This was essentially a 

slurry used in tape casting. 

6.3.4 Direct-Write Machine Preparation 

After loading a syringe into a pre-cleaned and calibrated nScrypt pump there were a few 

tasks that needed to be performed before deposition. The first step was to prime the pump by 

opening the valve slightly and increasing the backing pressure until the material began to flow.  

Good material-flow was characterized as continuous flow without air-bubbles and that did not 

creep up the sides of the tip.  Then a pre-made CAD file with all of the machine/tool path 

information imbedded inside was opened in the computer.  The final action needed before 
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deposition was to bring the tip within 25 to 200 µm of the surface of a substrate.  For the fuel 

cells, a tape cast NiO-GDC anode support acted as the substrate, while a thin (~100-200 um) 

YSZ substrate was used for the gas sensors.  Most of the substrates used during these 

experiments were fabricated in our facilities using a tape caster (Labcast, Pro-Cast).  In certain 

instances, manufactured 8 mol% YSZ substrates (Marketech) were also used with the gas sensor 

materials.  In the case of depositing, for instance, a GDC slurry on NiO-GDC or YSZ slurry on 

YSZ, the substrates were typically only presintered at low temperature in order to match 

shrinkage rates upon final densification.  For the electrodes, the pastes were deposited on fully 

sintered substrates. 

6.3.5 Initial Combinatorial Experiments 

There were two sets of experiments used as an initial probe of the machine capabilities.  

These included tests with various line patterns and then rastered shapes.  In this way we judged 

the difficulty in using typical solid-state ionic materials with this direct-write technique.  The 

material chosen for these experiments was the LCO gas sensor material, which was deposited on 

YSZ.  As shown in Figure 6-2, the line tests consisted of making two sets of lines for each of 

three gantry speeds (2.5, 7.5, and 18 mm/s), with all other machine parameters fixed.  This was 

repeated for three different backing pressures (2, 10, and 25 psi). 

The second general experiment that was conducted involved the rastering of a circular 

LCO electrode onto YSZ by starting with a spiral pattern and ending with a circle.  Deposition 

quality was tested for variations in gantry speed (7.5, 15, 25, 50, 100, 250 mm/s), backing 

pressure (1, 2, 10, 50 psi), and distance of the pump tip from the surface of the substrate.  

Following the lessons learned in these experiments several complex patterns were deposited 

using the electrode materials. 
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For the electrolytes, materials were deposited in square, rectangular and grid patterns using 

fuel cell and gas sensor materials.  Three-dimensional structures were also attempted by printing 

layer-by-layer using a high-solids-loading paste (as in the case of YSZ prepared with the ESL 

vehicle).  Due to the sticky nature of the vehicle and slow drying rate, it was necessary to 

compensate for the interaction of each subsequent layer with the material being deposited.  This 

was accomplished by extending the dimensions out for each additional layer.  Another way we 

tested the capabilities of 3D printing was with the high-solids loading GDC slurry, which was 

tailored to keep its shape and dry relatively quickly.  Deposition with the YSZ tape casting slurry 

was also tested. 

Following deposition, the samples were dried in an oven at 60 °C to 80 °C and then 

transferred to either a burnout/presintering furnace (Carbolite, BWF) or high temperature furnace 

(Carbolite, HTF) for final sintering.  SEM images were taken using a field-emission SEM 

(JEOL, JSM-6335F) and a thermionic SEM (JEOL, JSM-6400) in either secondary electron or 

backscatter imaging modes.  Cross-sections were prepared by mounting sintered samples in 

epoxy and polishing down using a grinder/polisher with fine SiC and then diamond paste with 

polishing cloth. 

6.4 Results and Discussion 

As a result of this work, solid-state ionic device materials can be processed for good 

deposition quality and small feature sizes when used with the nScrypt direct-write technique.  

The ability to use this method has come from analysis of particle size and particle-size 

distribution, resulting electrolyte and electrode deposition characteristics, and the initial line and 

rastered-shape experiments. 
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6.4.1 Powder Particle Size Analysis 

In order to deposit materials with as small a feature size as possible, it was necessary to 

ensure particle sizes were less than the inner diameter of the tips (as small as 12.5 µm) used with 

the nScrypt.  Figure 6-3 shows the laser diffraction measurements for LCO and GDC powders, 

which had representative primary distributions of submicron particles.  For example most of the 

particles in the LCO powder were around 750 nm in diameter (d90), though the mean was about 

half as large.  This was a rather broad range of particle sizes, when compared to the ball-milled 

GDC which had a narrow, primary peak of 150 nm particles. 

6.4.2 Electrolyte Deposition 

Initial attempts to use the ESL vehicle with a high-solids loading of GDC powder were 

mostly unsuccessful.  This was likely due to the isoelectric point of GDC and powder particle 

size, which resulted in agglomeration and tip clogging.211  However, the situation improved 

when moving to the slurry prepared using GDC powder mixed with a polyelectrolyte for 

dispersion control.212  Figure6-4A shows a cross-section of a NiO-GDC anode layer that was 

spin-coated with a GDC solution.  As is clear from the image and inset of the top surface, the 

spin-coated GDC had some porosity.  As shown in Figure 6-4B, the nScrypt-deposited high 

solids-loading GDC resulted in a much denser layer when compared to the spin-coated GDC.  

Note that the thickness of this dense layer was about 4 times as large as the spin-coated layer.  

However, as shown later this can be reduced through modification of machine parameters.   

A paste of YSZ using the ESL vehicle has also been successful deposited.  The YSZ paste 

was deposited onto a presintered YSZ tape to form U-shaped channels that might be used in 

YSZ-based micro fuel cells or to separate regions on a gas sensor array to minimize interference 

amongst the sensing electrodes.199  Up to four layers have been deposited without a drying step, 

resulting in structures with a thickness of approximately 250 µm.   
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The YSZ tape-casting slurry was deposited directly onto a sheet of mylar and built up 

layer-by-layer into a structure with a gas channel and internal compartment as shown in Figure 

6-5.  After drying, the structure did not break when removed from the carrier film.  This ability 

to print electrolytes and other materials in three dimensions will be extremely useful in the 

construction of future solid-state ionic devices. 

6.4.3 Electrode Deposition 

The nScrypt direct-write technique has been successfully used to deposit both fuel cell and 

gas sensor electrode materials.  However, the results shown here are for the WO3 and LCO gas 

sensor materials.  Figure 6-6 shows the typical electrode microstructure obtained from the 

nScrypt-deposited pastes.  The results are typical for each electrode material because their 

preparation was standardized as discussed earlier.  The general micro-structure for WO3 was 

uniform and can be seen in Figure 6-6A. This electrode shows a well connected, porous network 

of sintered particles as illustrated in 6-6B.  Furthermore, the quality of the pastes was such that 

we were easily able to deposit the WO3 in patterns with very fine feature sizes.  For example, 

Figure 6-6C shows a section of a WO3 spiral deposited on YSZ.  The linewidth of the spiral was 

less than 18 µm.   

6.4.4 Lines and Rastered Patterns 

6.4.4.1 Line tests 

Some of the results for the line tests can be seen in Figure 6-7.  These are plots of the 

average deposition linewidth and thickness (as measured with SEM) versus the backing-pressure 

of the nScrypt pump.  Gantry speeds of 2.5, 7.5, and 18 mm/s are represented with the circle, 

square, and triangle symbols, respectively.  The lines were on the order of 4 to 5 mm in length.  

The measured linewidths varied from ~275 µm to ~85 µm for the given variable machine 

parameters, all else constant.  However, much smaller variations were seen in the thickness 
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values (~2.75 µm to 5.6 µm).  As evident from the plots, there was a parabolic relationship 

between the thickness/linewidth and backing pressure.  On average, higher backing pressures 

yielded thicker, wider lines.  As the gantry speed increased at a given pressure setting, the 

linewidth changed by approximately 40-50%, while the thickness had a variation of 50-60%.  

Additionally, the effect of the pressure was more prevalent at higher gantry speeds. 

6.4.4.2 Rastered patterns 

After the line tests, the same LCO paste was deposited into circular patterns on YSZ.  For 

these experiments the backing pressure, gantry speed, and distance of the tip from the substrate 

were varied.  Figure 6-8 demonstrates the effect of backing pressure on the thickness of the 

rastered patterns.  Thickness was measured from cross-sections, near the centers of the LCO 

circles.  A 50% increase in backing pressure resulted in a 60% change in thickness.  With a tip-

to-surface height of ~100 microns, the best results were with gantry speeds of 25, 50, and 100 

mm/s while higher speeds led to rippled edges.  For other heights and settings the ideal speeds 

were different, but overall the combinatorial approach allowed for rapid assessment and 

improvement in the deposition quality. 

6.4.4.3 Relationship between machine and material properties 

From these test materials the deposition quality can be related to the material properties 

and machine parameters.  The various nScrypt feed materials were either fluid inks (~ 50 – 500 

cP), tacky pastes (~ 500 – 100k cP), or thick slurries (> 100k cP) as compared to viscosity 

standards (Brookfield Engineering Laboratories).  In addition to material properties, the gantry 

speed, backing pressure, and tip-to-surface height determined the linewidth, thickness, and 

quality (e.g., rippled edges) of the depositions.  For less viscous feed materials, little to no 

pressure was needed to achieve flow conditions inside the nScrypt pump and tip.  However, thick 

depositions with such inks required several layers because increased pressure or valve opening 
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caused spreading across the substrate.  This is likely only desirable if the goal is to have a 

continuous thin, rastered electrode.  Otherwise, use of quick drying solvents (e.g., ethanol) will 

allow the deposited material to dry before being able to spread.  Multilayer deposition with 

pastes was also difficult because the material crept up the ceramic tip if depositions were made 

too far from a surface.  However, machine parameter and tool path tuning was capable of 

partially overcoming the tackiness problem, as mentioned earlier for YSZ.  Thick slurries were 

primarily for high solids-loading depositions, such as for the dense GDC layer.  Such slurries 

may also be useful for freeform, 3D prototyping because of their shape-retention and 

consolidation properties.  In terms of solid-state ionics devices, the ceramic- or metal-dispersed 

inks, pastes, and slurries may require particular properties (e.g., solid-loadings) that prevent 

tailoring of the feed fluid viscosity.  For these cases, the nScrypt machine parameters allow some 

flexibility in terms of tailoring thickness and feature size. 

Taking what was learned from the line and rastered circle experiments, deposition of more 

complicated patterns was merely a process of designing CAD files and assigning the appropriate 

machine parameters to the vector paths.  Figure 6-9A demonstrates the scaling capability of this 

direct-write technique.  These various size circular electrodes were made with a single tip size 

either by rastering or opening/closing the pump valve very quickly.  The machine was even able 

to deposit the sensing electrode material into the shape of ‘The Electrochemical Society’ and 

“American Ceramic Society” (ACERS) logo using LCO paste and GDC slurry, as seen in 

Figures 6-9B and 6-9C.  These demonstrations were accomplished at speeds comparable to an 

ink-jet printer and required only about 5 to 10 seconds to deposit.  Furthermore, in terms of ease 

in material development, the nScrypt direct-write technique was far superior.   
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6.4.5 Design and Performance Results 

Figure 6-10 shows preliminary results of direct-write sealing and deposition of gas 

channels for SOFCs.  Conceptually, the idea is to build all the components of a micro-SOFC 

from the bottom up and then to place it in a manifold such as that shown in Figure 6-11.  Initial 

performance results from nScrypt-deposited cathodes can be seen in Figure 6-12.  The power 

output was relatively good and can be improved significantly using a bilayer electrolyte and 

anode functional layers.213 

The nScrypt direct-write method was also used to make prototype heater designs for a gas 

sensor array.  Some preliminary results can be found in Figure 6-13.  There are 5 microheaters 

on an alumina substrate.  The width of the active area of the heaters is approximately 1 mm.  The 

features of the active area cannot be seen with the naked eye. 

6.5 Conclusions 

This work has successfully demonstrated the flexibility of the nScrypt-deposition 

technique for the fabrication of solid-state ionic devices.  Structures with features below 18 µm 

and a variety of thicknesses have been easily achieved.  Furthermore, this work has shown that 

even complex patterns can be deposited rapidly using practically any material.  Now that a 

materials understanding has been developed for this direct-write technique, the next step will be 

to build actual devices.  Progress is already underway for the iterative simulation and design 

process for the gas sensor array.  The multilayer gas channels mentioned earlier will be used in 

the construction of a micro fuel cell from the bottom up.  With the conformal-printing 

capabilities of this technique, there is also the possibility of depositing materials onto tubular fuel 

cells or proton-exchange membranes.  Furthermore, the nScrypt tool will be used to fabricate 

samples for investigations of a promising new method for actively enhancing the performance of 

solid-state ionic devices with the use of external electric fields.203  In the future, additional 
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capabilities will be integrated into the machine such as ink-jet heads or spray nozzles for thin 

depositions and an on-the-fly laser micromachining/sintering system to achieve finer features 

and improved multilayer fabrication.  In collaboration with nScrypt, the Florida Institute for 

Sustainable Energy is also working toward making materials that can be deposited at the 

submicron feature size level. In conclusion, this tool will be extremely useful as the next 

generation solid-state ionic devices are researched and developed. 
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Figure 6-1. Close up view of the nScrypt 3Dn 450 HP dual pump assemblies with fine ceramic 

tips in action.  Florida Institute for Sustainable Energy (FISE) and nScrypt logos 
were printed from a CAD file using silver paste (Dupont) on Kapton polyimide film. 

 
Figure 6-2. Pattern emulated during line tests with LCO.  Two sets of lines for three different 

gantry speeds were deposited successively.  This was repeated for three backing 
pressures, up to 25% of the maximum machine setting. 

 
Figure 6-3. Typical particle-size distributions of powders used in this work.  Shown are particle-

size distributions for ball-milled GDC and ball-milled/sieved LCO powders. In all 
powders used, the average particle size was submicron and the largest particles had 
diameters less than the smallest inner-diameter tip used with the nScrypt.   
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Figure 6-4. Comparison of spin-coated and nScypt-deposited GDC electrolyte. A cross-section 

of a NiO-GDC anode with relatively porous, spin-coated GDC layer on top is shown 
in A).  The inset shows the top surface of the spin-coated GDC.  B) shows the same 
structure as in A), except on top of the spin-coated GDC is an nScrypt-deposited 
dense GDC layer.  The inset shows that this layer is indeed dense. 

A 
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Figure 6-5. Example of “3D” YSZ structure made with the rapid prototype system.  In A), the 

scale of the structure is compared to the features on a U.S. dime, while a close-up is 
shown in B).  The small sample was made with YSZ from the bottom up with a gas 
channel (lower right portion of right image) leading to an open chamber. 

 
Figure 6-6. Typical electrode microstructure for nScrypt deposited pastes.  The general 

microstructure for the WO3 can be seen in A), while the individual sintered particles 
are shown in B).  A spiral with linewidths below ~18 µm was made from WO3 
deposited on YSZ as shown in C).  The scale bars are 10 µm for A) and C), and 1 
µm for B). 
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Figure 6-7. Effect of backing pressure and gantry speed on the linewidth and thickness during 

line tests with LCO deposited on YSZ.  Larger backing pressures gave thicker, 
wider lines.  However, the effect was lessened at slower gantry speeds. 

 
Figure 6-8. Cross-sections of circular LCO samples made during rastered pattern experiments.  

The backing pressures used were 1, 2, 10, and 50 psi in A)-D).  The thicknesses of 
these circular patterns were approximately 11.1, 14.3, 16.5 and 17.5 µm. 
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Figure 6-9. Examples of scaling and complex pattern capabilities of nScrypt-deposition 

technique.  A) and B) are La2CuO4 on YSZ; C) is GDC on NiO-GDC.  The size of 
the circular electrodes increased from left to right in A) as the gantry moved in 
increasingly larger spiral patterns (ending in a circle).  Furthermore, the pump 
parameters were the same for each circle.  In a matter of seconds, the machine 
effectively made a gas sensor in the form of the ECS logo in B) and two-thirds of a 
fuel cell in the form of the ACERS logo in C). 

 
Figure 6-10 Direct-write fuel cell sealing and deposition of gas channels.  A) shows the as-dried 

first attempt of using the nScrypt system to deposit a GDC electrolyte on a NiO 
anode (see inset), while simultaneously sealing the sides of the (porous) anode.  B) 
shows an example of an LSCF cathode deposited on a GDC electrolyte film 
(supported by a Ni-GDC anode) with gas channels made out of the same material.  
The wall of the channels is ~0.25 mm, with ~1.25 mm in between each wall. 

A B 

A B C 
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Figure 6-11. One possible micro IT-SOFC stack configuration. An exploded view of the stack 

can be seen in A), where the endplates, seals, cathode, electrolyte, anode, and 
bipolar plates can be seen.  The complete stack can be seen in B) with fuel and air 
ports shown.  C) shows an exploded view of one possible external manifold 
arrangement for the inlet and outlet of the fuel and air lines, while D) illustrates how 
the complete stack and manifold might look. 

 
Figure 6-12. Performance results for IT-SOFC consisting of rapid-prototyped LSCF cathode on 

top of a spin-coated GDC electrolyte film supported by a Ni-GDC anode. In A), the 
maximum power density and impedance are shown for 600 °C.  In B), the trend in 
maximum power density with temperature can be seen. 
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Figure 6-13. nScrypt deposited microheaters for future gas sensor arrays. 
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Table 6-1. Comparison of different “additive” direct-write fabrication methods to a more 
standard technique 

Method Viscosity Minimum 
feature size 

Advantages Disadvantages 

Novel pressure-
backed valve 
pump technology 
(nScrypt) 

1 to 10 cP < 10 µm Speed; flexibility; 
conformal and 3D 
printing 

New; tip clogging 

Ink Jet 1 to 10 cP ~70 µm Well-known Overspray; low 
solids-loading only 

Aerosol 1 to 5000 cP ~10-25 µm Conformal and               
3D printing 

Overspray; low 
solids-loading only; 
material limitations 

Screenprinting 5000 to 
0.5x106 cP 

> 75-100 µm Fast; well-known;     
larger areas 

Pin holes,        
material waste 
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CHAPTER 7 
EXTENDED SURFACE SCIENCE STUDY OF SOLID-STATE GAS SENSORS BASED ON 

THE DIFFERENTIAL ELECTRODE EQUILIBRIA THEORY 

7.1 Introduction  

Surface science techniques have been used to explore the sensing mechanisms of a variety 

of solid-state gas sensors (e.g., chemiresistive, potentiometric, and amperometric).110  These 

include x-ray photoelectron spectroscopy (XPS), ultraviolet electron spectroscopy (UPS), 

Fourier transform infrared (FTIR) spectroscopy, and the Kelvin method. 

Of particular interest is the study of surface properties for potentiometric gas sensors based 

on the Differential Electrode Equilibria theory.  In such devices, the voltage measured between 

two sensing electrodes in the same gas environment can depend on differences in contributions 

from electrochemical reactions (mixed potential), heterogeneous catalysis (changes in local gas 

concentrations), kinetics, and band-bending (when at least one semiconducting electrode is 

used.65,91  In other words, differences in the various equilibria between the two electrodes are 

what determine the measured sensor output.  The characteristic equilibria of an electrode depend 

on the material and gases in question.  For instance, with the use of a semiconducting material 

the Fermi level of the electrode can change as gas adsorbs on the surface. 

Various surface science techniques have been used to study the Differential Electrode 

Equilibria theory, including temperature programmed techniques (with and without labeled 

oxygen), infrared spectroscopy, and XPS.  The past research has primarily focused on the p-type 

semiconducting oxide, La2CuO4 (LCO).  This work aims to extend these studies in order to 

further understand the sensing mechanisms.  In particular, the past XPS measurements were 

made using LCO powder with an older XPS system which limited resolution to 0.1 eV steps and 

had considerable noise due to the use of a poly-chromatic Mg Kα source.146  This resulted in 

poorly resolved features with only the O 1s peaks used as a point of analysis.  In fact, the Cu 
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peaks were not seen at all with the powder samples.  An electode of screen printed LCO on yttria 

stabilized zirconia (YSZ) was also surveyed with 0.5 eV steps.  In this case a weak Cu peak was 

observed, but was lost after three weeks of thermal cycling. 

When investigating an oxide sample containing lanthanum, an Mg Kα source should be 

avoided because the O 1s line coincides with the La MNN auger peaks.214  Therefore, in this 

work an Al Kα monochromatic source is used to investigate the O 1s, C 1s, N 1s, La 3d, and Cu 

2p lines.  Because the proposed sensing mechanisms from past work relied in part on 

interpretation of unresolved XPS data, a clearer picture of the key features of the spectra will 

help lend credit to these ideas.  Furthermore, this work will also investigate changes to the 

valence structure of La2CuO4 as a result of relevant pretreatments through the use of valence 

XPS and UPS.  This yields specific information about the band bending that occurs when gases 

adsorb on the surface.  The photoelectron spectra were also measured at several emission angles 

(i.e., angle resolved photoelectron spectroscopy) in order to probe various depths in the crystal 

surface. 

This work also constitutes an ongoing investigation of electric-field enhanced solid-state 

ionic devices.176  In past work, localized electric fields were demonstrated as a means to enhance 

both the sensitivity and selectivity of potentiometric gas sensors.  Furthermore, gas evolving over 

the electric-field enhanced sensing electrode was shown to correlate with the changes in sensor 

response.  Temperature programmed desorption experiments also revealed changes in the total 

NOx adsorbed when the electric field was applied.  Therefore, the goals of this work were to 

obtain more information about the LCO sensing mechanism through improved and expanded 

surface science techniques and to further explore the electric field effect. 
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7.2 Background 

7.2.1 Surface Science Techniques 

7.2.1.1 Electron spectroscopy 

Electron spectroscopy is a set of techniques in which the measurement of emitted electrons 

from a solid can yield information about the bulk and surface characteristics.75  Electron 

spectroscopic methods allow non-destructive, quantitative determination of oxidization states, 

local chemical environment, electronic band structure, and elemental analysis of the surface and 

subsurface of an adsorbate-material system.126 

In XPS a high energy photon ionizes an atom, thereby ejecting a free electron from the 

strongly bound inner orbitals and the outer valence level orbitals.  As the photoelectrons emitted 

from the sample reach the detector, a spectrum is collected with characteristic peaks.126  UPS is 

related to XPS and, in fact, the photoionization process is identical.126  However, the lower 

energy ultraviolet radiation results mostly in information (i.e., electrons) from the outer surface 

of the solid.  While XPS is generally used to characterize the bulk and subsurface regions of a 

solid, UPS primarily yields information about the electronic structure at the surface and can be 

used to study valence bands or as a means to identify adsorbed surface species and investigate 

surface binding energies.75,126,131 

7.2.1.2 Kelvin probe 

A Kelvin probe (KP) is a non-contact, non-destructive surface science tool that allows in 

situ measurements of induced changes in the work function (WF) of a gas sensitive material due 

to modifications from adsorbed gases.118  The basic idea of this method is to form a vibrating 

capacitor out of the studied electrode and a reference electrode.119  A wire connecting one side of 

the reference to a side of the sample completes the circuit and results in the formation of a 

contact potential difference (CPD) and electric field between them (Figure 7-1).  The CPD is 
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related to the differences in the WFs (∆Φ) of the two materials.  The reference electrode (or, less 

commonly the sample) is mechanically set to vibrate vertically above the surface of the 

specimen.  The equivalent capacitance is modulated as the gap between them changes. 

The relationship between compensating voltage (V0), the current (i), and capacitance (C) is 

shown in Equation 7-1, where Q is the charge on the capacitor plates and all voltages are 

assumed constant.109,119-124,215 

( ) ( )
dt

dC
VCV

dt

d

dt

dQ
)t(i 00 ∆Φ−=∆Φ−==  (7-1) 

V0 is adjusted until equal to the CPD (i.e., where i(t) goes to zero).  In a real experiment, 

care must be taken to ensure the WF of the KP reference electrode remains constant.  Several 

techniques exist for overcoming this issue and make this a powerful technique.124,125 

7.2.2 Related Work 

The Differential Electrode Equilibria theory has been studied for both p-type and n-type 

semiconducting oxides.139  However, the model material has been p-type LCO, which has been 

studied extensively and shown to have NOx sensing mechanisms that occur in part as a result of 

surface complex formation.  This can either result in electron or hole injection into the LCO, 

thereby changing the Fermi level and thus potential of the semiconductor.  NO and NO2 

adsorption both result in the formation of nitrite, NO2
−, and nitrate, NO3

−, surface species. 

However, the way in which these surface species form on the LCO surface and interact with 

surface and subsurface oxygen determines the sensor response.  Furthermore, there are varying 

degrees of interconversion between nitrite and nitrate species during some overlapping 

temperature range.  Therefore, one way to alter the sensing response is to interact with this 

charge transfer, surface-complex forming process.  This is one way in which the applied (local) 

electric field is believed to influence the sensing mechanism, thus resulting in enhanced gas 
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sensor performance.  While much has been learned about the Differential Electrode Equilibria 

theory, there is still a need for additional research.  This is especially true if future efforts in 

modeling the sensing mechanism are to be successful. 

The electric-field enhanced potentiometric gas sensor utilizes a novel technique for 

providing relatively large localized fields about the sensing electrodes without charge transfer to 

the device.  Normally, a direct applied bias to an electrochemical cell will drive reactions and/or 

pump ions from one side of the cell to other.  This is the method used in another type of well-

studied enhancement of electrochemical cells called electrochemical promotion (or Non-Faradaic  

Electrochemical Modification of Catalytic Activity, NEMCA).77  Led by the research of Vayenas 

et. al it has been shown through electroanalytical and surface science techniques (e.g., XPS) that 

the enhanced catalytic activity that occurs with direct bias is a result of reverse spillover of 

pumped oxygen ions onto the working electrode.78  The spreading of the electroactive surface 

species over the catalyst surface is accompanied with the formation of an effective 

electrochemical (dipole) double-layer, and associated (strong) electric field, that increases the 

electrode work function.68,77,78,81,82,180,181,196,197  The dipole layer is believed to enhance reactions 

due to a beneficial weakening of the binding energies of (gas-phase induced) chemisorbed 

oxygen. 

A considerable amount of research has been performed using Kelvin probes to study 

chemiresistive gas sensors.110,118  This is not the case for the potentiometric variety, but the same 

information would be useful here.  Some researchers have had success in the simultaneous 

monitoring of changes in resistance and work function to determine the contribution of band 

bending, surface dipoles, and electron affinity on the work function.120,121 
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7.3 Experimental 

7.3.1 Sample Preparation 

La2CuO4 powder was synthesized using an amorphous citrate autoignition (fuel lean) 

technique.  Prior to synthesis, inductively coupled plasma (ICP) spectroscopy was used to verify 

the concentrations of starting salts (i.e., lanthanum nitrate and copper nitrate).  The synthesized 

powder was calcined at 600 °C for 10 hours to rid the sample of any remaining salts.  Phase 

purity was verified with XRD. 

Alumina and (8 mol %) YSZ substrates were prepared from starting powders (Alcoa; 

Tosoh), a water-based tape-casting system (Polymer Innovations), and a tape caster (HED 

International).  Thin, rectangular alumina pieces were cut from the tape and laminated using a 

heated uniaxial press (Carver).  Circular YSZ disks were made in a similar fashion using a single 

round punch.  Both materials were sintered at 1500 °C for 4 hours, resulting in final dimensions 

of approximately 15 mm X 16 mm X 250 µm for the alumina, while the YSZ was ~ 125 µm 

thick with a diameter of ~ 6 mm.  LCO paste (i.e., powder mixed with an ESL vehicle) was 

applied to the top surface of the YSZ, dried, and sintered at 800 °C for 8 hours.  Using ceramic 

cement (Ceramabond) the sintered alumina was attached to a small, stainless steel platen (for 

sample transfer in the UHV test setup), with the LCO-deposited YSZ disc subsequently attached 

to the center of the alumina in same manner.  Furthermore, a gold contact pad for sample 

grounding (to the KP and electron spectrometer) was applied to one side of the alumina surface 

and connected to the edge of the LCO sample.  Two thin tantalum strips were spot-welded to the 

platen to tack down sides of the Al2O3 layer.  After drying for 1 hour, the whole sample/platen 

assembly was placed into a tube furnace at 550 °C for 2.5 hours to burn out the organics in the 

ceramic cement and sinter the gold contact. 
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In order to explore the electric-field effect two small, thin semi-circular (ID ~ 6.5 mm; OD 

~ 8 mm; thickness ~ 250 µm) electric-field electrode rings were placed around the YSZ disk.  A 

circular ring was punched out of laminated Al2O3 tapes using two round punches of different 

size. This was cut in half to give the semi-circular field electrodes which were attached to the 

Al2O3 layer (on top of the platen) with ceramic cement.  A thin layer of gold (Englehard) was 

applied to the tops of the semi-circular field electrodes and gold leads were attached.  The field-

electrodes were electrically isolated from the YSZ and the LCO as shown in Figure 7-2. 

7.3.2 UHV Test Setup 

X-ray (Omicron; monochromatic Al Kα (1486.6 eV)) and ultraviolet (Omicron; He I (21.2 

eV)) sources were utilized during photoemission spectroscopy experiments.  The x-ray source 

and hemispherical analyzer were aligned and calibrated to very high accuracy using a precision 

silver reference standard (Ag 3d) which was cleaned with an integrated argon ion gun (FIG-

5CE).  The UV source was calibrated to the He I emission line.  Charge compensation was 

provided with an integrated electron beam (Omicron).  The base pressure of the UHV chamber 

was on the order of 10-10 torr for XPS and 10-9 torr for UPS measurements. 

7.3.2.1 Photoemission spectrometer 

X-ray (Omicron; monochromatic Al Kα (1486.6 eV)) and ultraviolet (Omicron; He I (21.2 

eV)) sources were utilized during photoemission spectroscopy experiments.  Sample and 

reference materials were cleaned as necessary with an integrated FIG-5CE argon ion gun.  

Reduction of sample charging was possible using an electron beam (Omicron).   

7.3.2.2 Kelvin probe 

The Kelvin probe (KP6500, McAllister Tech. Services) allowed a detailed investigation of 

the surface properties of the LCO sensing material.  Unlike most other Kelvin probe systems, the 

KP6500 does not utilize a lock-in amplifier which attempt to measure the null point (i.e., the 
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backing voltage that causes i(t) to go to zero) directly.  Rather, the system measures the non-null 

points because they have a much better signal-to-noise ratio (i.e., more accurate 

measurement).216  Operation about the null point also has the advantage of ensuring that even 

weakly bound adsorbates will not be desorbed due to the measurement itself.  Furthermore, the 

Kelvin method has the advantage over other work function measurement techniques (e.g., 

thermionic) of providing a mean work function instead of a weighted average that is biased 

towards low work function patches.  The KP 6500 software also provides improved repeatability 

between measurements through the use of gradient tracking, which ensures a constant separation 

between the sample and the tip, thus reducing spurious noise from stray capacitance.217,218 

The CPD measurements in this work were collected in an atmospheric test stand, which 

housed the Kelvin probe horizontally and allowed the sample to be moved towards the tip via a 

linear translator.  Before and after measurements, the probe tip was calibrated and compared to 

literature work function values using flame-annealed gold and platinum (thick and thin) films 

and HPOG (highly ordered pyrolytic graphite). 

7.3.3 Testing Procedures 

7.3.3.1 Pretreatment 

Prior to surface science measurements, the samples were pretreated ex-situ in a quartz 

reactor, which was placed inside a temperature controlled furnace.  The quartz tube was attached 

to a manifold with gas composition and flow rate regulated by mass flow controllers.  All gases 

used were ultra high purity.  The pretreatments used in this investigation are summarized in 

Table 7-1.  Once a sample was loaded into the furnace, a background gas of 21% O2 and 79% N2 

was flowed through the reactor at 300 cc/min as the temperature ramped to 500 °C at 15°C/min.  

Upon reaching this setpoint and remaining there for ~2 hours, the reactor was cooled to 300 °C 

and 650 ppm of the reactive gas of interest was added to the gas stream for 1 hour.  Then, the 



 

177 

temperature was lowered to room temperature with the reactive gas continuing to flow.  Finally, 

the samples were removed and immediately transferred to the UHV test setup for photoelectron 

measurement or to the atmospheric Kelvin probe setup.  Following the studies under UHV 

conditions or with the Kelvin probe, the sample was heated under oxygen and kept at 500 °C for 

2 hours in the quartz reactor to restore the LCO surface and oxygen sublattice. 

For the sample used in the study of the electric-field effect, the only difference in 

pretreatment was the additional use of a localized electric-field bias during exposure to the gas of 

interest; a power supply (Keithley 2400 SourceMeter) was connected to the gold leads attached 

to the field electrodes and the voltage was set to 8 Volts.  Such ex-situ pretreatments are still 

valuable when compared to in-situ conditioning (which will be done in future studies) because 

adsorbate species tend to stay bound to the surface of oxides for long periods of time and 

NEMCA research has shown that electroactive promoted species, such as those that may exist in 

the case of electric-field pretreated samples, can exist on the surface of solids for well over 24 

hours.78   

7.3.3.2 Surface science measurements 

For the angle resolved XPS (ARXPS), the sample under study was first probed at a takeoff 

angle of 55° (i.e., the photoemitted electron trajectory with respect to the surface normal) as 

illustrated in Figure 7-2.  This was followed with measurements at 75° (i.e., more surface 

sensitive) and 15° (i.e., less surface sensitive).  Prior to photoelectron measurements, the sample 

position was optimized to maximize the signal intensity as measured with the analyzer.  These 

angles are sufficient for gaining an accurate view of the change in electronic structure and atomic 

composition as a function of depth from the surface, as has been shown in the literature.219,220   

For each set of pretreatments an XPS survey scan was measured from 1386 to 50 eV with a 

1 eV step size.  Subsequently, high resolution core-level XPS measurements were collected at 
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910-950 (925-965), 810-850 (825-865), 508-525 (523-540), and 265-281 (280-296) with 0.05 eV 

steps.  The peaks of interest were for carbon (C 1s), nitrogen (N 1s), oxygen (O 1s), lanthanum 

(La 3d), and copper (Cu 2p).  The He I ultraviolet spectra were measured from -5 to 30 eV with a 

step size of 0.05 eV.  The survey, core level XPS, and (XPS/UPS) valence spectra were 

measured with 1, 10, and 20 scan sweeps, respectively, in order to improve the signal-to-noise 

ratio and to obtain more highly resolved peaks.  Additionally, the pass energy of the 

hemispherical analyzer was set to 50, 20, and 10 eV for the survey, core level, and XPS/UPS 

valence measurements, respectively. 

LCO samples were investigated for pretreatments of O2, NO2, NO, and NO with a 

localized electric field (i.e., ‘NO+Efield’ or 8 V applied to the field electrodes).  Furthermore, at 

various points in this investigation the spectra were recorded before, during, and after raising the 

temperature of the sample (using a radiative heater integrated into the photoelectron system’s 

sample holder) in order to gauge the relative thermal stability of surface species.   

The photoemission spectra were analyzed using the XPSPeaks and CasaXPS (Casa 

Software Ltd., V2.3.15) software packages.221  Peak position, area, and full width half maximum 

(FWHM) for each spectra were determined after Shirley background correction and 

Lorentzian/Gaussian curve fitting.  Peak area and intensity ratios were also calculated. 

Kelvin probe measurements were conducted using samples prepared in the same manner as 

for the photoelectron measurements.  The calibrated Kelvin probe tip (amplitude=120; 

gradient=0.5; vibrational frequency=606.8 Hz) was set to vibrate over the sample.  CPD 

measurements were only recorded after a stable value was achieved (e.g., typically after 5 to 10 

minutes).  The CPD was verified using both 4 mm and 2 mm stainless steel probe tips. 
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The Kelvin probe was used to measure the CPD of an n-type WO3 (Alfa Aesar) electrode 

in addition to the primary sample of interest (i.e., p-type La2CuO4) in order to relate the 

differences in surface potential to previous potentiometric gas sensor investigations using these 

materials.96,97  This electrode was prepared in the same manner as the LCO samples. 

7.4 Results and Discussion 

The results from the photoelectron spectroscopy measurements are presented below.  There 

are slight discrepancies between the ARXPS (75, 55, and 15°) and the high resolution core-level 

XPS measurements (55°), which are attributed to minor differences between samples. 

7.4.1 Photoelectron Spectra 

7.4.1.1 Angle resolved photoelectron spectra 

X-ray photoemission spectra were recorded at three angles (15°, 55°, and 75°) for the O2, 

NO, and NO2 pretreatments.  The C 1s peaks were similar in each case, with a main graphitic 

carbon peak around 284.6 eV (not shown).  In the cases with NOx adsorbed on the LCO surface, 

there was a slight broadening of the high binding energy side of the C 1s curve.  This may have 

been due to the presence of C–N bonds (285.2–288.4 eV), which tend to overlap with the C 1s 

line (284.2–285.1).222  There were also smaller peaks around 289 and 293 which are ascribed to 

carbonate species, pi-pi shakeup satellites, and/or hydrocarbons.  The use of so called 

‘advantageous carbon’ to adjust the spectra was not necessary because of the high quality 

calibration of the photoelectron system to the silver reference.  Furthermore, the C 1s peak did 

not shift more than ±0.2 eV at any time and the error associated with the advantageous carbon 

calibration technique has the same order of magnitude and other potentially limiting issues.222 

Variations in the O 1s signal for each pretreatment with changes in the takeoff angle can be 

seen Figure 7-3.  As the takeoff angle increases the surface sensitivity increases, as clearly 

visualized by the decreasing (overall) intensity.  When considering the O2 pretreatment, the O 1s 
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spectrum appears to consist of two main peaks with a separation around 2.75 eV.  However, the 

O 1s signal consists of no less than 3 superimposed peaks, as verified with curve fitting.  The 

lowest binding energy peak attributed to the metal oxide lattice oxygen.  This agrees well with 

other (Al Kα) XPS results on LCO and other related perovskite materials.214,219,224-230 

At a takeoff angle of 75°, the increased surface sensitivity caused the higher binding 

energy peaks (I and II) to increase in intensity with respect to peak I.  This emphasizes the fact 

that peaks I and II are likely bound surface species such as adsorbed oxygen, hydroxides, and 

carbonates (530.8–531.5 eV).  Furthermore, the peak(s) associated with these surface species are 

significantly attenuated after thermal cycling in UHV as seen in the O 1s spectra for a different 

sample before, during, and after in-situ heating to 250 °C at a takeoff angle of 55° (Figure 7-4).  

For the NO pretreatment, the spectrum measured at a takeoff angle of 15° contains a nitrate 

peak (IV) with a much lower intensity than at 55° and 75° when compared to that at lower 

binding energy O 1s components.  In the case of the NO2 pretreatment, the nitrate peak intensity 

was also attenuated at a takeoff of 15°.  However, the highest peak intensity for the entire O 1s 

spectrum was around 530 eV (peak II).  This was likely a result of the relaxed sublattice after the 

oxygen are pulled at for nitrate and nitrite complex formation.146  However, this may be 

associated with a separate oxygen state, such as that related to spillover with NEMCA.78 

7.4.1.2 High resolution core-level XPS 

In order to take a closer look at the surface properties of the La2CuO4, new photoelectron 

measurements were made using a different sample which also had a set of field-electrodes.  The 

C 1s, N 1s, O 1s, La 3d, and Cu 2p spectra are presented in Figures 7-5 through 7-9 for several 

pretreatments, including one case with the application of a localized electric field. 

The C 1s footprint is shown in Figure 7-5 for the O2, NO2, NO, and NO with the localized 

electric field (i.e., ‘NO+Efield’).  The binding energies of the primary peak attributed to graphitic 
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carbon (~284.5 eV) remains fairly constant for each pretreatment.  The presence of NOx in the 

pretreatment reduced the intensity of the peak around a binding energy of 289 eV, which is 

associated with carbonates.  This may be related to surface reactions between the two species 

during pretreatment conditions, which has been shown in other work to occur on LCO.98  The 

peak at even higher binding energy (~292 eV) was present in all pretreatments except for the 

NO+Efield case. 

Spectra of the N 1s orbital can be seen in Figure 7-6 for pretreatments 1, 2, and 4.  The 

peak located around 404 eV can be attributed to nitrite surface complexes, while the nitrate 

species are found at higher binding energies (~407 eV).222,231,232  While the results are only 

shown for O2, NO2, and NO+Efield, the N 1s peak for NO was observed from the survey scan 

(not shown) and had a nitrite peak with comparable position and intensity as the NO2 

pretreatment but with a smaller nitrate peak.  As evident from the lack of any peaks in the O2 

pretreatment, there were not any nitrite or nitrate species formed during this case.  A summary of 

the findings from the N 1s spectra can be found in Table 7-2. 

Figure 7-7 shows changes in the O 1s related peaks between the different pretreatments.  

As was the case with the ARXPS results (Figure 7-3), there are 3 discernible peaks for the O2 

pretreatment and 4 peaks for NOx exposure.  As was the case with the past (Mg Kα source) 

results, and similarly found in other work, there was peak splitting of the O 1s spectra when NOx 

was adsorbed on the surface.146  Peak I is from the metal oxide lattice; peaks II and III are 

contaminate surface species or adsorbed oxygen; and peak IV is related to the oxygen of nitrate 

or nitrite complexes.  The peak locations of the O 1s spectra for each pretreatment can be found 

in Table 7-3.   



 

182 

Peak I shifted only slightly for the NO gas exposure (to lower binding energies), while a 

large shift (> 2 eV) occurred for the NO+Efield case.  The NO2 pretreatment resulted in no 

change in the peak I position, and maintained the same overall shape as the O2 case for the first 

three peaks with a minor decrease in intensity.  With respect to the NO2 pretreatment, NO caused 

all of the peaks to shift slightly to lower binding energies.  Furthermore, the NO+Efield 

pretreatment was shifted to even higher binding energies than the NO2 case (for most of the 

peaks) and had a significantly more pronounced nitrite/nitrate complex peak.  The position of 

peak IV for NO2 was about 0.7 eV higher than for NO.  For the NO+Efield pretreatment, this 

position of the nitrite/nitrate complex peak was 1 eV higher than the NO case. 

Unlike the previous XPS studies involving LCO for potentiometric gas sensing, the Cu 2p 

peaks were detected and changes with pretreatment can be seen in Figure 7-8.  The Cu 2p family 

of peaks is made up of the Cu 2p3/2 (933.6 eV) and Cu 2p1/2 (953.5 eV) lines, each with a smaller 

satellite peak at higher binding energies.  The spectrum is similar to that of CuO and has the 

characteristic Cu2+ related satellites of the Cu 2p3/2 line.130,224,230  The peaks shift to higher 

binding energies for the NO pretreatment case, and even higher binding energies for NO2.  For 

NO+Efield pretreatment the Cu 2p3/2 peak (I) has moved to higher energies and has become 

asymmetric.  This was also the case for the NO2 pretreatment but to lesser extent.  The NO peak 

(I) shifted to lower binding energies with respect to the O2 pretreatment and also had a slight 

asymmetry but in the opposite direction of that for the NO2 and NO+Efield pretreatments.  The 

peak positions for the Cu 2p orbital can be found in Table 7-4. 

Furthermore, when the takeoff angle was varied, the degree of these shifts differed (not 

shown).  Compared to the position for NO at 15°, the Cu 2p peak shifted to higher binding 

energies by 17.7% and 50% for 55° and 75°, respectively.  For NO2 the shifts were 7.1% and 
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40.9%.  This indicates that while the NO adsorbate bond had a less drastic shift (i.e., a weaker 

bond) there was a greater influence at the surface.  This may have something to do with surface 

band bending, as explained with the valence structure results. 

Spectra of the La 3d orbitals are shown in Figure 7-9.  Both La 3d5/2 and La 3d3/2 have split 

peaks that are similar to those of La2O3 with the main peaks around 834.5 eV and 850 eV, 

respectively.233  The satellite separation for both primary peaks is approximately +4 eV, which 

agrees with other results from the literature.214  The O2 and NO2 pretreatments had almost 

identical La 3d peaks, albeit with a slightly shifted peak (to higher binding energies) and lower 

intensity for the NO2 case.  The NO+Efield pretreatement resulted in peaks that were slightly 

shifted to higher binding energies, but retained the same relative intensity.  The La 3d peaks of 

the NO pretreatment, however, were noticeably shifted to lower binding energies and had larger 

relative intensities.  Furthermore, the peak separation between La 3d5/2 and its satellite decreased 

by 0.5 eV for the NO2 case, which has been suggested to be a result of smaller coupling of the 4f 

levels to the valence level.214  On the other hand, the splitting increased by 0.1 and 0.2 eV for the 

NO and NO+Efield pretreatments, respectively.  This would suggest increased coupling for these 

cases.  The degree of coupling may be related to changes in oxygen defects and/or the length of 

the La-O bond.  The peak positions for the La 3d orbital can be found in Table 7-5. 

In addition, at a takeoff angle of 75° the La 3d peaks for the NO and NO2 pretreatment 

were identical, and shifted to higher binding energies with respect to the O2 pretreatment (not 

shown).  As the takeoff angle decreased (i.e., less surface sensitive) the peaks for the NO 

pretreatment shifted in between those of the NO2 and O2 pretreatments (i.e., to lower binding 

energies).  Once again, this suggests that the influence of NO is more strongly related to the 

surface than for NO2.  
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7.4.1.3 Valence spectra 

The theoretical density of states (DOS) for La2CuO4 was calculated by Mattheiss and is 

presented in Figure 7-10A as a comparison to the XPS-measured valence structure or the O2, 

NO2, NO, and NO with local electric field (i.e., ‘NO+Efield’) pretreatments shown in Figure 7-

10B.234  The structure results primarily from the O 2p orbitals of the Cu-O bond and the Cu 3d 

orbitals at slightly lower binding energies.130,224,234 

The Fermi level was determined graphically as the distance halfway between the onset of 

the valence curve and the first significant change in the slope, indicating an increase in the DOS.  

Compared to the Fermi level in the O2 pretreatment case, there was a shift (up with respect to the 

conduction band) of -0.30 eV for NO exposure and (down) +0.20 eV for NO2.  On the other 

hand, the Fermi level shifted (down) +0.10 eV when the NO exposure was performed with the 

localized electric field.  In addition to the Fermi level shifts, another key take away from Figure 

7-10 is that the valence edge (i.e., the DOS) changed with the pretreatment.  For the O2, NO2, 

and NO pretreatments the valence edge appeared between 1.7 and 2 eV, which is comparable to 

results from the literature.130,224  However, the valence edge was at ~2.4 eV for the NO+Efield 

pretreatment. 

In order to see the changes in the valence structure more clearly, Figure 7-11 shows the 

difference spectra of the NO2, NO, and NO+Efield pretreatments versus the O2 standard case.  

There was a decrease in the DOS of the LCO system, except near the valence band edge, when 

NO2 was adsorbed on the surface.  On the other hand, both the NO and the NO+Efield resulted in 

increased DOS.  Also emphasized in the difference spectrum of the NO+Efield pretreatment is 

the shift in the valence edge over the other pretreatments. 

The UPS results (at a takeoff angle of 55°) for the O2 pretreatment are compared to the 

XPS valence measurements in Figure 7-12.  The overall shape of the He I spectra is similar to 
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the XPS results except that at higher binding energies there is almost a plateau in the signal.  

Furthermore, the peak of the He I spectra appears shifted to higher energies.  This is believed to 

have been a result of contamination on the LCO surface, because the C 2p orbital results in 

photoemission with a binding energy slightly higher than the O 2p orbital.224  Furthermore, the 

high binding energy plateau increased with takeoff angle (not shown).   As UPS is an extremely 

surface sensitive technique, the cleanliness of the sample is important; however, pretreatments 

were performed in the quartz reactor due to limitations with the current UHV test setup.  

Therefore, future studies will likely utilize in-situ sample cleaning with an ion gun, followed 

with pretreatments in a separate chamber inline with the photoelectron measurement chamber 

without the need to expose the surface to atmospheric contaminants.  Regardless, when the low 

binding energy region of the spectrum is magnified (Figure 7-12), the shape of the UPS 

measurements matches the XPS valence spectra. 

The localized electric field provided by the field-electrodes appears to have resulted in a 

combination of the NO and NO2 cases.  In particular, the valence structure of NO+Efield 

pretreatment has the O 2p character of the NO pretreatment and the Cu 3d character of the NO2 

pretreatment.  This interpretation is in agreement with the core level XPS results. 

7.4.2 Contact Potential Difference 

The Kevin probe measurements were recorded as the CPD (in Volts) between the sample 

and the reference electrode.  Kelvin probe measurements are usually used as a means to obtain 

relative information with respect to the change in work function.  However, if proper care is 

taken during calibration and sample measurements, the calculated (absolute) work function can 

be representative of the actual value.   

The changes in CPD (i.e., work function) with exposure to 650 ppm NO or NO2 are 

presented in Figure 7-13 for both the La2CuO4 and WO3 electrodes.  Both NO and NO caused 
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positive changes in the work function of the LCO and negative changes for the WO3.  The fact 

that the CPD changes were in opposite directions for the n-type and p-type material is an 

indicator that the measurements reflect the true state of the surface, at least qualitatively. 

Past work has shown that the NO response of LCO is primarily associated with band 

bending related to adsorption.  On the other hand, the NO2 response of LCO was deemed to have 

possible contributions from band bending, electrochemical reactions, and heterogeneous 

catalysis (i.e., changes in the local PO2).  The LCO had a (slightly) smaller change in work 

function for NO than for NO2, which is may be partly due to the fact that LCO adsorbs twice as 

much NO2 than NO.98   

The NO2 sensor response of WO3 has been concluded to have greater contributions due to 

heterogeneous reactions rather then from band bending.  For NO, the results were less obvious 

than for LCO but may have contributions from both heterogeneous catalysis and band bending.  

Therefore, the fact that the change in work function was greater for the NO exposure compared 

to the NO2 is not surprising.  Furthermore, these results confirm that there are changes in the 

surface potential of these materials as a result of NOx adsorption.   

These CPD results are preliminary and more work is needed.  When utilizing the 

calibration curve of the reference electrode, the absolute work function was calculated as 5.27 eV 

for the LCO, and 4.98 eV for the WO3.  These values are close to those in the literature, 

including one case where Kelvin probe measurements were made for LCO.214,235  Despite this 

outcome, future investigations will involve a special Kelvin probe chamber attached to the UHV 

test setup.  This chamber consists of a small UHV-compatible spherical cube (Kimball Physics 

Inc.) with multiple conflat flange ports for sample transport and various electrical connections 

and gas/vacuum fittings.  The gap between the tip of the KP reference electrode and the surface 
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of the sample under study can be precisely adjusted using two linear translators attached to the 

upper and lower port of the chamber, respectively.  Conditions for the future Kelvin probe 

experiments will be adjustable from vacuum conditions to atmospheric pressure. 

7.5 Conclusions 

This work has revealed significant information about changes to the La2CuO4 band 

structure during interaction with adsorbed NOx species.  This was accomplished through the use 

of angle resolved XPS and UPS and through work function change measurements using the 

Kelvin method.  However, more analysis is needed to determine if the conclusions made in past 

work need to be altered.   

This work has also given some additional insight into sensor performance enhancements 

using localized electric fields.  As work in this area continues, this information will be useful in 

terms of designing new materials, new designs, and new applications for this effect.  

Furthermore, with the addition of a heated stage for in-situ Kelvin probe measurements, the 

transient data can be used to explore such fundamental science as the kinetics of electron transfer 

between adsorbates and surfaces. 
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Figure 7-1. Band model of a semiconductor showing the influence of surface adsorbates on the 

work function and basic circuit concept of a Kelvin probe.  The former can be seen 
in A), while the latter is shown in B).  From Sahm et al.120 

 
Figure 7-2. Depiction of the sample/platen in the UHV holder and the arrangement for angle 

resolved photoelectron measurements.  The sample under study was a La2CuO4 
electrode coated on top of a YSZ disk, which was attached to an alumina covered 
stainless steel platen.  The two half-ring field electrodes were used to apply a 
localized electric field during one of the pretreatments.  As the sample holder was 
rotated the angle (θ) between the photoemitted electrons and the surface normal 
varied. 
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Figure 7-3. O 1s photoelectron spectra at 15, 55, and 75° for O2, NO, and NO2 pretreatments.  

The surface sensitivity of the spectra is lowest in A), then increases progressively in 
B) and C). 
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Figure 7-4. Comparison of the O 1s spectrum before, during, and after in-situ heating to 250 °C. 
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Figure 7-5. Comparison of the C 1s x-ray photoelectron spectra for O2, NO2, NO, and 

NO+Efield pretreatments with a takeoff angle of 55°.  Three species are discernable 
from peaks I, II, and III. 
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Figure 7-6. Comparison of the N 1s x-ray photoelectron spectra for O2, NO2, and NO+Efield 

pretreatments with a takeoff angle of 55°.  Peaks designated as I are associated with 
nitrite complexes (~ 404 eV), while nitrates (II) occur around 407 eV. 
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Figure 7-7. Comparison of the O 1s x-ray photoelectron spectra for O2, NO2, NO, and 

NO+Efield pretreatments with a takeoff angle of 55°.  Four species are discernable 
as peaks I, II, III and IV. 
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Figure 7-8. Comparison of the Cu 2p x-ray photoelectron spectra for O2, NO2, NO, and 

NO+Efield pretreatments with a takeoff angle of 55°.  Changes in the Cu 2p3/2 (I) 
and  2p1/2 (II) peaks (with associated satellites) are clearly seen. 
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Figure 7-9. Comparison of the La 3d x-ray photoelectron spectra for O2, NO2, NO, and 

NO+Efield pretreatments with a takeoff angle of 55°.  Changes in the La 3d5/2 (I) 
and  3d3/2 (II) peaks (with associated satellites) are delineated. 
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Figure 7-10. Theoretical density of states for La2CuO4 compared with experimental XPS valence 

spectra for O2, NO2, NO, and NO+Efield pretreatments.  A) shows the theoretical 
DOS as calculated by Mattheiss, while B) shows the valence band structure as 
measured with XPS.234  The major contributions to the valence structure are the O 
2p orbital of the Cu-O bond and the Cu 3d orbitals.  
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Figure 7-11. Difference spectra of valence structure.  The results for for NO+Efield, NO, and 

NO2 versus O2 can be found in A), B), and C), respectively. 

 
Figure 7-12. Comparison of the XPS and UPS valence spectra for the O2 pretreatment.  The 

curves are similar near the Fermi level; however, at higher energies the difference is 
likely a result of surface contamination which has a greater impact in UPS. 
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Figure 7-13. Comparison of the change in contact potential difference (i.e., work function) of 

La2CuO4 and WO3 to NO and NO2 pretreatments. 
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Table 7-1. Ex-situ pretreatments for surface science study 
Pretreatment Adsorption gas conditions Field-electrode bias (V) 

1 21% O2 (N2 balance) 0 

2 650 ppm NO2 (21% O2, N2 balance) 0 

3 650 ppm NO (21% O2, N2 balance) 0 

4 650 ppm NO (21% O2, N2 balance) 8 

 
Table 7-2. XPS peak positions for N 1s family 
Pretreatment Peak I (eV) Peal II (eV) 

1 n/a n/a 

2 403.4 406.6 

4 403.6 406.6 

 
Table 7-3. XPS peak positions for O 1s family 
Pretreatment Peak I (eV) Peak II (eV) Peak III Peak IV (eV) 

1 528.5 529.9 531.3 n/a 

2 528.5 530.4 531.5 532.3 

3 528.2 529.7 530.7 531.6 

4 530.6 531.4 532.0 532.6 

 
Table 7-4. XPS peak positions for Cu 2p family 
Pretreatment Peak 

I (eV) 
Peak 
Isat1 (eV) 

Peak 
Isat2 (eV) 

Peak 
II (eV) 

Peak 
IIsat (eV) 

1 933.7 940.2 944.8 953.2 962.5 

2 934.0 940.8 944.8 954.0 962.5 

3 932.2 940.2 942.5 952.8 961.5 

4 934.9 942.0 944.1 954.8 963.0 

 
Table 7-5. XPS peak positions for La 3d family 
Pretreatment Peak I (eV) Peak Isat (eV) Peak II (eV) Peak IIsat (eV) 

1 834.2 837.9 850.8 854.7 

2 834.8 838.0 855.0 851.2 

3 833.5 837.3 854.0 850.0 

4 835.0 838.9 851.9 855.6 
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CHAPTER 8 
TOWARDS THE COMMERCIALIZATION OF MINIATURE SOLID-STATE 

POTENTIOMETRIC GAS SENSORS 

8.1 Introduction 

Gas sensors are devices that can be used to improve a manufacturing process, ensure the 

safety and health of humans and the environment, or to guarantee national security.  

Development of gas sensors has been an ongoing process for over 100 years, yet only a few 

technologies have been commercially successful on a large scale. 

Currently available methods for detecting multiple gases in complex mixtures are 

expensive, bulky, non-selective, or ill-suited for many applications.1  However, a new type of 

electrochemical, potentiometric (voltage output) sensor offers a low-cost, robust alternative with 

significantly improved selectivity, stability, and more.  This opens the possibility for gas sensors 

to be used in many significant applications (e.g., improved energy efficiency, reduced pollutant 

emissions, process control, and noninvasive disease diagnostics/monitoring) for industries 

including energy production; transportation, heavy and materials handling equipment; materials 

and chemical processing; and medicine. 

A new type of (electrochemical) potentiometric gas sensor shows much promise for being 

used in many of these areas.  While much progress has been made, concurrent efforts are needed 

in terms of scale-up for commercialization and fundamental research to improve the devices.  In 

general, gas sensor research often involves the use of samples made by hand or with some 

manual process, which introduces variability that makes comparison between results extremely 

difficult.  This includes past studies involving potentiometric gas sensor arrays and 

thermal/electric-field enhancements; but since these studies involved the comparison of active 

changes to a particular device, there was no need to compare multiple samples.  However, in 

order to improve future R&D and commercialization efforts, the objective of this work was to 
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develop procedures for automated manufacturing and testing.  This included sensor design and 

processing studies involving standardized powder/slurry/ink preparation, automated screen-

printing, rapid-prototyping, wire bonding, multi-sensor test setups, and analyses programs. 

8.2 Background 

Many researchers talk about limits to miniaturization of gas sensors.  This has to do with 

manufacturing issues, noise issues, and proximity issues (i.e., cross-talk).  There are also issues 

with manufacturability of novel sensing materials, which may not be compatible with such 

miniaturization techniques as microelectronic lithographic processing.  Furthermore, many solid-

state gas sensors have not been readily commercialized for the selective detection and 

quantification of gases due to limits in the materials or device physics. 

8.3 Experimental 

The focus of this work was to expand upon the fabrication techniques being used in lab-

based sensor research and development in order to scale-up for future commercialization.  This 

involved selection of the best automated industrial manufacturing equipment, setup/modification 

of the equipment, and development of the processes needed to make sensors using batch 

fabrication with the equipment.  This effort also involved the development of batch testing 

setups, procedures, and software. 

Planar solid-state potentiometric gas sensors were fabricated using conventional thick film 

ceramic technology in a manner similar to that portrayed in Figure 8-1.  For example, alumina 

substrates were made with tape casting using a commercial water-based binder system.  This is a 

very low cost and scalable process.  The slips were cast on a tape caster and laminated to various 

thicknesses using a lamination press under controlled temperature and pressure.  Large square 

sheets with scored sections cut into the laminated tapes allowed separation of individual devices 

after fabrication, and permitted multiple devices to be processed simultaneously in order to 
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reduce variability between sensors.  YSZ electrolyte films were deposited onto the surface of the 

alumina supports using spin coating, with a final high temperature co-firing step bonding the 

two.  The YSZ film was coated with electrode compositions by screen printing using an 

industrial machine with automatic alignment, squeegee pressure-feedback, and other features that 

ensure repeatable and accurate depositions.  Substrates were coated with both single and multiple 

compositions (i.e., multi-functional sensors).  Furthermore, heating and temperature sensor 

structures were also incorporated into the sensors as shown in Figure 8-2. 

8.3.1 Fabrication of Rigid Substrate and Electrolyte Layer 

Depending on the application, this gas sensor technology may be deployed under normal 

ambient conditions (e.g., environmental monitoring) or in (thermally and/or chemically) harsh 

environments that require robust materials and designs to prevent device failure.  In order to have 

a robust sensor capable of sustaining large thermal gradients and other stress-inducing 

phenomena (e.g., mechanical vibrations), the sensor design must include a strong substrate 

support (e.g., Al2O3 or 3 mol% YSZ).  The designs must also consider the heat transfer through 

the device, utilizing such features as membrane heaters or particular regions separated by low-

thermal conductivity materials.  As a start, this work utilized alumina supports coated with YSZ 

electrolyte films.  The processing and fabrication procedures are outlined below. 

8.3.1.1 Water-based tape casting 

Tape casting is a processing technique for making thin ceramic layers (e.g., 0.1 to 0.5 mm), 

which can be used to make substrates or other parts through shaping and laminating processes.236  

In tape casting, a ceramic slurry (i.e., a mixture of binder(s), dispersants, ceramic powder, etc.) is 

poured into a reservoir above a moving carrier material (e.g., Mylar film).  A “doctor blade” sits 

at the front of the reservoir slightly above the surface of the carrier.  The gap and movement of 

the carrier work to cast the slurry from the reservoir into long, thin sheets (e.g., 9 x 9 inches and 
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100 microns thick) of greentape.  The carrier moves into a heated region of the tape caster, where 

the solvents are evaporated, thus producing a flexible and machinable material that can be rolled 

up and stored until needed.  Any organics from the slurry are burned out at intermediate 

temperatures (> 400 °C), while high-temperature (> 1000 °C) sintering consolidates the ceramic 

into a solid piece. 

While traditional tape casting generally involves organic solvents (e.g., ethyl alcohol or 

tolulene), a more environmentally friendly and cheaper option involves the use of an advanced, 

commercial water-based acrylic binder system.  This system has several advantages when 

compared to organic solvent-based or other water-based (e.g. latex or polyvinyl alcohol) tape 

casting slurries including: superior processing control (resistant to changes in humidity; viscosity 

controlled by water concentration without changing final tape composition; can be milled 

without slurry destabilization; simple de-airing process; more uniform greentape (little to no 

binder or ceramic segregation); higher ceramic loadings and tape densities possible; easily 

laminated; non-flammable; low toxicity; and easily recycled.236,237 

The alumina tape-casting slurry was prepared in a two-stage process using a water-based 

system (Polymer Innovations, Inc).  In the first stage, alumina powder (grade A16SG, Alcoa) 

was mixed with a water-based binder solution (WB4101; contains binder for base starting 

strength and plasticizer for flexibility), defoaming agent (DF002; to further deter air bubble 

formation), and deionized water.  The slurry was ball-milled (zirconia milling media) for more 

than 24 hours to ensure an even distribution of ceramic particles throughout the suspension and 

to breakup soft agglomerates. 

Prior to casting, the milling media was removed and the slurry was mixed and defoamed 

using a mixer (Thinky, ARE-250); the former step involved the use of planetary centrifugal 
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forces, while the latter utilized only centrifugal forces. This process further homogenized the 

slurry composition and prevented air bubbles from introducing defects in the final ceramic.  

The slurry was then poured into the tape caster reservoir, where the material was deposited 

into a thin film (~100-150 µm) as it was pulled onto the moving carrier at the gap set with the 

doctor blade.  After a few hours the dried tape was removed from the tape caster.  The greentape 

was subsequently shaped, laminated, trimmed, and scored before undergoing several heat 

treatments and the deposition of an electrolyte film. 

8.3.1.2 Tape shaping, lamination, trimming, and scoring 

One of the benefits of using tape cast ceramics for the manufacture of solid-state devices is 

the ability to vary the geometry of the material with relative ease.  Furthermore, the technique 

allows the simultaneous manufacture of large numbers of devices from a single piece of tape cast 

material with the use of prescoring.  After final sintering, the scored sections of the substrate can 

be separated with the application of a small amount of pressure. 

Tape cast alumina was made into square or rectangular shapes using a custom, 

programmable 3-axis cutting machine (Velmex positioning system).  The shaped tapes were then 

separated from their Mylar backing, stacked, and placed into a custom rig for lamination.  The 

rig consisted of two polished, (3 inch by 3 inch) flat steel plates placed on either side of the 

stacked tapes with a Mylar buffer between the stack and steel.  Two silicone sheets were then 

placed on either side of the steel plates, and the entire assembly was placed into a heated uniaxial 

press (Carver) as shown in Figure 8-3 and compressed at 5000 psi (80 °C) for 5 minutes.  This 

rig was utilized to ensure uniform pressure distribution during lamination, which is necessary to 

prevent delamination of the tapes during subsequent handling and processing steps (Figure 8-4). 

Following lamination, the alumina was trimmed and scored before further processing; 

these steps were also automated with the use of the custom cutting machine (Figure 8-5A).  The 
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3 inch by 3 inch sheets of (4 to 8 layer) laminated tape were scored (taking in to consideration 

shrinkage of ~15% in the length and width during sintering) such that the final individual devices 

measured approximately 40 mm (long) by 4 mm (wide) by 0.4 mm (thick).  Pressure was 

uniformly distributed along the scored-edges (e.g., using the straight edge of a ruler) in order to 

separate individual devices.  This process can be automated using, for instance, the edge of the 

blade on custom cutting machine to apply the pressure needed to initiate fracture along the score 

mark. 

Fiducial marks (e.g., small holes in the upper left and lower right corners) were also made 

in the alumina sheet.  This was achieved either manually using a sharp pin and a template, or 

with the Velmex cutting machine where the blade had been replaced with a punch.  Trimming 

and fiducial mark/via creation can also be done using advanced laser systems. 

8.3.1.3 Deposition of YSZ electrolyte layer 

There are several methods for depositing an electrolyte layer.  These include dip coating, 

spray coating, spin coating, chemical vapor deposition (CVD), and magnetron 

sputtering.198,205,238  Initial attempts to deposit the YSZ electrolyte using spray coating were 

abandoned due to inhomogeneity in the film and inherent lack of repeatability due to the 

deposition setup.  Subsequent efforts using spin coating resulted in more uniform and dense 

films.  Therefore, this technique was further pursued as a means of electrolyte deposition in order 

to keep manufacturing costs low and for ease of manufacture. 

A colloidal mixture consisting of 8 mol% YSZ (Tosoh), ethanol, polyvinyl buytral (PVB), 

and dispersant (Solsperse) was ball milled for 24 hours.  Previously laminated, shaped, trimmed, 

and (porous) presintered (4-layer, 2 cm x 2 cm) alumina substrates were arranged (one at a time) 

on a custom vacuum chuck attached to the spin coater (Chemat Technologies).  At the onset of 

the spin cycle, a digital pipette was used to deliver a specific amount of the YSZ colloidal 
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mixture to the top surface of the alumina.  At the completion of the spin cycle, the YSZ colloidal 

mixture had dispersed evenly over the alumina surface. 

In order to control the thickness of the YSZ film, several trials were conducted with 

varying number of YSZ solution applications (i.e., cycles), spin-coat speed, and spin-coat time.  

To prevent the slurry from seeping into the alumina pores when the vacuum was turned on, the 

substrate surface was first covered with ethanol.  Following the spin coat deposition, the YSZ 

solution was allowed to dry before transferring the alumina/YSZ samples to a high temperature 

furnace for final sintering. 

Upon initial analysis of the YSZ microstructure with SEM, a large number of surface 

cracks were observed.  The cracks were believed to be a result of differences in shrinkage rate 

between the rigid substrate and electrolyte film; therefore, subsequent efforts were aimed at 

minimizing the surface cracks.  Because the inherent shrinkage rates of the alumina and YSZ 

could not be known a priori, experiments were conducted using different presinter (alumina) and 

final sinter (alumina/YSZ) heat treatment conditions.  Specifically, the maximum presinter 

temperature of the alumina and the high temperature sinter ramp rate for the alumina/YSZ were 

varied.  The variation of these parameters modified the relative rate of grain growth in the 

alumina and YSZ, which is the primary cause for shrinkage during high temperature sintering.205 

SEM images of these samples were collected in both secondary electron and backscatter 

modes using a field-emission SEM (JEOL, JSM-6335F).  The micrographs were subsequently 

analyzed using image-processing software (ImageJ). 

8.3.2 Multilayer Deposition with Screen Printing  

As mentioned in the introduction, until recently the fabrication of these sensors has been a 

manual process.  This has led to inconsistencies in research between different groups and 

difficulty in interpretation of various data sets.  Furthermore, this highlights the importance of 
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utilizing automated fabrication methods in fundamental research before these gas sensors can be 

successfully commercialized.  One process step which is believed to have been the cause for a 

large degree of variability in results from different sensors is that of screen printing.   

Previous sensor results have utilized manual screen printing.147,165  There are several 

process parameters for this technique that are important to the quality of the final deposition.  

These include machine parameters such as the print pressure, print speed, print gap (i.e., the 

distance between the screen and substrate), and the screen separation (i.e., speed with which the 

section of the screen in contact with the substrate is released).  Furthermore, in manual screen 

printing the angle of the squeegee with respect to screen cannot be consistently maintained for 

each user or each application of deposited material.   

In an effort to ensure identical and reliable performance between sensors, batch fabrication 

of the devices was made possible with a fully automatic screen-printer (Horizon 03i/DEK Int’l.).  

This industrial machine aligns fiducial marks on the screen and substrate with the use of two 

high-contrast cameras to ensure accurate and repeatable deposition for multilayer devices.  All 

processing variables (e.g., squeegee speed and pressure) are monitored and dynamically adjusted 

to ensure identical fabrication from batch to batch.  Furthermore, the DEK keeps the squeegee at 

a constant 45° throughout the print stroke. 

The advanced vision system is one of the key features of this automated screen-printer that 

is absolutely critical for commercialization and any future R&D efforts.  The alignment of the 

screen pattern to the substrate becomes increasingly significant when, for example, a sensor 

design incorporates several layers (e.g., heaters, signal leads, contact pads, and sensing 

electrodes) or materials.  This is also critical for general research purposes, which in the past 
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have tried to look at the influence of sensing electrode thickness by way of multiple depositions 

of a material on top of each other.165 

The final commercialized sensors will comprise multiple features, including integrated 

heating elements, temperature sensors, signal leads, contact pads, vias, and sensing electrodes.  

In this first attempt towards commercialization, the screen designs were created in such a way as 

to allow a certain degree of flexibility in the final arrangement of these features.  Namely, 

through the use of multiple screen fiducials and programming of the DEK, the patterns were able 

to be shifted horizontally and vertically (with respect to a single set of substrate fiducial marks) 

as illustrated in Figure 8-6.  The patterns for the screens used in the batch fabrication of the 

prototype sensors are shown in Figure 8-7.  La2CuO4, a p-type sensing electrode sensitive to 

NOx, powder was mixed with a commercial binder vehicle (ESL) using the Thinky planetary 

centrifugal mixer. 

8.3.3 Wire Bonding for Packaging & Reliability Testing/Calibration 

There are several issues with packaging of gas sensors which can operate at high 

temperatures (e.g., 200-800 °C) and in chemically harsh environments.  Typical automotive gas 

sensors, such as oxygen (“Lambda probe”) sensors utilize thick wires brazed to the surface of 

sensor or attached using parallel gap welding.239  As a fairly well commercialized technology, 

this method of wire attachment is well suited for sensors with only a few electrical leads (e.g., 

single sensing electrode, air-reference, and heater).  However, the situation becomes increasingly 

complex as the number of electrical contacts increases.  In this work, the preliminary sensor 

prototype designs have 12 electrical connections made in an area no larger than currently 

available tubular and planar oxygen (automotive) sensors.  Due to the high wire density and 

automated manufacturing requirements needed to make these devices competitive, the electrical 

connections were made using thermosonic (thermal/ultrasonic) wire bonding.240   
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In many cases, these gas sensors will be used in (thermally and chemically) harsh 

environments, and the wrong choice of materials can result in premature device failure.  Due to 

the corrosive nature of the testing environments for these gas sensors, only platinum and gold 

wire bonds and contact pads were utilized.  Though little evidence is available in the literature, 

some researchers have shown that using gold wire bonds to platinum pads is a good way to 

achieve corrosion-resistant contacts up to ~ 600 °C.  Beyond this temperature, interdiffusion 

between the gold and platinum seems to weaken the bond.241  While 600 °C is near the upper end 

of the testing temperatures for the gas sensors being developed in this work, wire bonding was 

attempted using Au bonding wire to both Au and Pt pads, and Pt bonding wire to both Au and Pt 

pads.  

This work utilized a three-way convertible wire bonder (West Bond) which is capable of 

making ball, wedge, and deep-access bonds of common (e.g., gold) and uncommon (e.g., 

platinum) wire-bonding materials.  The machine is capable of fully-automatic, semi-automatic, 

and manual operation, which allows the programming of bond loops and parameters for reliable 

and repeatable wire bonds.  The platinum and gold bonding wire (hard temper (99.99% pure); 

0.001 mil (25 µm)) were obtained from California Fine Wire.  While (45°) wedge and (90°) deep 

access bonds were explored, the best results were with ball-wedge bonds.  The ball bond 

capillary was a modified tool for standard gold wires (Gaiser Tool Company) which was better at 

making bonds with hard materials such as platinum.  Substrate and tool heating during bonding 

also improved Pt wire bonding.  

Typical wire bonding parameters include the power (Watts, or Joules/second), bonding 

time, bonding force, tool temperature, and sample temperature.  Any combination of these 

parameters represents a different way of transmitting the thermal energy, downward force, or 
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vibrational energy to the bond formation.  Gold and platinum bonding pads were screen printed 

onto alumina substrates using Au paste (Englehard) and Pt paste (Haerasus).  The range of 

bonding parameters used in this work included: ultrasonic power – 0.75-1.00 W; ultrasonic time 

– 35-50 ms; low bonding force (ball bond) – 35-50 g; high bonding force (wedge bond) – 60-80 

g; Negative Electronic Flame Off (NEFO) current and time – 17-19 mA/3.5-4.5 ms; work holder 

temperature – 25-200 °C.  Note that the NEFO is a parameter that determines the size of the ball 

bond.  Also note that the loop motion was optimized to obtain ideal loop shape. 

8.3.4 Multisensor Setup 

Past R&D efforts have allowed testing of only a few simple devices (i.e., 1 to 2 sensors or 

arrays with a maximum of 11 connections at any one time).  However, in order to successfully 

commercialize this technology dozens (e.g., 50-100) of identical devices will need to be tested 

simultaneously under the same conditions.  Therefore, a multisensor (reliability test/calibration) 

setup was designed and investigated with simple computational fluid dynamics resulting in the 

design shown in Figure 8-8.  These setups consist of stacked levels, each holding several devices 

which are wire bonded to wire-guides (T-shapes) that carry electrical signals from the arrays to a 

multichannel multimeter for recording.  These wire-guides also carry applied biases (e.g., for 

heaters) to the devices.  The setups are sealed in ceramic tubes and placed in tube furnaces for 

ambient temperature control.  The tube inlet is attached to a gas manifold (mass flow controllers; 

MKS) while the outlet is vented and can be sampled using gas analysis (mass spectrometer).  

Each reactor can test up to 30 sensors (i.e., 6 sensors to a module; 5 modules to a reactor) and 

four identical reactor setups are in the process of being made and installed. 

An Extrel MAX300-LG, quadrupole mass spectrometer with heated transfer line and (16 

port) inlet provides the capabilities for monitoring gas effluent for calibration purposes.  The gas 

stream is sampled from the exhaust effluent of the reactor.  This gas stream can be fairly 
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complex (e.g., mixture of N2 (m/z 28) 70 – 100 %; CO2 (44) 0 – 30 %; NO (30) 0 – 2000 ppm; 

CO (12) 0 – 2000 ppm; O2 (32) 3 – 20 %; CH4 (15) 0 – 2000 ppm; NO2 (46) 0 – 2000 ppm; H2O 

(18) 1%; NH3 (17) 0 – 2000 ppm; N2O (14) 0 – 2000 ppm) and the mass spectrometer 

automatically calculates the gas concentration using a background gas (i.e., N2) calibration, 

sensitivity factor calibration for each gas, and a fragment matrix.  There are ten calibration 

bottles permanently hooked up to the multi-port inlet of the mass spectrometer, allowing periodic 

(automated) re-calibration to ensure that the gas concentration measurements are accurate. 

A Keithley Series 3700 Switch-Multimeter system can measure well over 400 channels 

with the possibility to expand indefinitely. Simultaneous testing of large numbers of sensors will 

allow the technology to eventually be proven in environments that simulate real combustion 

exhausts and other test environments.  All experimental parameters were computer controlled 

with a custom LabVIEW program.  The testing procedures have explained elsewhere.151,199,202 

The (commercial) prototype sensor arrays described above have been tested using the 

previously utilized R&D reactor setups as a preliminary evaluation of their performance.  These 

and other results will be discussed in the following section. 

8.4 Results and Discussion 

8.4.1 Sensor Array Fabrication 

8.4.1.1 Al2O3/YSZ 

As mentioned above, the final trimming step prior to presintering/final sintering was 

extremely important as the SEM images in Figure 8-4 illustrate; the edge of a non-trimmed four-

layer laminated piece of sintered tape is compared to a trimmed substrate.  The non-trimmed 

substrates tended to delaminate or crack during handling or subsequent screen printing.  This was 

likely due to built-in stress from nonuniform shrinkage during sintering.  Table 8-1 provides 
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information regarding changes in total laminate thickness with respect to the number of 

compression-cycles (i.e., 5 minutes at 5000 psi/80 °C) using the uniaxial press. 

In terms of the effect of the spin coating parameters on the film thickness, as was expected 

a greater number of coating cycles resulted in a thicker film.  The SEM images (both secondary 

emission/topographical and backscatter/compositional modes) in Figure 8-9A illustrate a 

representative YSZ film on the Al2O3 support.  The YSZ film thickness ranged from 1.5 to 3.7 

µm.  Furthermore, the use of a higher rotational speed and/or longer spin coating times produced 

a thinner film.  Information regarding the YSZ film thickness dependence on spin coating 

parameters can be found in Table 8-2.  The last two entries resulted in approximately the same 

number of revolutions; however, the film thickness of the sample that spun faster was almost 

twice as thick.  These samples had two coatings and the interaction between the coats may have 

had something to do with this result.  At higher speeds, the viscous flow behavior of the spin-

coat slurry has greater control of the final film thickness than any of these parameters. 

From the very beginning, the potentially major issue with the YSZ films was the presence 

of surface cracks as shown in Figure 8-9B.  There were two concerns with the surface cracking 

in the YSZ.  First, the cracks likely reduce the mechanical strength of the electrolyte.  As they 

are employed at high temperatures and may experience possibly large thermal gradients 

(especially that which will be experienced under conditions of localized heating from integrated 

heaters), the structural integrity of the sensors is vital to their long term performance.  Secondly, 

these cracks also may serve to increase the ionic resistance of the YSZ, acting as a kinetic barrier 

to the mobility of oxygen ions in the film.  This would likely affect the response time of the 

sensors as discussed below. 
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Prior to heat treatment optimization, the cracks were larger than ~150 nm.  However, the 

improved matching of shrinkage rates between the YSZ film and presintered Al2O3 support 

resulted in a reduction of these cracks to below ~40 nm.  An example of the improved YSZ film 

surface is shown in Figure 8-10.  The SEM images were analyzed using the ImageJ software as 

shown in the inset. 

Not only did the optimized conditions decrease the size of the cracks, but the number of 

observable cracks over the entire surface was also reduced.  The YSZ film crack dependence on 

heat treatment can be found in Table 8-3.  A number of factors determine the shrinkage rates of 

the support and film and thus the degree to which the YSZ surface will crack.  During the 

presinter step of the Al2O3, the polymers were burned out and the particles began to coalesce, 

resulting in some densification (i.e., shrinkage).  In altering the maximum temperature of this 

presinter step, the degree of shrinking was changed.  As the growth of the YSZ particles and 

Al2O3 grains during final sintering is strongly time dependent, the use of different furnace ramp 

rates changed their respective rates of grain growth.  The thermal expansion of YSZ and Al2O3 

are similar; therefore, the closer the relative rates of grain growth between the two materials, the 

less stress build-up there will be in the YSZ film (i.e., fewer surface cracks). 

Beyond the issue with the YSZ film, there was significant progress made in terms of pre-

scoring and separating individual device-sized (e.g., 40 mm by 4 mm by 0.4 mm) pieces of 

alumina from larger, sintered sheets.  Figure 8-5B illustrates the scored alumina before and after 

the individual sensor substrates were broken apart with minimal effort required.  Note that before 

separation, the score marks were difficult to see; therefore, the main image was taken with the 

sample on top of a glass sheet illuminated from below. 
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8.4.1.2 Automated screen printing 

Initial attempts to screen print electrode patterns (e.g., Figure 8-11A) onto sintered, 

laminated substrates resulted in cracking and delamination.  As mentioned above, this was due to 

uneven pressure distribution during lamination, which created weak points in the substrates.  

Once this was solved, the higher quality substrates provided a good surface for screen printing.  

As shown in Figure 8-11A, the presence of fiducial marks (e.g., holes) on the substrate provide 

markers with which the automated screen printer aligns the screen before depositing the material.  

Here, the screen pattern in Figure 8-7A has been used to transfer La2CuO4 to a greentape.  

Screen printing on greentape will likely only be used to embed such features as heating elements 

and temperature sensors into the device with subsequent lamination of another piece of 

greentape.  Figure 8-11B shows the results from utilizing the extra screen fiducials to shift the 

screen pattern (as in Figure 8-6).  The electrode pattern was also transferred to a sintered, 

laminated substrate as shown in Figure 8-11C). 

8.4.2 Wire Bonding 

The use of wire bonding as a means of attaching electrical connections to these sensors is 

critical, as the devices can have more than 12 leads in a small area (Figure 8-12A).  The Au 

bonding wire was significantly easier to bond than the Pt bonding wire because of the relative 

hardness between the two materials (i.e., Vickers hardness – Au: 20-60 kgf/mm2; Pt: 40-100 

kgf/mm2).240,242  Similarly, both types of bonding wire were easier to bond to Au pads than Pt 

pads.  However, the Pt pads were significantly easier to bond to when the substrate was heated to 

between 150 and 200 °C during bonding.  Figures 8-12B through 8-12C show an optical image, 

3D model, and height profile of the final wedge-bond of a Pt ball-wedge bond to a gold pad 

obtained with an optical profilometer (Keyence).  These images represent a case where too much 

force was delivered during the second (wedge) bond.  The wire bonding machine has 
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independent (high and low) force settings for this type of (ball-wedge) bond, and the required 

settings had to be fine tuned.  However, the strength of the bond seemed to be sufficient as 

repeated pulling of the bond loop with a hook did not result in any damage. 

8.4.3 Sensor Testing 

The sensor prototypes for this preliminary commercialization work were tested in an R&D 

type reactor.  In the data presented in Figures 8-13 through 8-17, an Al2O3/YSZ based device and 

a laminated YSZ based sensor were tested simultaneously in the same reactor.  While the 

multisensor reactor described above was not utilized in these tests, the ability of the mass 

spectrometer to analyze simulated gas streams was verified and will be more than sufficient (i.e., 

with respect to speed and resolution) for future work. 

The primary difference between the Al2O3–YSZ sensor and the YSZ sensor was their 

magnitude and speed of response.  While the Al2O3 –YSZ sensor exhibited a far greater voltage 

response to both NO and NO2 at lower temperatures (Figures 8-13 through 8-16), the response 

time to NO2 was much slower (Figure 8-14).  In particular, the response to NO2 was several 

orders of magnitude greater for the YSZ-Al2O3 sensor (Figure 8-13).  However at 575 °C, the 

magnitude and speed of response to NO for both sensors was comparable (Figure 8-17).  

At 475 °C there were several different rates of response before the Al2O3-YSZ signal 

reached a steady-state value (Figure 8-14).  This behavior occurred during the initial NO2 

exposure and after the gas flow was turned off with these sharp jumps in signal occurring at 

roughly the same measured potential difference in each case.  However, this behavior was not 

observed for NO exposure which is primarily believed to occur as the result of electrochemical 

alterations of La2CuO4 and not the electrochemical reactions at the TPB.  There is the possibility 

that the cracks in the YSZ film caused an increase in electrolyte resistance which thereby altered 

the NO2 response, which is believed to partially depend on the TPB reactions.65,68,91,243 
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8.5 Conclusions and Future Work 

8.5.1 Multisensor Testing in New Reactors 

Future work will focus on reliability and accuracy testing of the batch-fabricated gas 

sensor arrays in the new multisensory reactors.  We will also use the on-line gas monitoring to 

calibrate the devices.  After verifying the repeatability of the devices, complete packaging will be 

designed and implemented depending on the application; two examples of possible sensor 

packages are shown in Figure 8-18. 

Using the combined gas sensor output and analytical verification from the mass 

spectrometer, the accuracy of the gas sensors will be able to be determined.  The accuracy (in 

terms of a % of full scale output, FSO, from the sensor) can be quantified as shown in Equation 

8-1. 

( )

FSO

tvm
a X

XX
100

−
×=ε  (8-1) 

In Equation 8-1, Xm is the measured value (i.e., from the solid-state gas sensor) and Xtv is 

the true value (i.e., as determined by the calibrated mass spectrometer). 

8.5.2 Further Miniaturization and New Designs 

Conductor lines, bonding pads, heater elements, etc. will be deposited by screen printing or 

sputtering, depending on feature size.  Pattern delineation for sputtered features will be 

accomplished with shadow masking and lift-off (photo resist mask) processes.  We will also 

utilize a direct-write machine capable of dispensing a wide range of materials (1 to 1,000,000 

cP), including ceramic/metallic inks and pastes.44  The machine is capable of picoliter volume 

control and can print fine line widths (below 10 microns) or raster larger patterns from CAD 

files.  Conformal printing and 3D features are also within the reach of this cutting-edge machine.  



 

214 

Examples of the type of rapid prototyping that is possible with this system are shown in Figure 

8-19. 

8.5.3 Expanded Materials Development for New Applications 

In order to expand the gas sensors for use in other applications such as breath analysis or 

chemical warfare agent detection, the materials will need to be modified or new materials will 

need to be developed.  These materials will be designed with the knowledge gained from the 

differential electrode equilibria theory and two active enhancement methods discussed 

elsewhere.199,203 
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Figure 8-1. Multilayer ceramic processing for manufacture of the gas sensor arrays.  This will 

likely consist of tape-casting; tape trimming and via-punching; laminating; screen-
printing; tape scoring; sintering; device separation.  Figure modified from Riegel et 
al.66 

 
Figure 8-2. A possible configuration for the small potentiometric gas sensor array (<1cm2).  In 

A) sensing electrodes are shown on the top surface of the sensor (YSZ film not 
shown).  Temperature-control structures are shown on the device bottom in B). 

 
Figure 8-3. Illustration of the laminating process.  In the laminating process several layers of 

greentape are aligned and stacked between two sheets of Mylar; these are then 
placed between two smooth steel plates.  This assembly is loaded between two 
silicone sheets in a heated laminating uniaxial-press and force (F) is applied.   

 

F 

B A 

Punch 
Vias 
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Figure 8-4. SEM micrograph of laminated tape before and after trimming.  Individual layers at 

the edge of a (sintered) laminated substrate can be seen in A), while B) shows the 
smooth edge of a laminated substrate that has been trimmed before sintering.  The 
scale bar is 10 microns. 

 
Figure 8-5. Custom three-axis cutting/punching machine and sintered/scored alumina substrates 

before and after device separation.  A) shows the cutting/punching system with 
heated vacuum platen.  The inset shows the cutting machine as a pre-programmed 
sequence of steps trims and scores a green tape.  In B) the scored sections in a 
sintered Al2O3 substrate can be seen; the inset illustrates the separated devices. 

B A 

B A 
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Figure 8-6. Illustration of screen designs allowing a degree of flexibility in the final sensor 

layout.  A) and B) show how each screen has 6 fiducial shapes (top left and bottom 
right of each screen).  In A) the substrate fiducial is aligned with the screen (bottom 
left) screen fiducial; screen printing leaves material deposited in the pattern of the 
black rectangles.  In B) the machine aligns the top left screen fiducial with the same 
substrate fiducial, such that the pattern shifts down/left of the previous deposition. 

 
Figure 8-7. Screen printing patterns used for the batch fabrication of the gas sensors.  A) shows 

the sensing electrodes; B) is for the heating elements/temperature sensors; C) shows 
the signal leads and contact pads; and D) is for the filling of vias from the backside 
to the front.  The designs allow the use of vias or printing on the edge of the devices 
(i.e., across the thickness dimension) to connect heaters/temperature sensors to pads. 

A 
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Figure 8-8. Facilities for scale-up multi-sensor testing.  Reactor furnaces, gas lines, and mass 

flow controllers and control boxes can be seen in A).  Over 400 channels can be 
rapidly measured with the switch-multimeter system.  An illustration of one of the 
multisensor setups can be seen in B) with multiple stacked levels, holding several 
devices each.  These reactor setups are sealed in the furnace reactor tubes, allowing 
over 100 devices to be tested simultaneously for repeatability/reliability tests. 

B 

A 
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Figure 8-9. Cross-sectional and surface SEM images of a spin coated YSZ film on an Al2O3 

support.  In A), the back-scatter and secondary electron images of the cross-section 
show that on top of the dense Al2O3 support is a dense film with a thickness of ~2 
microns (scale bar is 1 micron).  The surface of the YSZ film can be seen in B). 

A 

B 
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Figure 8-10. An example of a high magnification SEM micrograph showing improved YSZ films 

on Al2O3 supports.  The inset illustrates post-processing of the image using the 
ImageJ software to determine crack widths in the surface.  The scale bar is 100 nm.   

 
Figure 8-11. Batch-processed La2CuO4 sensing electrodes deposited with automated DEK screen 

printer.  In A) two rows of electrode pairs were screen printed onto a piece of green-
tape. The holes indicated in the corners of the picture are fiducial marks for 
automated alignment purposes.  Several vertically shifted electrode pairs screen 
printed onto green tape can be seen in B).  In C) the electrodes and contact pads 
were screen printed onto a sintered, laminated substrate of Al2O3 with YSZ film. 

C 

B 

A 
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Figure 8-12. Wire bonding pads and resulting analysis of a Pt wire bonds to an Au pad.  
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Figure 8-13. NO response of the La2CuO4-Pt electrode-pair on YSZ and Al2O3/YSZ substrates at 

450 °C.  The NO concentration was varied between 0 and 650 ppm in 3% O2 (N2 

balance) with a flow rate of 300 cc/min. 
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Figure 8-14. NOx response of the La2CuO4-Pt electrode-pair on YSZ and Al2O3/YSZ substrates 

at 475 °C.  The NOx concentrations were varied between 0 and 400 ppm in 3% O2 
(N2 balance) with a flow rate of 300 cc/min. 
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Figure 8-15. NO2 response of the La2CuO4-Pt electrode-pair on YSZ and Al2O3/YSZ substrates 

at 500 °C.  The NO2 concentration was varied between 0 and 400 ppm in 3% O2 (N2 
balance) with a flow rate of 300 cc/min. 
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Figure 8-16. NO2 response of the La2CuO4-Pt electrode-pair on YSZ and Al2O3/YSZ substrates 

at 575 °C.  The NO2 concentration was varied between 0 and 400 ppm in 3% O2 (N2 
balance) with a flow rate of 300 cc/min. 
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Figure 8-17. NO response of the La2CuO4-Pt electrode-pair on YSZ and Al2O3/YSZ substrates at 

575 °C.  The NO concentration was varied between 0 and 400 ppm in 3% O2 (N2 
balance) with a flow rate of 300 cc/min. 

 
Figure 8-18. Two examples of packaging that may be used to house the advanced gas sensor 

technology.  A) and B) show a transistor outline (TO-12) package with and without 
a particulate filter cap.  C) shows a cutaway of a planar oxygen sensor package.  
Figures from Riegel et al and Näther et al.66,244 

 
Figure 8-19. Rapid prototypes of gas sensor array features.  In A) four identical La2CuO4 sensing 

electrodes were deposited onto a small piece of YSZ using the nScrypt direct-write 
system.  In B) a small Pt heating element was deposited onto an alumina substrate. 

A B 

A B C 
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Table 8-1. Densification of tapes during tape lamination 
Number of presses Total 8-layer thickness (mm) Average thickness per layer (mm) 
0 1.19 mm 0.149 
1 0.98 mm 0.123 
2 0.96 mm 0.120 

 
Table 8-2. Film thickness dependence on spin coating parameters 
Number of coats Deposition speed (rpm) Deposition time (sec) Average film 

thickness (µm) 
1 1000 20 2.315 
2 1000 20 3.2808 
2 1000 30 1.5094 
2 1500 20 2.9122 

 
Table 8-3. YSZ film crack width dependence on heat treatment 
Maximum presinter 
temperature (°C) 

Final sinter heating rate (°C/min) Average crack width (nm) 

850 3 69.734 
850 5 53.359 
850 7 65.991 
900 3 73.642 
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CHAPTER 9 
CONCLUSIONS 

There were several objectives for this work, some of which followed as a result of work 

involving original objectives that did not go as planned.  In all, the goal was to investigate 

methods for enhancing the performance of potentiometric gas sensors using sensor arrays, 

thermal and electric-field enhancements, surface science, and improvements in fabrication and 

testing procedures for R&D and commercialization purposes. 

This work resulted in the creation of multifunctional gas sensor arrays through the 

combination of multiple sensing electrode-pairs into a single, miniature sensor device, thus 

allowing the detection of multiple gas species.  Investigations included evaluation of crosstalk 

between sensing electrodes (i.e., the response of one affects another) when placed in close 

proximity to each other and the electrode arrangement with respect to each other and the rest of 

the device.  Knowledge from these studies will be used to help design future devices. 

The differential electrode temperature effect was investigated using two investigatory gas 

sensor arrays.  These results demonstrated that this enhancement method can be used to improve 

the sensitivity and selectivity of potentiometric gas sensors.  Furthermore, the investigatory 

devices demonstrated how more signals than electrodes can be yielded from the array because 

the signals are made up of the potential difference between any two sensing electrodes.  From 

this basis, a prototype sensor array was improved through local heating of sensing electrode-pairs 

to different temperatures.  This resulted in a device that was able to selectively detect both NO 

and NO2, without any interference from CO2.  The small effect of CO did not change the 

response other than to cause a small shift, which means that with the addition of a CO selective 

sensing electrode pair (e.g., TiO2), the array should be able to compensate for this deviation.  

This is significant because then the device would be able to quantitatively detect NO, NO2, and 
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CO in harsh environments and with widely varying O2 and humidity levels as is present in many 

combustion exhausts. 

The concept for electric-field enhancements of a solid-state potentiometric gas sensor was 

a direct result of ‘failed’ sensor experiments involving thermal enhancements.  After the initial 

observations and formulation of hypotheses as to why there was an electric-field effect on gas 

sensing performance, the objectives for this work were expanded.  This resulted in an initial 

investigation to see the potential for using the electric field to enhance sensor performance in 

terms of sensitivity and selectivity.  The influence of field shape, magnitude, and polarity was 

investigated and found to be important in determining the extent of enhancement.  Through the 

use of an air-reference sample with concurrent mass spectrometry measurements a correlation 

was found between local gas concentrations coming off the sensing electrode and the sensor 

response.  Furthermore, temperature programmed desorption (TPD) experiments revealed that an 

electric field localized around the sensing material can cause the shape of the TPD spectra and 

the peak temperature to change.  This opens up the possibility of using the electric field effect to 

actively alter the operating temperature range of a gas sensor.  Furthermore, this evidence led to 

the conclusion that there exists the possibility of using the electric-field enhancements with other 

solid-state ionic devices, such as hydrogen production membranes or solid oxide fuel cells.  If 

the electric-field can enhance heterogeneous catalysis to the point where SOFC operating 

temperatures can be lowered without a decrease in performance, then this will be very 

significant. 

A surface science analysis of the gas sensors utilized XPS, UPS, AES, and the Kelvin 

method to investigate changes in the chemical composition of sensing electrodes, the electronic 
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band structure of the materials, and changes in the work function when gases are adsorbed on the 

surface. 

Improvements were made in terms of R&D procedures and steps towards 

commercialization of this gas sensor technology.  This was accomplished through the 

development of development of procedures for automated manufacturing and testing. This also 

included sensor design and processing studies involving automated screen-printing, rapid-

prototyping, wire bonding, test setups, and analyses programs.  

In summary, this work resulted in the development of two novel methods for actively 

enhancing gas sensors.  Two patent applications have been filed internationally and 

commercialization efforts are on the way.  Future research will involve further improvements in 

manufacturing, reliability tests, and sensor enhancements.  Furthermore, the electric-field 

enhancements will be further investigated using surface science and electroanalytical techniques 

to gain additional insight into the underlying mechanisms.  Finally, the electric-field 

enhancements will be explored in other solid-state ionic devices, such as hydrogen production 

membranes and SOFCs. 
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APPENDIX A 
MORE ON THE THERMALLY MODIFIED GAS SENSOR ARRAY 

A.1 Heating Element Design 

Several initial heater designs were investigated before settling on the C-shaped heaters 

used in the primary investigations.  Many of these patterns were difficult to make using a manual 

screen printer, however most were tested.  It was found that the 8 mol% YSZ was not an ideal 

material as a support regardless of the heater pattern design.  This was based on results that 

showed that the substrates would crack even under modest thermal stress.  A comparison of the 

performance of each determined that the C-shaped elements were the best choice for use in the 

prototype arrays due to lower power requirements and less build up of stress.  Note that in these 

initial measurements a thermal couple was placed in contact with the samples rather than using 

local surface temperature measurements. 

The ideal Pt element microstructure was also investigated using several sintering 

temperatures.  The ideal sintering temperature was found to be between 1000 and 1250 °C in 

order to get a sufficiently dense layer with good adhesion while not resulting in too low a 

resistance such that extremely high voltages would be necessary to heat the samples. 

A.2 Surface Temperature Measurements 

Surface temperature measurements are not easy.  However, with the use of calibrated Pt 

RTDs, fairly accurate measurements can be made.  Platinum was selected for the fabrication of 

heating elements and temperature sensors.  Platinum is an industry standard for high-temperature 

resistance-temperature-devices (RTD) and as heating elements in gas sensors because of 

durability and chemical and thermal stability.  For the initial design of a sensor array, thermal 

analysis can be a useful tool to determine the temperature profile of the device when heated 

locally.  The sensing electrodes can then be spaced such that each is at the optimum temperature.  
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Below approximately 400 °C the resistance of Platinum has a linear dependence on temperature. 

However, above this temperature, further heat loss causes the linear model to deviate from 

experimental data, and a better model is a second order polynomial. 

A.3 Finite Element Modeling of Thermal Distributions 

Finite Element Modeling (FEM) was performed using the Partial Differential Equation 

Tool in MatLAB 7.0 from Mathsoft.  FEM requires entry of the device geometry (e.g., heater 

and substrate dimensions), boundary conditions, and material properties.  Neumann boundary 

conditions (i.e., heat flux or (convective) heat transfer) were specified on the boundaries of the 

YSZ substrate. Dirichlet boundary conditions (i.e., specific temperatures) were entered for the 

Platinum heater.  Material properties used in the analysis are listed in Table A-1. 
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Table A-1. Physical parameters used for thermal modeling 
Density 
(g/cm3) 

Thermal 
conductivity 
(W/(m °C)) 

Heat capacity 
(J/g °C) 

Length  
(mm) 

Width 
(mm) 

Thickness 
(mm) 

5.85 2.8 0.500 20 12 0.10 
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APPENDIX B 
MORE ON THE ELECTRIC-FIELD ENHANCED GAS SENSOR 

During sensor experiments utilizing a potentiometric gas sensor with heating elements, 

there were large sensor responses to small applied heater voltages after a crack formed in one of 

the heaters.  The applied voltage caused changes in the potential of the sensor, and after testing 

the effect of the voltage gap it was proposed that there was a possibility the electric-field affected 

adsorption/desorption and/or chemical/electrochemical reactions taking place at the electrodes.  

From this initial hypothesis, the electric-field effect was further investigated with a standard 

planar sensor configuration, mass spectrometry, temperature programmed techniques, cyclic 

voltammetry, electrochemical impedance spectroscopy, photoelectron spectroscopy, and the 

Kelvin method. 
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APPENDIX C 
PROGRAMMING 

The Velmex gantry system used in making the custom 3-axis cutting machine had a 

control box (VXM Stepping Motor Controller) that allowed programming of axial movement.  

Using the Velmex Cosmos software and program language, the following code was written in 

order to automate trimming and scoring of laminated greentapes. 

F                        //Opening command for Velmex 

PM-0,                //Saves program to memory slot 0 

LM0,                 //Loop Marker 

I2M-4000,        // Raise blade 4000 motor steps 

I1M-4000,        // Move blade forward 4000 steps 

I2M4000,         // Lower blade 4000 steps 

L5,                    // Repeat loop 5 times 

I2M-4000,        // Raise blade 4000 steps 

R                      // End program 
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APPENDIX D 
ADDITIONAL INFORMATION 

D.1 Spray Coating 

Prior to the decision to deposit YSZ coatings on alumina using spin coating, the use of 

spray coating was explored.  Once the alumina substrate was prepared, a layer of YSZ had to be 

deposited to serve as the electrolyte for the gas sensor.  AYSZ slurry was prepared by ball-

milling denatured ethanol, YSZ (Tosoh Corp., 8 mol% Yttria), polyvinyl butyral (binder), and 

dispersant (solsperse, Lubizrol Inc.) for at least 24 hours. The substrates consisted of presintered 

tape-cast alumina.  The slurry was fed to an air-fed spray gun, which created an aerosol that was 

deposited onto the alumina.  During this process the alumina was heated to ~50 °C using a 

hotplate.  The gun was positioned approximately 30 cm directly above the substrate.  The coated 

alumina was then placed in a drying oven for 2 hours to evaporate the ethanol from the as-

deposited film, and then it was then sintered at 1500 °C for 5 hours.  The exact parameters of this 

process, such as rate of application and total amount of slurry applied, were not standardized.  

Therefore only qualitative remarks can be made with regard to the homogeneity of the 

deposition. 

The coated substrates were examined using a scanning electron microscope (SEM, JEOL 

6335F or JEOL 6400).  The micrographs revealed that the YSZ coatings were extremely non-

uniform. Furthermore, the films were relatively porous.  Therefore, this method was deemed to 

be unsuitable for use in the gas sensor arrays.   

D.2 Pulsed Laser Deposition of La2CuO4 

Following results of research from the literature, an attempt was made to make single 

crystal thin films of La2CuO4 for the purpose of investigating the surface science of the material.  

This involved focusing a pulsed high-power laser onto a dense, pressed La2CuO4 pellet.  This 
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created a plume of material which deposited onto a LaO single crystal substrate which was at 

elevated temperatures.  The XRD pattern for the La2CuO4 thin film is shown in Figure D-1.  The 

c-lattice parameter measured from (004) reflection is 13.141 Å. 

D.3 Multi-Sensor Reactor Design and Modeling 

In order to ensure that the multi-sensor reactor resulted in uniform gas distribution to each 

of the 30 sensors being simultaneously tested (per reactor), first-order computational fluid 

dynamics (CFD) simulations were performed using CosmosFloworks (SolidWorks).  Figure D-2 

shows the preliminary results of the simulations, which indicated that the square stack of sensor 

modules resulted in non-uniform flow patterns near the top, bottom, and edges of the stack.  This 

would result in variable sensor results between the sensors, which is not desirable when trying to 

demonstrate sensor repeatability between each sensor and different batches of fabricated sensors. 

Therefore after careful analysis of the problem, quasi-hemispherical components were 

attached to the sides of the module stack in order to match the circular profile of the reactor tube.  

As the results in Figure D-3 indicate, this seems to have solved the problem as the gas 

distribution around the module stack is much more uniform. 
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Figure D-1. XRD of the Pulsed-Laser-Deposited La2CuO4 thin film. 

 
Figure D-2. CFD simulation of multi-sensor reactor before adding the side and top hemispheres. 
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Figure D-3. CFD simulation of multi-sensor reactor after adding the side and top hemispheres. 
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