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Abstract
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Abstract
Composite zeolite-semiconducting metal oxide gas sensors have been produced using standard
screen printing techniques. Zeolites A, ferrierite, ZSM-5, mordenite, ! and Y, in their acid form,
have been incorporated as overlayers or admixtures (ZSM-5, mordenite and !) to tungsten
trioxide (WO3) and titanium doped chromium oxide (CTO) thick films screen printed on
interdigitated electrode substrates. These composite sensors, in addition to unmodified control
sensors, were evaluated for selectivity to specific concentrations of CO, NH3, NO2 and C2 – C4
alkanes, alkenes and alcohols. A new gas sensing rig (AA Rig) capable of housing 8 sensors in a
gas-tight enclosure with capability for sequential delivery of test gases over the sensors, control
of sensor operating temperature via integrated heater track including DC resistance sensor
conductivity measurements was designed and built. Arrays of sensors in batches of 8 were
operated at a stable temperature of 400 °C and their responses to low concentration of test
gases was monitored and recorded with view to the assembly of array of sensors possessing
biased specificity for simple or complex gas mixtures.

The dynamic responses of 16 sensors comprising unmodified WO3 and CTO controls (2 different
thickness layers per oxide), zeolites H-ZSM-5, H-Mordenite and H-! overlaid and admixed
sensors was shown to exhibit degrees of variance and gas specific patterns in their gas
responses. The pattern of response of the 8 WO3 sensor array was found to exhibit repeatable
and reproducible ‘fingerprints’ for 30 ppm CO, 25 ppm NH3 and 0.5 ppm NO2. Additionally, this
WO3 array exhibited distinctive selectivity to 50 ppm alkenes and alcohols for good gas specific
fingerprints with primary and secondary alcohol discrimination. Array comprising WO3 and CTO
control, H-ZSM-5 and H-Mordenite admixed sensors exhibited significant NO2 selectivity in the
binary mixture of CO and NO2, thus demonstrating capability for environmental monitoring.
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1.0 Introduction
1.1

General Introduction and Objectives

The need for detection and monitoring of a wide variety of gases from diverse sources
encompassing toxic vapours, volatile organic compounds (VOCs) and biological species is
continually increasing due to technological advances, population growth and the topical
awareness of human impact on our natural environment. While there are currently no portable
gas sensors that are 100% selective to a single gas, laboratory based instruments using
analytical techniques such as gas chromatographs and mass spectrometers provide fairly
accurate and selective measurements. Since the specific needs for gas detection and monitoring
are not confined to the laboratory environment, years of extensive research have led to the
development of a variety of sensor materials and sensing methods aimed at improving selectivity
and accuracy of portable gas sensing systems. The results of an investigation into the realization
of discrimination in the response of metal oxide semiconductor gas sensor array, where zeolite
materials are used to modify the analyte gas, are presented in this thesis.

Gas sensors are devices made up of materials that interact with gas molecules to produce
electrical signals with magnitudes that are proportional to the concentrations of target gases.
These devices are required to allow continuous selective and quantitative monitoring of the target
gas. Essentially, an ideal gas sensor should be sensitive to variations in gas concentration,
selective to specific gases, rugged, corrosion resistant, reliable, durable, operationally stable,
portable and reasonably priced [1]. Whilst there are different technologies currently available for
gas monitoring and detection including but not limited to electrochemical, infrared, photoionization
and solid state sensing methods, each with associated advantages and disadvantages [2-5], the
semiconducting metal oxide sensing method, a subset of solid state gas sensor technology, is the
main focus of this work.
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At elevated temperatures (300-500 °C), semiconducting metal oxides processed into a device
with high surface to bulk ratio exhibit a reversible change in electrical conductivity when exposed
to trace gases that is proportional to the gas concentration [6]. This electrical property has been
widely researched and utilised in gas sensing devices for monitoring domestic and industrial
pollutants and for odour management [5-9]. Their main benefits of high sensitivity to trace gases,
physical ruggedness and low cost are moderated by lack of selectivity to specific gases and
humidity interference [2,6]. Different techniques have been devised to improve the selectivity and
performance of semiconducting oxide sensors including: operating sensors at different
temperatures, since electrical conductivity of semiconductors is temperature dependent; addition
of dopants that will alter the microstructure or initiate chemical reactions with target gas to
ultimately enhance its electrical response; use of filters that can selectively modify analyte gas
molecules; modulating operating temperature to enhance sensitivity and/or minimize baseline drift
and employing an array of different sensors each with partial specificity such as in ‘electronic
noses’ [2,8,10-14]. The work carried out in this thesis explored the degree of discrimination
achievable in an array of semiconducting metal oxide gas sensor devices made from tungsten
trioxide and titanium doped chromium oxide powders, when microporous aluminosilicate zeolites
with different framework structures and pore dimensions are integrated as overlayers on or
admixtures within the metal oxide sensing film. The exploitable properties of zeolites such as,
sorption characteristics (shape and size selectivity), catalytic behaviour and ion exchange
selectivity helped to modify the composition of analyte gas ‘seen’ by the sensing material, thus
introducing variance in the sensor responses. Although, several studies have been carried out on
tin oxide [15-18] and chromium titanium oxide [19-23] sensor element overlaid and/or admixed
with zeolites, there is as yet nothing reported on the use of zeolites to enhance discrimination in
tungsten oxide sensor responses.
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The overarching aim was to produce an array of composite metal oxide-zeolite gas sensing
devices with an adequate level of variance in their responses to distinguish complex gas
mixtures. Therefore, a selection of zeolite materials (A, ferrierite, ZSM-5, mordenite, ! and Y)
were incorporated as overlayers and admixtures on screen printed tungsten trioxide (WO3) and
titanium doped chromium oxide (CTO) thick films. Several of these composite metal oxide-zeolite
sensing devices were exposed to specific concentrations of different environmental inorganic and
organic gases, at a stable operating temperature, using in-house gas sensing rigs to monitor and
record their responses. In parallel to this experimental investigation, computational studies of the
adsorption and transport of gas molecules in zeolites was carried out by Miss Sheena Dungey.
The computational modelling predictions and sensor responses have been complementary,
providing better understanding of sensor response characteristics [24-26].

In order to highlight the motivation behind the work carried out, solid state gas sensing
methodology with particular emphasis on semiconducting metal oxide materials as well as
pertinent characteristics of zeolites are discussed in this introductory chapter.

1.2

Solid State Gas Sensors

Solid state gas sensors are well established and commercially successful due to their ruggedness
and low cost. They are characterised by the reversible interaction of the gas with the surface of
the solid state material that results in measurable changes in its electrical, mechanical, thermal,
magnetic and optical properties [27(a)]. However, the main focus here are sensors made with
materials that exhibit conductivity change on exposure to different gases of which the main types
in widespread use are solid electrolyte, catalytic and semiconducting metal oxide sensors when
differentiated by their gas sensing techniques [2,28]. A brief description of these sensor types is
given below prior to detailed description of semiconducting metal oxide sensing processes.
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Solid electrolyte sensors allow the conduction of mobile ions but not electrons, whereby a solid
electrolyte is employed as a nonporous membrane separating a reference gas of known
concentration from the analyte gas. Chemical reactions between the analyte gas and solid
electrolyte membrane results in measurable potential difference across the membrane that is
proportional to the concentration of the analyte gas. In general, the conduction ions are the gas
species being detected. For example, Yttria-stabilised zirconia (YSZ) exhibits high oxygen ion
conductivity whilst remaining electronically insulating, hence its use for oxygen sensing in
automobile exhausts where atmospheric oxygen acts as the reference gas with the engine
exhaust as the analyte gas [29(a)].

Catalytically active solid state sensors are basically catalytic microcalorimeters consisting of a
catalyst loaded ceramic such as porous alumina with palladium or platinum catalysts that is
maintained at high temperature by heating wire to ensure rapid combustion of any flammable gas
molecules in its vicinity. The temperature increase of the heated wire, a consequence of oxidation
of the combustible gas, results in a measurable change in resistance that is proportional to gas
the concentration. As catalytic sensors burn the gas being detected, the sensor material is
consumed until it eventually burns out [2].

Semiconducting metal oxide sensors are essentially gas sensitive resistors (chemiresistive
sensors) where gas species adsorb on the surface of the sensor causing a measurable change in
the charge carrier concentration (i.e. conductivity) of the sensor material. When the gas is
removed, the sensor returns to its initial condition, thereby offering long life expectancy [2].

1.3

Semiconducting Metal Oxide Sensors

Semiconducting metal oxide gas sensors typically comprises a wide band-gap polycrystalline
metal oxide material such as tin dioxide (SnO2), zinc oxide (ZnO), nickel monoxide (NiO), titanium
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dioxide (TiO2) and tungsten trioxide (WO3) that is prepared and processed into a highly porous
paste with high surface to bulk ratio. The paste is then deposited on or between metal electrodes
on an insulating substrate as illustrated in figure 1.1. The substrate usually has an integrated
heater that supplies the thermal excitation required for gas sensing operations. Electrical
conductivity variations due to changes in charge carrier concentration in the semiconducting
oxide film, in response to ambient gas species, are usually measured across the metal electrodes
as changes in DC resistance.

Semiconducting
Metal Oxide

Alumina Substrate
Gold Electrodes

Figure 1.1 – Semiconducting metal oxide film deposited on alumina substrate with gold electrodes
(Courtesy of City Technology Ltd. [30]).

1.3.1 Mechanisms of Gas Sensor Operation
Generally, semiconductors are crystalline materials with electrical conductivities that increase
with temperature. In pure semiconductors (intrinsic semiconductors), conduction takes place by
thermal excitation of electrons across the energy band gap, producing equal numbers of free
electrons and free holes as illustrated in the energy band diagram in figure 1.2a. Since it is often
difficult to produce pure semiconductors, the majority of semiconductors used for sensors are
impure (extrinsic semiconductors), having defects in their crystal lattice. The introduction of an
electrically active impurity with one more valence electron than the host it substitutes in the
crystal lattice, results in an increase in concentration of electrons that are weakly bound to their
donor. These electrons are localised in a donor band above the Fermi level near the conduction
band. When thermally excited, the electrons are boosted into the conduction band (figure 1.2b).
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This is referred to as n-type semiconductivity, where ‘n’ denotes the negative electrons being the
majority charge carriers. Conversely, if the impurity has one less valence electron than the host it
substitutes, they form localised acceptor levels below the Fermi level near the valence band,
which become filled with electrons from the valence band (figure 1.2c) upon thermal excitation.
The positive holes created in the valence band as a result are the majority charge carriers in ptype semiconductivity. In metal oxides where the metal is usually a cation and the oxygen an
anion, the surface metal ions have a tendency to act as acceptors by capturing extra electrons

Electron Energy

whilst the oxygen ions act as donors, giving up electrons [27(b),31].
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Figure 1.2 – Schematic of semiconductor energy bands showing (a) the band structure for intrinsic, (b) ntype and (c) p-type semiconductor [31].

It can be deduced from the briefly described semiconductor energy band scheme that interactions
that change the stoichiometry of a material ultimately affects its charge carrier concentration,
since the electrons or holes that provide conduction occur due to defects in its microstructure.
Given that the surface of a semiconducting oxide film, which is the boundary between solid and
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gas phases, is an area where the normal periodicity of the crystal is interrupted, then localised
energy levels (surface states) are also created in the band gap that can capture or eject
electrons. Hence, the amount of defects in the crystal lattice, temperature and the energy levels
of donors and acceptors are factors that influence the charge carrier concentration in gaseous
environment [29(b)]. The capability to induce variations in charge carrier concentration of
thermally excited semiconducting oxide materials by exposure to trace gas species, which when
removed returns the material to its pre-exposure condition, is the basis for their use in gas
sensing devices. The gas-semiconducting oxide interactions that generally take place on the
surface of the material are quite complex involving chemical adsorption, reaction and desorption
of gas species on the oxide surface [5].

Adsorption in its simplest form involves bonding of gas species on the surface of the sensor
material thereby creating donor or acceptor surface states that modify the material’s conductivity.
Consequently, the number of surface states created depends on the partial pressure of the
ambient gas. It is accepted that the type, quantity, reactivity and mobility of adsorbed oxygen on
heated semiconducting oxides, in air, are the main contributor to their gas responses. These
temperature dependent adsorbed oxygen species (O–, O2–, O2–) attract and immobilise electrons
from the bulk of the oxide at the gas-solid interface creating Schottky barriers at grain contacts in
the polycrystalline material [2,29(c),32]. In metal oxides that are intrinsically n-type bulk
semiconductors, such as SnO2, TiO2 and WO3, the oxygen adsorbates attract electrons from
ionised donors in the conduction band resulting in an electron depleted space charge layer near
the surface. As the surface saturates, adsorption of further oxygen is inhibited and the size of the
space charge layer correlates to the baseline resistance of the metal oxide material in air. Upon
introduction of test gases, for example reducing analyte gas molecules such as carbon monoxide
(CO) or ammonia (NH3), become oxidised releasing the trapped electrons. This results in
increased charge carrier density and conductivity, hence, resistance decrease. Alternatively,
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oxidizing analyte gas molecules, such as nitrogen dioxide (NO2) or ozone (O3), adsorb onto the
oxide surface and attract electrons from the bulk (become reduced, as illustrated in chemical
equation 1.1), thus further increasing the size of the space charge layer. This results in reduced
charge carrier density and increased resistance [32]. Schematics of the described mechanism are
shown in figure 1.3.
(1.1)

NO2 + e– ! NO2–

NO2

O-

O2-

O2-

CO

CO2

CO

O-

e-

e-

e-

NO2-

Oe-

O2-

e2e-

eSpace Charge Layer
a

CO2

O-

Semiconducting Metal Oxide
b

c

Figure 1.3 – Schematic showing surface processes on an n-type semiconducting oxide sensing element
in air (a), in reducing CO (b) and in oxidising NO2 (c) atmospheres [32].

In a p-type semiconducting oxide such as NiO and chromium oxide (Cr2O3), adsorbed oxygen
creates acceptor states at the surface that can remove electrons from the valence band resulting
in ‘positive hole’ concentration at the interface. Here, the introduction of a reducing gas results in
decreased surface coverage of oxygen ions, charge carrier concentration and resistance increase
[2,28]. For example, exposure to CO decreases the concentration of adsorbed oxygen species
(O–), by reaction involving the ‘positive hole’ and adsorbed oxygen ion, forming carbon dioxide
(CO2) as shown by the chemical equation 1.2 [33].
p+ + O– + CO " CO2
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Consequently, semiconducting oxide materials are classified as n-type or p-type according to
their resistance response in the presence of reducing or oxidizing gases, in an atmosphere of
fixed oxygen partial pressure as shown in table 1.1.

Material
n-type
p-type

Reducing Gases
Resistance decreases
Resistance increases

Oxidizing Gases
Resistance increases
Resistance decreases

Decreased PO2
Resistance decreases
Resistance increases

Table 1.1 – Summary of responses for n-type and p-type semiconducting oxides in reducing,
oxidising and reduced oxygen partial pressure atmospheres [6].

In addition to oxygen adsorption and possible reactions on the semiconducting oxide surface, the
type of intergranular bridges between the grains of the porous polycrystalline material also
influences changes in resistance. Connectivity between the grains have been described to be of
three types, where the method of material synthesis and subsequent heat treatment during
sensor fabrication can result in fully open ‘necks’, closed ‘necks’ and point contact intergranular
bridges between adjacent grains (figure 1.4) [34]. Open ‘necks’ are formed between adjacent
grains in well sintered materials where the adsorbed oxygen induced space charge region is
uninterrupted around adjacent grains, creating low resistance paths through the undepleted
region (conduction channel) in the middle of the neck (figure 1.4a). Here, conductivity depends on
the type and concentration of analyte gas since its adsorption and reactions in effect controls the
width of the conduction channel. Conversely, closed ‘necks’ are formed when the space charge
layer between adjacent grains overlap creating high resistance paths in the middle of the necks.
They are either a result of incomplete sintering or constriction of an open ‘neck’ due to
modification of the space layer thickness effected by the analyte gas molecules (figure 1.4b). In
this case, conductivity within the narrow neck formed depends on the activation of electrons from
surface states into the conduction band and the resultant effect of analyte gas on these surface
states. The third type of grain boundary occurs in porous films, where at point contacts between
adjacent grains (figure 1.4c), the trapped charge in the surface states create high energy barriers
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(double Schottky barriers). Here, conductivity depends on the activation energy required for
charge transport across the developed potential barrier [9,34]. Hence, it follows that the grain size
has a contributory effect. Based on the work by Xu et al. [35-36] on SnO2, three cases defined by
the width of the space charge layer (L) relative to the diameter of the grain (D), more
appropriately the crystallite diameter were identified. In the first case, when the grains are very
large in comparison to the width of the space charge layer (D >> 2L), the depleted region is
confined to a small area near the surface, such that sizeable bulk of the grains are unaffected by
the surface interactions with analyte gas. Here, conductivity is independent of the grain size as it
is controlled by charge transfer between grain boundary contacts, its barrier height. This is known
as the ‘grain boundary control’ case. For the second case, when the diameter of the grains is only
slightly larger than the width of the space charge layer (D ! 2L), charge transfer is dependent on
the analyte gas, as it controls the width of the space charge layer. Here, ‘necks’ are formed
between adjacent grains modulated by the space charge layer around the grains, resulting in
charge transfer across open and/or closed necks as described above. This is referred to as the
‘neck-controlled’ case.
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Figure 1.4 – Schematic diagram showing adsorbed oxygen induced space charge area in the near surface
region of an n-type semiconducting material in air ambient. In (a), there is no barrier to charge carriers in
the open ‘neck’ inter-grain bridge formed in well sintered materials. Closed ‘neck’ bridges are formed
when the space charge region of adjacent grains overlap (b), creating high resistance paths for the charge
carriers. At point contacts (c), double Schottky barriers to charge transport across the grain boundaries
are formed by the depleted region. The height of the potential barrier and resistance decreased on
exposure to a reducing gas [9,34].

The third case occurs when the grains are quite small (D < 2L) that the space charge layer
extends throughout the entire grain. Here, the conductivity is ‘grain-controlled’ since there are no
conduction channels between the grains. This work by Xu et al. identified and confirmed
experimentally the proportionality between sensitivity and reciprocal grain size, with the highest
gas sensitivity observed for the smallest crystallite [11,35-36].
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Since any heated semiconducting oxides in general can exhibit change in charge carrier
concentration when exposed to a variety of analyte gases, it is vital that materials used for gas
sensing should posses the following characteristics:
• Sensitivity – capability of the material to exhibit high variation in resistance to the test gas. It
can be expressed as the ratio of sensor resistance in gas to that in air (Rgas/Rair), if the
material’s resistance increases on exposure to gas with respect to its baseline in air. In the
reverse case where decrease in resistance is measured, ratio of resistance in air to that in gas
is used (Rair/Rgas). Sensitivity can also be expressed as a ratio of change in resistance to
resistance in air (Rgas – Rair/Rair). A high sensitivity value is desired as it indicates the material
is appropriate for the gas under test.
• Selectivity – capacity to discriminate test gas in the presence of interfering gases. The
material should demonstrate selective response to the target gas in a mixed gaseous
environment.
• Stability – capability to maintain its electrical properties especially sensitivity and selectivity
over long periods.
• Response and recovery times – response and recovery times are used as an indicator of the
material’s suitability for the test gas at a specific operating temperature. Small response time
in order of seconds is desired as the time taken for the material’s resistance change to attain a
fixed percentage (say 80% or 90%) of its steady state value following a step change in test
gas concentration. A short recovery time is required for continuous operation. Schematic of a
typical gas sensor response curve is shown in figure1.5.
• Repeatability – ability to produce similar responses in successive tests under the same
conditions.
• Reproducibility – ability to obtain similar responses from different sensor batches and on
different gas sensing instruments [9,27(c)].
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Figure 1.5 – Schematic of typical gas sensor response curve showing resistance plotted against time.

The knowledge of chemical processes that occur on semiconducting oxides gleaned from
extensive research [37-45] has resulted in the production of various commercially successful
metal oxide based sensors, used for monitoring a variety of environmental gases, from
multinational companies such as Figaro Engineering Inc. (Japan), makers of the renowned
Taguchi Gas Sensors, Alpha MOS (Toulouse, France), E2V (Chelmsford U.K) and Aeroqual
(Auckland, New Zealand) to name a few. An overview of semiconducting oxide thick film sensors
is presented below.

1.3.2 Thick Film Gas Sensors
The phenomenon concerning sensitivity of electrical properties of metal oxide semiconductors to
gases was successfully utilised in gas sensing devices in the 1960s. Seiyama et al. [46] found
that thin films of ZnO when heated to ~300 °C in air had electrical conductivity that was very
sensitive to traces of reactive gases in the air. Taguchi also found similar properties for sintered
SnO2, with the added benefit of greater stability [47]. However, semiconducting metal oxide
sensors have poor selectivity when other background gases are present and responses that are
affected by humidity [2,6]. Since their invention, metal oxide semiconductor sensors have been
the subject of extensive research aimed at understanding the mechanism of response and
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improving performance. The most commonly used material to detect impurities in air is SnO2, an
n-type material that responds to oxidising gases, such as O3 and NO2, with an increase in
resistance and decreased resistance in reducing atmospheres, such as CO and hydrocarbons
(HC). This non-selective interaction with a wide variety of gases makes it difficult to distinguish
between different oxidising and reducing gaseous species. Attempts to address the problem of
poor selectivity and humidity dependency in metal oxides have led to the discovery of new
materials and fabrication methods resulting in devices offering significant improvements in
stability and humidity variations. Improvements in selectivity to different gases by the adjustment
of operating temperature, modification of microstructure by controlling the crystallite size, use of
filters, array of sensors, catalysts and a variety of promoters has been publicised [2,5-6,911,28,35-36,48-54].

As previously mentioned, the fabrication of semiconducting oxide gas sensors generally involves
preparation and deposition of the sensing element onto a substrate equipped with heater for
temperature control and metal electrodes for change in resistance measurements. The sensing
element can be designated as either ‘thin’ or ‘thick’ films, with regard to the method used for
deposition. Thin films are produced by chemical vapour deposition (CVD) as well as by physical
vapour deposition (PVD) techniques such as sputtering and evaporation. These deposition
techniques enable control of the microstructure during deposition by varying the substrate
temperature, flow conditions, sputtering pressure and power in the associated techniques.
However, thin films tend to be dense thereby limiting interaction with gaseous ambient to only the
external surface of the sensing element, albeit with superior sensitivity characterized by fast
response and recovery times [9,50,54-57]. Thick films in contrast are produced when
semiconducting oxide suspensions (inks or paste) are deposited onto substrates by screenprinting, dip-coating, spin-coating or drop-coating techniques, resulting in porous films with high
surface to bulk ratio. In general, the oxide suspension is produced by homogenous dispersion of
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semiconducting oxide powder in a suitable viscous organic vehicle which is subsequently burnt
off when the film is fired after deposition. The gas sensing properties of the film can be optimised
by varying the film thickness and adjusting subsequent heat treatment temperature and
atmosphere in order to control the degree of oxygen deficiency, thereby increasing sensitivity to
changes in gas concentrations. Porosity of the films produced offer higher volume of active
regions accessible to the adsorption and reaction species via diffusion into the sensing layer
[44,58-59].

The most widespread method used to produce thick films for commercial gas sensors is by
screen printing [60] and it is also the fabrication method used to produce the sensors for this
study. The process is based on traditional silk screen printing where semiconducting oxide ink is
forced through a patterned mesh screen thereby depositing a thick film layer with the geometry of
the screen pattern onto a substrate. The printed layer is dried to solidify the film and increase its
mechanical strength, and also allows for subsequent layers to be printed till the required film
thickness is achieved.

The semiconducting oxides of interest in this thesis are acidic oxides, WO3 and titanium doped
Cr2O3, otherwise known as chromium titanium oxide (CTO), Cr2-xTixO3, where x = 0.01-0.4. WO3
is a well known electrochromic n-type semiconducting material, characterised by reversible
creation of excess electrons, which results in persistent changes of optical and electrical
properties [61-62]. It exhibits a cubic rhenium trioxide (ReO3) structure based on a 3-dimensional
(3-D) network of corner-sharing WO6 octahedra. Distortions to its ReO3 cubic structure affect the
symmetry of WO3, resulting in tilting of the WO6 octahedra and displacement of the tungsten
atoms from the centre of the octahedron. This is responsible for its five distinct polymorphs
between absolute zero and 1700K, in the order, monoclinic (!-WO3, -273 to -43 °C), triclinic ("WO3, -43 to 17 °C), monoclinic (#-WO3, 17 to 327 °C), orthorhombic ($-WO3, 327 to 897 °C) and
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tetragonal (!-WO3, 737 to 897 °C) [63-64]. At room temperature, the monoclinic ("-WO3) phase
is thermodynamically stable, however, coexistence with triclinic (#-WO3) phase is well known
[65]. WO3 exhibits variable oxidation states (WO3-x, x = 0-0.3), having oxygen vacancies at
specific crystal planes, a characteristic of d0 oxides, which in turn affects its colour and electrical
properties [64]. The fully oxidised WO3 material has a light yellow colour.

WO3 has found successful commercial application in the glazing industry, in the production of
electrically switchable glass (smart windows) [61-62]. Also, its gas sensing properties as both thin
and thick films have been widely reported, firstly by Shaver [66] for the monitoring of changes in
H2 concentration, and in particular for the detection of O3 [6,67-69], nitrogen oxides (NOx) [58,7074] and NH3 [75-76]. Additives such as bismuth oxide (Bi2O3), have been found to improve
sensitivity to nitrogen monoxide (NO) in high temperature combustion environment [72], whilst
catalytic additives such as copper (Cu), were reported to have improved response to NH3 with
minimal humidity interference [76]. There are as yet no reports regarding the use of zeolites as a
method of improving the gas sensitivity and selectivity of WO3 sensors.

The second material, titanium doped Cr2O3, CTO, is a p-type semiconducting metal oxide that
has well established gas sensing properties, such as, selectivity towards reducing gases,
baseline stability and negligible humidity interference [6,77]. These properties have been vital to
its development and commercialisation for the detection of CO and volatile organic compounds
(VOCs) in air [78-79]. Cr2O3 crystallises with a corundum (Al2O3) structure that is built up of
hexagonal close packed oxygen (O2-) ions with chromium (Cr3+) ions occupying two-thirds of the
octahedral interstices [80]. Whilst in intrinsic form Cr2O3 is gas sensitive, for example to NH3 in
the temperature range 400-500 °C, the addition of a small quantity of titanium dioxide (TiO2)
significantly enhanced its NH3 sensitivity, even at a lower minimum operating temperature (300
°C) [81]. The solid solution Cr2-xTixO3, where, x = 0.01-0.4, has been found to retain the
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corundum crystal structure of Cr2O3, with Ti substituted on Cr sites and charge balanced by Cr
vacancies [6,78,80]. Ordinarily, CTO is prepared by solid state reaction of chromium and titanium
oxides in the required stoichiometric amounts at high temperatures (> 900°C), the so called
‘shake and bake’ method [77]. Whilst this method is best suited to commercial mass/batch
production, the high synthesis temperature and associated chemical and microstructural
inhomogeneities characteristic of this method is disadvantageous to its gas sensing behaviour
[82-84]. Currently, synthesis methods that enable control of grain size and shape, and the uniform
distribution of Ti ions, such as sol-gel and hydrothermal synthesis techniques, have been
reported to offer better thermal stability and gas sensitivity [80-83].

Since the first report by Moseley and Williams [81], detailing the response to 1% NH3 in air at
300-550 °C, further work on CTO thick and thin film sensors, with varying mole fractions of TiO2,
exhibiting enhanced responses to hydrogen sulphide (H2S) [77,85-86], ethanol [57,83,87], CO
[33,57,78,88-89], NH3 [81,84-85], acetone [88,90] and toluene [88] have been reported. In
general, compounds of nominal composition Cr1.8Ti0.2O3 have been found to be most sensitive to
NH3 and H2S in particular, with Jayaraman et al. [85] reporting increasing sensitivity to NH3 with
increasing mole fraction of TiO2 to a maximum of approximately 10 mol%. However, whilst
sensitivity is enhanced and humidity interference minimised with Ti substitution, there is still the
issue of cross sensitivity, which has been addressed in commercial CTO sensors (Capteur
Sensors) by the use of activated carbon and Active Filter Technology (AFT©) inserts [91-92].
In order to improve selectivity in CTO gas sensor responses to CO and volatile organic
compounds (VOCs), zeolites A, ZSM-5, ! and Y have been incorporated as transformation
elements, exhibiting enhanced discrimination [22-23]. Since the main objective of the work carried
out is to explore the level of discrimination achievable when zeolites are incorporated into metal
oxide sensing devices, an overview of zeolites and their properties is presented next, including
characteristics of the zeolite materials used in this work.
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1.4

Zeolites

Zeolites are microporous framework-structured crystalline materials that are both naturally
occurring and synthetic. Generally, their structure is based on an infinitely extending 3-D, fourconnected framework of [AlO4]5- and [SiO4]4- tetrahedra, linked to each other by the sharing of
oxygen ions to form uniformly sized pores of molecular dimensions. The pores preferentially
adsorb molecules that fit inside them and exclude molecules that are too large, consequently
acting as molecular sieves. Since a pure silicate framework is electronically neutral, each [AlO4]5in the framework has a net negative charge, which is usually balanced by a loosely bound extra
framework cation. Hence, by replacing some of the Si4+ with Al3+ to produce an aluminosilicate,
the overall negative charge of the framework requires cations such as H+ or Na+ to maintain its
overall neutrality. The frameworks are generally open and contain channels or interconnecting
voids of regular dimensions that are occupied by the aforementioned cations and water
molecules. The cations have a high degree of mobility and ordinarily undergo ion exchange,
whilst the water molecules can be removed reversibly. This is why they are used in water
softening and as desiccants [93,94]. Furthermore, it has been found by electron spin resonance
(ESR) spectroscopy that molecular oxygen species (O2-) from ambient air are preferentially
adsorbed on the exchanged cations irrespective of their type, which in turn influence adsorption
and desorption mechanisms [42].

In most zeolite structures the [AlO4]5- and [SiO4]4- tetrahedra are primary structural units (unit cell)
that are assembled into 6, 8, 10 or 12 member rings of oxygen atoms to form secondary building
units (subunits), which may be cubes, hexagonal prisms or cubo-octahedra. The tetrahedra are
arranged to form well defined micro and mesopores with a high surface area. The different types
of pore topologies have been classified as framework types and assigned 3-letter codes that are
based on the names given to zeolites by the structure commission of the International Zeolite
Association [95]. These 3-letter codes and/or commonly used names of zeolites are used
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hereinafter. Figure 1.6 shows some secondary building units and cages that recur in zeolite
framework types.

Figure 1.6 – Examples of subunits and cages that recur in several framework types [95].

The framework type defines the size and shape of pore openings, dimensionality of the channel
system, volume and arrangement of the cages, and the types of cation sites available. Zeolites
are further subdivided on the basis of the Si/Al atomic ratios in their composition into low,
intermediate and high Si/Al ratio groups [96]. Hence, structures with low Si/Al ratio have higher
concentrations of cation sites available for ion exchange. Consequently, an increase in the Si/Al
ratio reduces the cation concentration and ion exchange capacity, since this is dependent on the
Al3+ content. This ion exchange property of zeolites is being used in everyday life to enhance the
cleaning efficiency of detergents by the removal of Ca2+ and Mg2+ ions present in hard water
through ion exchange with Na+ ions [93].

In general, the observed trends in zeolite properties based on their Si/Al ratios are summarized
below:
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• Low Si/Al zeolites (Si/Al of 1-1.5), such as A and X, give optimum adsorption properties in
terms of capacity, pore size and 3-D channel system. They have strong hydrophilic surface
selectivity.
• Intermediate Si/Al zeolites (Si/Al of ~2-5), such as natural zeolites mordenite, chabazite and
synthetic Y, are also hydrophilic; they adsorb polar molecules in preference to non-polar
hydrocarbons.
• High Si/Al zeolites (Si/Al of ~10 to 100), such as !, ZSM-5 and siliceous variant of Y, have a
high acid strength resulting from the isolation of acidic centres (Bronsted acid sites). They are
hydrophobic but organophilic and generally used in the catalytic conversion of hydrocarbons.
They have found applications in large petroleum refining processes. The high silica content
makes them resistant to the high temperatures that occur during catalytic and regeneration
cycles [94,96-97].

1.4.1 Use of Zeolites in Gas Sensing
Zeolites have been successfully used in a variety of industrial applications as highly selective
adsorbents (desiccant, physical separation of hydrocarbons), ion exchangers (in laundry
detergents, removal of nuclear waste) and most importantly, as shape selective and acid
catalysts in hydrocarbon conversion reactions. They have been generally deployed in gas
sensors as a barrier between the gas inlet and sensing element to filter out unwanted species in a
gas mixture, similar to activated carbon usage [15,98]. Their use and or incorporation into gas
sensing devices as composite units is a relatively new (1990s) application [51-52,93,99] and a
selection from reported cases with emphasis on zeolite integration method is briefly described.

Plog et al. [100] used platinum exchanged zeolite Na-Y as the gas sensitive material that was
screen printed directly onto thin film interdigitated capacitor for the potential detection of butane
(C4H10), CO and H2 in wet air. They found through ionic conductivity measurements at 1 kHz and
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350 °C operating temperature that only C4H10 showed any useful response, even to a low
concentration of 10 ppm and negligible humidity effects at temperatures above 200 °C. It was
proposed that the sensitivity to (10-1000 ppm) C4H10 characterised by resistance increase, is a
result of the reduction in mobility of Na+ ions by the catalytic reaction rate of C2H10 into CO2 and
H2O on the platinum clusters in the zeolite pores [100]. Fukui and Nishida [101] developed a CO
selective pellistor type sensor in the presence of H2, methane (CH4), isobutane (i-C4H10), ethanol
(C2H5OH) and ethene (C2H4). The sensor was made up of SnO2 bead infused with lanthanum
oxide (La2O3) and gold (Au), and overlaid with coatings of siliceous zeolites Y and ferrierite (Si/Al
ratio > 6). Whilst La2O3 suppressed sensitivity to H2, CH4, i-C4H10 and C2H4 and Au enhanced
sensitivity to CO, the zeolites were used to depress high C2H5OH sensitivity by conversion to
ethene within the zeolite layer. Ferrierite with the highest Si/Al ratio (~18), therefore strong acid
strength, was found to surpass Y in depressing the C2H5OH signal at 300 °C thereby improving
CO selectivity [101]. Vilaseca et al. [17] reported preferential selectivity of C2H5OH over CH4 and
propane (C3H8) exhibited by their screen printed palladium (Pd) doped SnO2 sensor with zeolite
Na-A overlayer that was grown by seeding method. The sensor, operated at 350 °C showed no
response to CH4 up to 2500 ppm and C3H8 up to 2000 ppm. Additionally, the zeolite layer
suppressed C3H8 signal in a C2H5OH and C3H8 mixture containing 10 ppm C2H5OH in increasing
concentration of C3H8 up to 2000 ppm. This could be attributed to the preferential adsorption of
polar C2H5OH over non polar CH4 and C3H8 on hydrophilic zeolite A [17]. A pellet type sensor
made by mechanical mixing of SnO2 and mesoporous MCM-41 zeolite powders was reported to
exhibit high H2 selectivity by Li and Kawi [16]. Quantities of SnO2 in the range 33-67 wt% were
mixed with Si-Al-MCM-41, formed into pellets and exposed to 500 ppm H2, CO and CH4 at
operating temperatures in the range 250-600 °C. The device with 41 wt% SnO2 gave the highest
response to H2 and selective against CO and CH4 at 400 °C. This was attributed to possible
coating of the MCM-41 mesopores with thin films of SnO2, thereby increasing the surface area
sensitive to H2 [16].
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Zeolites have been incorporated into CTO thick films as overlayers and as admixtures in
composite CTO/zeolite sensors by previous members of the UCL Chemistry Gas Sensing Group.
Investigations to date have demonstrated the applicability of zeolites as a method of improving
the gas sensing property of CTO sensors. For example, zeolites ZSM-5, ! and Y have been
shown to enhance the response of CTO to ethanol in both layered and admixed configurations
[22]. Also, Cr and molybdenum (Mo) modified zeolite Y and Cr modified zeolite ! have been
shown to enhance selectivity of CTO sensors on exposure to the alkane vapours, from hexane to
dodecane [23]. The characteristics of the six zeolites of interest for this thesis are presented
below.

Zeolite A is a synthetic aluminosilicate zeolite that was first produced and commercialised by the
Linde division of Union Carbide Corporation in the 1950s [94]. Its LTA (Linde Type A) framework
type is a network of orthogonal 3-D pores defined by an 8-member oxygen ring. The structure is
made up of sodalite cages joined together by double 4-ring subunits with a free pore diameter of
4.1 Å (figure 1.7) and an internal spherical cavity ("-cavity) of 11.4 Å [95,102]. The small entry
pore is selective to small molecules, whilst the larger inner cavity enables structure changing
reactions to occur. Zeolite A is normally synthesized in Na+ form with a typical Si/Al ratio of ~1.
Due to its high aluminium content, it contains the highest number of balancing cation sites and ion
exchange capacity. It has been extensively used in water softening as well as in petroleum
cracking and separation [103(a),104].
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Sodalite Unit

!-Cavity

8-ring viewed along (100)
Double 4-ring Unit

Figure 1.7 – The LTA framework type of zeolite A showing the 8-member oxygen ring pore opening [102]
and representative arrangement of its structural features [104].

Zeolite Ferrierite is both a naturally occurring and synthetic aluminosilicate zeolite. Its FER
framework is based on four 5-ring subunits connected to form a 2-D network of 10-member
oxygen ring channels parallel to (001), which are intersected by 8-member oxygen ring channels
parallel to (010) planes (figure 1.8). This arrangement leads to an aperture of 5.4 x 4.2 Å from the
10-ring pore and 4.8 x 3.5 Å from the 8-ring pore. It is typically synthesized with Na and K cations
and has Si/Al ratio !4. Ferrierite has been successfully used as a shape selective catalyst for the
isomerisation of n-butene to iso-butene, which is a raw material used in the in the production of
methyl t-butyl ether (MBTE), a commercial oxygenate additive for unleaded fuel [102,105].

10-ring viewed along (001)

Viewed along (001)

8-ring viewed along (010)

Projection along (010)

Figure 1.8 – The FER framework type of zeolite ferrerite showing the pore openings of the two channels
and representative arrangement of its structural features [102].

Zeolite ZSM-5 is a synthetic high silica zeolite that was developed at Mobil Oil Company in the
1970s and designated Zeolite Socony Mobil number 5, hence its abbreviated common name. Its
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mordenite framework inverted (MFI) is composed of pentasil subunits that are linked together to
form pentasil chains. These chains are connected by oxygen bridges to form corrugated sheets
with 10-member oxygen ring pores in a 3-D structure with straight 10-ring channels that are
parallel to the corrugations and sinusoidal channels normal to the sheets [95]. The straight and
sinusoidal channels have apertures of 5.3 x 5.6 Å and 5.1 x 5.5 Å respectively (figure 1.9) with an
intersection cavity of 9 Å. Zeolite ZSM-5 is typically synthesized with Na cations with Si/Al ratios
!10. It is extensively used in the petroleum industry for hydrocarbon conversion [103(b)].

10-ring viewed along (100)

10-ring viewed along (010)

Viewed along (010)

Figure 1.9 – The MFI framework type of zeolite ZSM-5 showing the pore openings of the sinusoidal (100)
and straight (010) channels with representative arrangement of the straight channel features [102].

Zeolite Mordenite is a high silica natural and synthetic zeolite. Its MOR framework is
characterised by four 5-ring subunits linked to form chains that are cross linked to form
corrugated sheets with two separate pore openings made up of 12 and 8 member oxygen rings
along the corrugation. Consequently, the 1-D channel system formed has two displaced elliptical
apertures of 7.0 x 6.5 Å and 5.7 x 2.6 Å (figure 1.10) that are circumscribed by the 12 and 8
oxygen rings respectively. Mordenite is generally synthesized in Na form with Si/Al ratios !5. It is
used in the petrochemical industry for acid catalysed isomerisation of alkanes and aromatics
[95,103(c),103(d)].
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12-ring viewed along (001)

Limiting 8-ring along (001)

Viewed along (001)

Figure 1.10 – The MOR framework type of zeolite mordenite showing the two isolated pore openings and
representative arrangement of its structural features [102].

Zeolite Beta (!) is a synthetic high silica zeolite that was also developed at Mobil Oil Company in
the late 1960s. Its *BEA framework consists of linked four 5-ring subunits arranged in layers to
form highly intergrown hybrid of two distinct but closely related 3-D pores known as polymorphs A
and B. Both polymorphs are circumscribed by 12-member oxygen rings with pore openings of 7.6
x 6.6 Å and 5.6 x 5.6 Å for the chiral polymorph A and 7.6 x 6.4 Å for the straight polymorph B
channels (figure 1.11). The framework is designated with an asterisk to signify the randomness in
its crystallographic packing. The resulting interplanar stacking faults makes connections between
pores tortuous, however, the accessible pore volume is not affected [106]. Zeolite ! is generally
synthesized in Na form with Si/Al ratios !10. It has been found to preferentially and selectively
adsorb n-alkanes over isoalkanes in its pores and external surfaces [107].

12-ring viewed along (001)

12-ring viewed along (100)

Viewed along (100)

Figure 1.11 – The *BEA framework type of zeolite ! showing the pore characteristics of chiral polymorph
A and representative arrangement of its structural features [102].
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Zeolite Y is a synthetic analog to the faujasite mineral also produced and commercialised by the
Linde division of Union Carbide Corporation in the late 1950s. Its FAU framework consists of
sodalite cages linked together by double 6-ring subunits in an orthogonal 3-D arrangement
comparable to the LTA framework. The pore openings are circumscribed by 12-member oxygen
rings having a large diameter of 7.4 Å and larger spherical internal cavity of 12 Å (figure 1.12).
FAU has the most accessible void volume large enough to admit large molecules such as
aromatic hydrocarbons. Zeolite Y is generally synthesized in Na form with Si/Al ratios !3. It is
extensively used in the petroleum industry for hydrocarbon conversion [103(e),108].

12-ring viewed along (111)

Viewed along (111)

Viewed along (110)

Figure 1.12 – The FAU framework type of zeolite Y showing the pore opening, internal cavity and
representative arrangement of its structural features [102,109].

The selected zeolite materials possess different pore dimensions, channel orientations and acid
strengths (Si/Al ratios), thus allowing for variations in gas diffusion rates through the pores and
channels, size and shape selectivity, along with possible different chemical interactions with the
analyte gas resulting in modified gaseous species ‘seen’ by the sensing element. Additionally,
when used in hydrogen form, catalytic reactions with analytes due to the acidity of the zeolites
also offer another route to analyte modification. Hence, incorporating the different zeolites as
transformation elements across an array of WO3 and CTO sensing elements will introduce the
discriminating variance that could be use to identify specific species in a gaseous mixture
analogous to the operation of commercial ‘electronic noses’ such as the Alpha MOS Fox 2000
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[110(a)]. A general overview of multi-sensor array technology employed in electronic noses is
presented below.

1.5

Electronic Nose

The human nose is commonly used as an analytical tool in industry; for example, our sense of
smell is routinely employed to assess the quality of foodstuffs, drinks, perfumes and many other
household products [111]. However, there are limitations to its application because our sense of
smell is subjective, tires easily and there is a lack of suitable vocabulary to describe odours,
except in relation to other odours. The human nose is therefore expensive and difficult to use.
There is therefore a need for an instrument that can mimic the human sense of smell and be used
in its place, such as an odour recognition system, otherwise known as electronic nose
[110(b),111]. Gardner and Bartlett [110(c)] defined the electronic nose as ‘an instrument, which
comprises an array of electronic chemical sensors with partial specificity and an appropriate
pattern recognition system, capable of recognising simple and complex odours’. This implies such
an instrument has to rely on an array of gas sensors that can selectively respond to particular
analyte. When an odour is introduced to an electronic nose, the sensor responses are analysed
using appropriate statistical analyses methods depending on the data available and type of
information required. A pattern recognition system logs all sensor responses from the array and
computes them into a distinctive ‘fingerprint’, which can then be compared with other ‘fingerprints’
in a database of previously logged odours until a match is found and the odour identified. The
extraction of information is based on the requirement that all the sensors in the array have
different selective characteristics [110(d)]. Commercially available data analysis techniques fall
into these two broad categories [8,112]:
• Graphical analyses – where bar charts, profiles and polar plots are used for comparing the
responses to the analyte from an array of sensors with previously logged data in reference
libraries or odour database for its identification.
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• Multivariate analyses – encompasses the use of data reduction methods such as, principal
component analysis (PCA), canonical discriminant analysis (CDA), cluster analysis (CA) and
self adapting techniques such as artificial neural network (ANN), to streamline multiple data
sets from the sensor array into 2 or 3-D displays such that the required information can be
easily extracted.

The different types of electronic noses that are commercially available are generally based on
conducting polymer (CP), metal oxide semiconductor (MOS), metal oxide semiconductor field
effect transistor (MOSFET), surface acoustic wave (SAW) and quartz crystal microbalance
(QCM) sensing devices. Several reviews on the chemical sensors and instrumentation employed
in artificial olfaction can be found in literature [3,8,111-113]. An example of a commercial
electronic nose with metal oxide semiconductor sensor array is the Alpha MOS Fox 2000
electronic nose that was designed in collaboration with Warwick and Southampton universities.
The Fox 2000 unit is equipped with an array of six discrete odour sensors. The odour sample is
heated in an autosampler oven to generate the headspace that is injected into the sensor array
chamber. The instrument is controlled by a computer using NI LabVIEW software to record,
analyse and display sensor responses that are then used to establish the ‘fingerprint’ for the
odour [110(a)].

1.6

Project Objectives and Methodology

It is understood that semiconductor metal oxide gas sensors suffer from poor selectivity and
humidity dependency, and attempts to improve their performance by some of the techniques
previously described have had varying degrees of success. Hence, the goal of this project is to
produce semiconductor metal oxide gas sensors capable of discriminating between different gas
molecules by employing the use of selected zeolites as a filter layer and microstructure
component. The sensors are required to be sensitive to low concentrations of target gases, less
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sensitive to humidity, distinguish between gas molecules in a mixture and possess repeatable
characteristics under similar test conditions. The objectives are therefore:
• To devise systematic procedures that would be used to produce an array of WO3 and CTO
screen printed sensors with acidic zeolites A, ferrierite, ZSM-5, mordenite, ! and Y as
overlayers and admixtures in the semiconducting oxide matrix. The fabricated sensors,
especially the ones with zeolite overlayers, are required to have similar microstructure and
sensing behaviour as this is crucial when interpreting any selectivity observed in each device’s
responses. Furthermore, the fabrication process employed should ensure production of
sensors with similar characteristics.
• To determine the optimum film thicknesses and operating temperatures of the composite
oxide-zeolite films.
• To compare the responses of the two materials with different types of conductivity, n-type
WO3 and p-type CTO when exposed to familiar environmental inorganic and organic volatiles.
• To design and commission a test rig for sensor resistance measurements that would
accommodate an array of sensors.
• To demonstrate capability of the sensor array produced to discriminate between tested gases
and distinguish component of interest from a mixture.

1.7

Summary

Metal oxide semiconducting thick films whilst very effective as gas sensors are nondiscriminating. However, films made from oxides with optimum crystallite size, porosity and
operated at the optimum temperature that will promote charge carriers, present a good basis for
the incorporation of promoters or filters that can enhance discrimination. The method of improving
selectivity and performance explored here involves incorporating six different microporous
aluminosilicate zeolites as transformation elements in an array of screen printed thick film devices
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operating under identical conditions. The variety and uniqueness of zeolites as porous
framework-structured solid catalysts make them ideally suited as both passive and active
components to ensure discrimination within the sensor array upon exposure to environmental
volatiles.

The following chapters describe the experimental investigation carried out to explore the
effectiveness of using zeolites as a method of introducing variance in the gas responses of WO3
and CTO thick films. Experimental approach, materials used and sensor fabrication are described
in chapter 2 whilst chapter 3 focuses on the design, assembly and commissioning of the gas test
rig. In chapter 4, sensor materials characterization results and sensing element selection criteria
are presented. The sensor array responses on exposure to selected vapours are presented and
discussed in chapter 5. Chapter 6 covers the general conclusions drawn and suggestions for
further work.
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2.0 Experimental Design & Procedure
2.1

Introduction

The design strategy and experimental methods employed to facilitate achievement of
discrimination in composite semiconducting metal oxide and zeolite gas sensing devices are
described in this chapter.

As mentioned in the preceding chapter (section 1.3.1), the chemical reactions that result in
measurable changes in charge carrier concentrations in analyte gas/air ambient, generally occur
on the surface of the semiconducting oxide film and are greatly influenced by its microstructure, in
particular the surface states. Hence, the approach to improving selectivity in an array of
semiconducting oxide sensing devices involves the use of acidic zeolites as overlayers in order to
modify the analyte gas ‘seen’ by the sensing element, and also as admixtures in the sensing
element matrix. This will in turn alter its microstructure and ultimately the electrical properties. As
shown in the schematic diagram in figure 2.1, zeolites can modify the gas seen by the sensing
element through size and shape selectivity and/or catalysis into products to which the response of
the sensing element is more or less enhanced.
Analyte Gas

Zeolite Overlayer

Zeolite Admixture

Sensing Element

Gas ‘Seen’

Figure 2.1 – Schematic diagram illustrating possible effects of zeolites as transformation elements to
improve discrimination in an array of semiconducting oxide gas sensing devices.
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Additionally, the inclusion of zeolites into the sensing element matrix increases the surface area
accessible to the analyte gas such that combinations of surface and bulk reactions contribute to
the overall gas response.

Further discrimination is engendered through the use of differently spaced interdigitated
electrodes, wide and narrow gap, from which the changes in sensor conductivity are measured.
The use of substrates with narrow electrode gap (NG) of ~50 µm and wide electrode gap (WG) of
~170 µm (figure 2.2) enables interrogation of different parts within the sensing element (figure
2.3), thereby providing information regarding possible catalytic activity of the zeolites, from the
gaseous species sensed closer to the base of the thick film deposited on narrow electrode gap
substrate. Previous work [6,22-23] has also shown the gradient of diffusion of analyte gas within
the sensing element from responses obtained when integrated narrow and wide electrode gap
substrates, such as the SEMDEC substrate, are used. However, whilst the use of separate NG
and WG substrates cannot furnish concentration gradient within a sensing element, their separate
responses will provide information about the zeolites and sensing element’s interaction with the
test gases.

Figure 2.2 – Image of alumina substrates showing interdigitated wide and narrow electrode spacing.
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Semiconducting Oxide
Thick Film

Insulating
Substrate

Electric Field Path

Platinum
Heater Track

Gold
Electrodes

Figure 2.3 – Schematic showing regions probed by field paths through the sensing element in narrow and
wide electrode gap configurations.

Additional experimental control was introduced by the use of amorphous non-porous fumed silica
overlayers on the metal oxides, as a method of substantiating effects due to the acidic zeolite
overlayers.

2.2

Material Preparation

The sensing elements were made using commercially sourced WO3 powder from New Metals &
Chemicals Ltd., Essex, UK (2nd batch – 9th March 1998) and two CTO powders, one batch
synthesised by Dr. R Binions (UCL Chemistry) using conventional ceramic (‘shake and bake’)
method [86] and the other batch made by Richard Smith (MSci. 4th year student) using ‘sol-gel’
method as described by Niemeyer et al. [78].

Zeolite powders were sourced from PQ Corporation, Pennsylvania, USA (Na-A – Advera 401,
June 2000) and Zeolyst International, Pennsylvania, USA (NH4-Ferrierite – CP 914C; NH4-ZSM5 – CBV 8014; NH4-Mordenite – CBV 21A; H-! – CP 811E-75 and H-Y – CBV 600, all March
1999). Other materials used are fumed silica (CAB-O-SIL M-5) from BDH Scintran, Poole, UK
and two types of organic binders, commercial texanol based ESL 400 (R101-101, 26th May 1999)
from ESL Europe (Agmet Ltd.), Reading, UK and butyl carbitol, ethyl cellulose and thixatrol
compound made by Dr. R Binions according to the recipe developed at City Technology [114].
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The zeolite powders were used in hydrogen form and prepared as follows:
• Na-A zeolite was converted to H-A by initial ammonium exchange to NH4-A followed by deammoniation. The NH4 exchange involved stirring Na-A powder in 1M NH4Cl solution at room
temperature for 8 hours using zeolite to NH4Cl molar mass ratio of 1:10. After washing the
resulting NH4-A with double distilled water, it was dried at 100 °C for 12 hours in an oven
(Griffin Oven – 05/5390570) and calcined at 200 °C for another 2 hours in a furnace (Carbolite
Furnace CSF1200) to obtain H-A [115-116].
• NH4-Ferrierite, NH4-ZSM-5 and NH4-Mordenite zeolite powders were initially heat treated at
100 °C in the oven for 8 hours to remove adsorbed water followed by de-ammoniation at 500
°C for 12 hours to obtain their hydrogen form [23].
• H-! and H-Y zeolite powders were activated by heat treatment at 350 °C for 8 hours as
recommended by Dr. D.W. Lewis (UCL Chemistry).

The structural properties of the semiconducting oxide and zeolite materials were characterised
prior to and post sensor fabrication. X-ray photoelectron spectroscopy (XPS) examination of both
CTO powders were kindly carried out by Prof. J. S. Foord, Department of Chemistry, University of
Oxford, on a Scienta ESCA 300 spectrometer. The chemical composition and binding energies of
the mixed metal oxides were determined using focused monochromatic Al K radiation source
"

(1486.6 eV) operated at 150 eV or 20 eV pass energies for high and low resolution scans
respectively. Wide area scans were performed up to 1500 eV at 0.5/1.0 eV/s steps and high
resolution narrow scans for Cr 2p, Ti 2p and O 1s were acquired at 0.1 eV/s steps. The binding
energies were referenced to the weak residual C 1s peak at 284.8 eV to compensate for sample
charging. The acquired spectra, upon receipt, were analysed and peaks fitted using CasaXPS
software. The peak areas were quantified using empirically derived atomic sensitivity factors from
literature [117] to determine the stoichiometry of the CTO powders.
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The crystalline structure of the metal oxides and protonated zeolite powders were verified using
an automated X-ray diffractometer (Bruker-AXS D4 Endeavor) with DIFFRACplus data evaluation
software to identify the crystal phases present. Powder diffraction patterns were recorded with
Cu-K radiation (" = 1.5405 Å) in the range 2° ! 2# ! 65° and 0.05° step size. The metal oxide
!

reflections were matched to diffraction patterns in the Inorganic Crystal Structure Database
(ICSD) of the Chemical Database Service (CDS) [118], whilst the Database of Zeolite Structures
from the International Zeolite Association Structure Commission (IZA-SC) [102] was used for the
zeolite powders. Additionally, energy dispersive X-ray spectroscopy (EDAX) for elemental
analysis was carried out using Oxford Instruments INCA system in conjunction with
environmental scanning electron microscope (ESEM, Hitachi S-3400N) operating at 20 kV/100
µA. The powder samples were carbon coated to enhance conductivity, minimise charging, image
distortion and shift.

2.3

Sensor Fabrication

Sensors with zeolite overlayers – The WO3 and CTO powders were mixed with organic
binder/vehicle (ESL 400) in a pestle and mortar at powder to vehicle mass ratios of ~2.74:1
(WO3) and ~1.55:1 (CTO), to produce screen printable inks. Inks were also made using the butyl
carbitol, ethyl cellulose and thixatrol compound, hereinafter known as BC jelly. This binder was
used because it offered standardized powder to vehicle mass ratios of 1.22:1, for all powders, in
contrast to the ESL 400 vehicle where viscosity of printable inks produced had to be
‘guesstimated’. Metal oxide suspensions are sometimes fed through a triple roll mill to ensure
homogenous dispersion, however, this being a wasteful process and since the quantity of sensor
devices required is quite modest, the inks were produced by manual mixing of powder and
organic binder in a mortar and pestle. Great care was taken to ensure the metal oxide powder
was evenly dispersed in the binder/vehicle, to create homogenous slurry. The ink was then
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screen printed directly onto the gold interdigitated patterned electrodes on 3 mm x 3 mm alumina
chips (figure 2.2) with integrated platinum resistance heater tracks underneath, using a DEK 1202
screen printer. The control thick film, against which responses of the zeolite incorporated devices
are compared, was made up of 4 and 5 layers of ink on the narrow and wide electrode gap
substrates respectively. The ink was dried under an infrared lamp for ~10 minutes and allowed to
cool down prior to subsequent layers being printed. In order to ensure that the sensing element
had comparable properties across the array, thereby making it possible to delineate
discrimination attributable to zeolite overlayers against possible disparities in sensor fabrication,
the inks were printed on 50 mm x 50 mm alumina substrate tiles consisting of 225 alumina chips
(3 mm x 3 mm) that are laser scribed in strips of 15 x 15 for easy separation. Upon attaining the
required number of layers for both wide and narrow electrode gap substrates, the tiles were
delicately separated into strips in preparation for the printing of zeolite overlayers. Printable
fumed silica and zeolite inks were made using the ESL 400 vehicle at powder to vehicle weight
ratios listed in table 2.1.

Ink Type
WO3
CTO
H-A
H-Ferrierite
H-ZSM-5
H-Mordenite
HH-Y
CAB-O-SIL M-5
BC Jelly Inks

Powder – Vehicle Weight Ratio
2.74 :1
1.55:1
1.30:1
0.58:1
0.64:1
0.50:1
0.29:1
0.47:1
0.06:1
1.22:1

Solids Loading (wt %)
73
61
57
37
39
33
23
32
6
55

Table 2.1 – Powder to vehicle weight ratios for screen printable inks of the metal oxide sensing and zeolite
transformation layers.

The screen printed zeolite transformation element was made up of 2 layers of ink overlaid on the
4 and 5 layers of metal oxide sensing element printed on the narrow and wide electrode gap
substrates respectively (figure 2.4).
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Screen printed WO3 thick film
(Control) on wide electrode
gap substrate (5 layers)

Screen printed WO3 thick film overlaid
with zeolite on wide electrode gap
substrate (5 + 2 layers)

Screen printed CTO thick film overlaid
with zeolite on narrow electrode gap
substrate (4 + 2 layers)

Figure 2.4 – Schematic representation of screen printed WO3 thick film on wide electrode gap substrates
with zeolite overlayer (middle) and CTO thick film with zeolite overlayer on narrow electrode gap substrate
(right).

After the zeolite over layers had been printed, individual sensor chips were carefully detached
from the strips (figure 2.5) prior to the attachment of 50 µm platinum wires onto the gold electrode
pads and also the gold contacts at the ends of the platinum heater track. A MacGregor DC 601
parallel gap resistance welding machine was used to spot weld the platinum wires onto the gold
contacts and onto metal pins in the moulded plastic housing from which the sensor chip is
suspended. The bonded sensors were then fired in air on an in-house test rig, using the sensor’s
integrated heater, at 600 °C for 2-4 hours in order to burn off the organic vehicle and strengthen
the film’s attachment to the gold electrodes. A separate batch of sensors was fired in the furnace
at 600 °C for an hour in order to determine the effect of the firing process on sensor performance.
This post fabrication heat treatment was recommended by Mr. Charles Barclay, Production
Director, ESL Europe, for the complete removal of ESL 400 organic binder [119].

Additional thick films comprising different numbers of layers of the metal oxides and zeolites inks
were printed in order to investigate the effect of different film thicknesses on sensing properties.
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Figure 2.5 – Image showing a plate of 196 screen printed WO3 thick films on 3 mm x 3 mm narrow
electrode gap substrate (left), strip containing 13 screen printed CTO thick films overlaid with zeolite on 3
mm x 3 mm narrow electrode gap substrate (middle) and a single 3 mm x 3 mm wide electrode gap
substrate with screen printed CTO thick film (right).

Sensors with admixed zeolites – WO3, CTO and zeolite inks were individually prepared using
similar powder to ESL 400 vehicle ratios to achieve the ink consistency used for layered sensors,
after which the required mass ratios of metal oxide and zeolite inks were mixed together
homogenously prior to screen printing. Initially, the method used was based on the reported
technique [16] involving the mixing of metal oxide and zeolite powders prior to the addition of the
organic binder. However, this resulted in spillage of a substantial quantity of the zeolite powders
due to their low bulk density and fineness.

Different quantities of admixed CTO and zeolites have been tried by other members of the UCL
Chemistry Gas Sensing Group ranging from 2 – 25% [22,120] and their findings suggests that
noticeable enhancements were achieved with !10% zeolite loading. However, since zeolites
have yet to be incorporated into the matrix of WO3 material, the effect of 10 – 50% (in increments
of 10) zeolite loading on its gas sensing behaviour was deemed worthy of investigation. The
composite metal oxide-zeolite ink was then screen printed onto strips of wide electrode gap
substrates, bonded and fired as previously described for zeolite layered sensors. Acidic zeolite
ZSM-5 was selected as the material for the multiple admixed composition sensor devices.
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2.4

Printed Film Characterisation

The zeolite films were examined by Energy Dispersive X-ray Spectroscopy (EDAX – Oxford
Instruments INCA system) in conjunction with environmental scanning electron microscope
(ESEM – Hitachi S-3400N), operating at 20 kV/100 µA, to determine the elemental composition
of the zeolites, in particular the post fabrication Si/Al ratios. Additionally, the extent of Na+ to H+
ion exchange in zeolite A was again analysed as well as structures of the other zeolites to ensure
that the sensor fabrication process did not significantly alter them. The surface morphology of the
fabricated films was examined at high magnifications using a JEOL JSM-6301F field emission
scanning electron microscope (FE-SEM) with accelerating voltages between 3 to 10 kV at 8 µA.
Top down SEM Images were recorded and analysed using the SemAfore software. Additional
imaging and film thickness measurements were carried out using the Hitachi S-3400N ESEM
instrument operating at 10 kV/30 µA in either secondary or backscattered electrons mode. Film
thickness measurements were carried out by mounting the sensor chips on 45° bevelled
specimen stubs (figure 2.6), such that the film can be viewed side on and measured. The thick
films were either gold (for imaging only) or carbon coated prior to analysis in order to reduce
charging and minimise image distortion.

Figure 2.6 – Image showing screen printed CTO sensor chip mounted on 45° bevelled specimen stub for
side on imaging to enable film thickness measurement.
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2.5

Gas Sensing

Gas sensing experiments on the sensors were performed using existing and newly constructed
in-house test rigs. Detailed description of the test rigs and their operation is presented in the next
chapter.

Given that there are several application areas for gas sensors as alluded to in the introductory
section, it is important to identify a specific area of application such that the fabricated sensors
are exposed to realistic test gas concentrations and mixtures. Also, considering that the metal
oxides used (WO3 and CTO) have been shown to be particularly sensitive to NO2 and NH3 in the
case of WO3, and for CTO, NH3, CO and simple aliphatic compounds as highlighted in the
preceding chapter (section 1.3.2), these gases were selected as analytes for the fabricated
sensor devices. This is such that their sensing behaviour and can be compared with reported
results, in addition to achieving distinguishable ‘fingerprint’ for each test gas from an array of
devices. As a real world focus, the UK Health and Safety Executive’s recommended long-term (8hour) exposure limits for the inorganic and organic volatiles (EH40) were used wherever possible
[121]. The test gases, NO2, NH3, CO, aliphatic compounds including C2-C4 alkanes, alkenes, and
alcohols with concentrations balanced in synthetic air were supplied by BOC Gases. Sensor
responses on exposure to the test gases were generally recorded in dry air and occasionally in
wet air (~50% humidity) for completeness.
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3.0 Test Rig Development, Construction & Operation
3.1

Introduction

The sensor device, as described in the preceding section, predominantly consists of
semiconductor metal oxide material screen printed onto gold interdigitated patterned electrodes
on alumina substrate, with platinum heater track on the underside, which is bonded onto brass
pins in a plastic housing (figure 3.1).

Figure 3.1 – Image of a bonded 3 mm x 3 mm screen printed WO3 sensing device ready for use in gas
sensing experiments.

In order to assess the suitability of the sensor device for monitoring trace gases, an experimental
platform that allows supply of current to heat up the oxide material to the required temperature via
the heater track, delivery of gases to the sensor surface in a gastight enclosure and an accurate
method of sampling the change in sensor material’s electrical conductivity in response to different
atmospheres via the gold electrodes, is required. Descriptions of existing gas sensing rigs and
the new rig designed and built during the course of this thesis are presented in this chapter.

The main components of a gas sensing rig are:
• Gas-tight test chamber, where gas sensors are housed and exposure to gases occur.
• Heater circuit that is used to set and maintain the sensor substrate’s integrated platinum
heater track at the required operating temperature.
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• Gas delivery system, a collection of mass flow controllers and solenoid valves used to meter
the required concentrations of analyte gases and gas mixtures to the test chamber.
• Measurement system that allows for accurate measurement of the electrical conductivity of
the sensor material via data acquisition (DAQ) instruments and processor for recording and
storage of data.
• Power supply units to provide the voltage/current requirements of all components.

3.2

Existing Test Rigs

There were two existing test rigs (Red and Speed rigs) used by the gas sensing group at UCL
Chemistry, designed and built by Dr. K. F. E. Pratt (Red) and Dr. S. C. Naisbitt (Speed), which
have some obsolete components and exhibit signs of ‘old age’. Both rigs were designed such that
the operating temperatures of each sensor in the test chamber can be independently set and
sustained through the use of Capteur heater driver bridge circuit boards [30], as shown in figure
3.2. Each sensor’s integrated platinum heater track forms part of a Wheatstone Bridge, where it
is maintained at constant resistance and consequently at constant temperature with an out of
balance signal that regulates the power supplied. An iterative heater temperature calculation
program written in Microsoft Excel by Dr. K. F. E. Pratt provides the voltage ratios required to
supply the appropriate amount of current, based on ambient conditions, through the selection of
appropriate resistance values on the circuit’s potentiometer in order to achieve specific operating
temperatures. Aside from having similar heater circuits, the rigs differ in the method used to
obtain sensor conductance measurements and gas flow delivery to the sensors. A brief
description of both rigs is presented below followed by a summary of their strengths and
weaknesses.
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Figure 3.2 – Image of a Capteur heater board showing connections to power supply and the platinum
heater track of a sensor device [30].

3.2.1 Red Rig
The Red rig consists of a six-channel glass flow-though cell with (a schematic of which is shown
in figure 3.3) with Tylan General mass flow controllers (model FC-260) and Bürkert 2/2-way
solenoid valves (model 0124) for test gas and clean air (dry and wet) delivery. Sensor resistance
measurements are obtained via a Keithley 197A autoranging digital multimeter (DMM) coupled
with Advantech PCLD-788 relay multiplexer board. The flow delivery, measurement and data
logging systems are initiated and controlled by a computer program written in BASIC
(QuickBASIC 4.5) by Dr. K. F. E. Pratt.
Gas Out

Six-channel Test Cell

Sensing Device

Connection to Electronics
Gas In

Figure 3.3 – Schematic representation of the Red rig glass flow through cell showing placement of a
sensor device.
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Gas delivery to the test cell is configured such that two 0.5 L/min mass flow controllers (MFC) are
used to meter dry and wet air flow whilst a 0.1 L/min MFC is used for the test gas. Depending on
the required concentration of test gas and sensing test sequence, the flow controllers meter the
appropriate level of flow and the solenoid valves switch open/close to enable a total of 0.5 L/min
of air or air and test gas mixture into the test cell via a junction unit. Figure 3.4 shows a schematic
of the flow delivery setup. Since both air flow controllers have full scale flow rate of 0.5 L/min
whilst the MFC for test gas is rated 0.1 L/min full scale, the maximum test gas concentration
achievable is therefore limited to 20% of the constituent of a test gas cylinder. Clean dry air from
either an in house compressor or bottled compressed air and test gases from cylinders provided
by BOC Gases are piped into the test cell via 1/4 inch polytetrafluoroethylene (PTFE) tubes linked
together with 1/4 inch Swagelok® connectors. Wet air for tests in humid conditions is obtained by
passing dry air through a dreschel bottle half filled with distilled water.

To Test Cell
Valve 3

Valve 1

Clean Dry Air

MFC 1

MFC 3

Valve 2
MFC 2

Test Gas

Junction Unit
Wet Air

Dreschel Bottle

Figure 3.4 – Schematic of Red rig flow delivery setup showing configuration of flow controllers and
solenoid valves used to meter flow of air and gas mixtures to the test cell.

3.2.2 Speed Rig
The Speed rig consists of an eight-channel octagonal PTFE test cell, shown in figure 3.5. Gas
delivery is via Tylan General mass flow controllers (model FC-260) in conjunction with Bürkert 3/2
and 2/2-way solenoid valves (model 0124). Sensor conductance measurements are taken via
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triple potentiostats, where the resistance of the sensor is derived from the measured voltage
outputs.

Socket to Electronics

Exhaust
Sensor
Speedivac
C-Clamp

Gas Inlet

Solid PTFE

Figure 3.5 – Cross-sectional view of the solid octagonal PTFE test cell designed to house eight sensing
devices [33].

Gas delivery to the test cell is configured such that two concurrent supplies of clean air from 0.5
L/min mass flow controllers, one each for both dry and wet air, are supplied to the gas inlet of the
test cell via two 3/2-way solenoid valves. The test gas is metered via two additional 0.5 L/min flow
controllers with a 2/2-way solenoid valve that switches supply to exhaust for equilibration prior to
supply into the cell. The flow controllers are not computer controlled; the flow rates are set via a
six-channel power supply and readout unit, consequently, this setup does not allow for automated
multi-concentration tests during a single test run. A schematic of the flow delivery configuration is
shown in figure 3.6.
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To Test Cell

Flow Meter 1

Valve 1

Valve 2

Flow Meter 2

Exhaust

Exhaust
Valve 3

Clean Air

MFC 5

MFC 1

MFC 6

MFC 2

Dreschel Bottle

MFC 3

Test Gas

Clean Air

Wet Air
Dry Air

MFC 4

Figure 3.6 – Schematic of Speed rig flow delivery setup showing configuration of flow controllers and
solenoid valves for concurrent supply of air and gas mixtures into the central channel of the test cell.

A computer program written in Pascal (Borland Pascal) by Dr. K. F. E. Pratt and Dr. S. C. Naisbitt
controls switching of the valves such that the clean air segment, MFCs 5 & 6 in figure 3.6, supply
a total flow of 1 L/min via valve 1 to the test cell for the establishment of sensor baseline in air,
whilst the air and test gas mixture at the required concentration is delivered at a total flow rate of
1 L/min via valves 3 and 2. When one segment is supplying the required flow volume, the
solenoid valve for the other segment diverts flow to the exhaust. Clean dry air and test gases into
the test cell are via 1/4 inch stainless steel (coloured black in schematic) and PTFE tubes linked
together with 1/4 inch Swagelok® connectors. Connections to exhaust behind each sensor holder
are via 1/8 inch PTFE tubes with 1/8 inch Swagelok® connectors.

3.3

Case for a New Rig

As an alternative to upgrading either of the existing rigs by changing some of the ‘antique’ parts, a
detailed assessment of their operation was carried out in order to highlight their advantages and
disadvantages. Gas sensing experiments were performed on a batch of sensor devices using
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both rigs and the data gathered could not be correlated, hinting at the main difference between
the methods of obtaining measurements of sensor electrical conductance. In addition, whilst the
Speed rig allows for 1 second sample time thereby providing gas diffusion information in the
sensor response transients, the minimum sample time achievable on the Red rig is ~60 seconds
when only two channels are in use. The main points of difference between the rigs are
summarized below.

Red Rig – Sensor conductivity variations in response to test gases are monitored by direct 2point resistance measurements via an autoranging DMM. Hence, it suffers from additional
parasitic resistances from voltage drop across the connecting leads. Additionally, since probe
voltage depends on the resistance range being measured, this sometimes leads to ‘timeout’ in
the data, when no value can be returned within the specified sample time. The flow through
design of the test cell does not allow simultaneous delivery of gas supply to the sensors. It has a
large cell volume, such that when a single channel furthest from the inlet is used, a lag in the time
of gas pulse injection is evident in the response profile. Additionally, the maximum flow rate (0.1
L/min) of the MFC used for test gases limits the clean air/test gas concentration ratios achievable
from one test gas cylinder to 20%. However, since the flow controllers are computer controlled,
there is minimum wastage.

Speed Rig - The potentiostat is set to supply constant 100 mV to probe the sensor material and
this allows for accurate deduction of sensor resistance from the voltage output measured.
Additionally, the appropriate choice of feedback resistors ensures that very high resistance
measurements (>100 M!) can be resolved. However, the 9-bit effective resolution of the data
acquisition card introduces limitations to the minimum change in conductivity measurable. The
sensors are arranged radially around the gas inlet to ensure uniform distribution of gas flow to all
sensors. However, since only the valves are computer controlled during a sensing experiment,
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there is considerable loss of gas to exhaust from the unused segment of the concurrent supply
during a test. In addition, given that the flow controllers’ flow rates are set prior to the start of an
experiment, automated multi-concentration tests cannot be performed on this rig.

Consequently, a new test rig with components that will exploit advances in data acquisition (DAQ)
technology and provide multi-channel gas sensing capability was developed and built.

3.4

New Test Rig Design & Construction

The new test rig (AA Rig), based on the design concept of the Speed rig and incorporating the
best features of both existing rigs, is made up of three major components: sensing unit, gas
delivery and measurement systems as shown in the schematic (figure 3.7).

Potentiostat

Heater Board

Electronics

8-Channel
Test Cell

Exhaust

SV-2

SV-1

Flow Meter 1
NO

Computer

NC

NC

Flow Meter 2

Exhaust

NO

SV-3
Clean Air

NO

MFC 3

MFC 2

NC
MFC 1X

Test Gas (for
gas mixtures)

MFC 1

Test Gas

Dreschel Bottle
MFC 5

Wet Air
Dry Air

Clean Air

MFC 4

Figure 3.7 – Annotated schematic of AA Rig showing arrangement of the main components, in particular
flow delivery configuration.
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3.4.1 Sensing Unit
Due to the toxicity of the various gases that are generally used to explore the behaviour of
sensing materials, the sensor devices require a gas-tight enclosure where clean air and test
gases can be introduced to the sensing material to initiate changes in its electrical properties at
elevated temperatures. Since the capability to compare sensor devices with different physical and
chemical characteristics was an important requirement of this experimental investigation, a
multichannel gas sensing unit was required. In determining the configuration of a gastight test
cell, in particular its shape, the smallest allowable internal cell volume and simultaneous uniform
distribution of flow to each sensor device were the main design drivers. A small internal cell
volume ensures minimum lag in gas flow to the sensors and permits short measurement times.
Calculations for octagonal and cylindrical eight and twelve-channel test cell configurations where
carried out (as detailed in Appendix A), however, the cylindrical eight-channel option was chosen
for its small internal volume and footprint. Additionally, its compactness allows for the possibility
of combining another eight-channel cell in tandem thus increasing total gas sensing capacity. The
method of securing the sensors in a gas-tight enclosure also influenced the design of the test cell.
Previous design solutions like the screw cap employed on the Red rig caused twisting of the
sensor cables, sometimes leading to detachment. On the Speed rig, the use of ‘Speedivac CClamps’ (figure 3.5) made setting up very tedious and the seal provided was not completely
gastight. This led to the design of a hollow screw-in holder that supports the sensor mount and
provides enclosure for electrical and gas exhaust cabling. Consequently, a cylindrical test cell
offered the best solution for providing sensors with a minimum volume airtight enclosure and also
ensures the associated cabling are accessible without entangling.

The sensing unit comprises an eight-channel test cell and heater driver boards capable of
maintaining eight sensors at constant operating temperature. The cylindrical test cell, fabricated
according to the design and detailed diagrams provided to the MAPS workshop, shown in figure
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3.8, has eight sensor device channels arranged radially around the gas inlet with individual gas
outlets behind each sensor mount. The sensor mount is secured in an airtight grove by a hollow
screw-in holder (figure 3.9) that also encases the sensor’s cable connections to the heater board
and electrical conductivity measurement unit. The test cell is made from solid PTFE material, a
choice made due to its inertness to a wide variety of chemicals.

Gas Inlet

Washer

Screw-in Holder

Exhaust
Sensor Mount

Figure 3.8 – Diagram showing cross-sectional views of the test cell including the sensor mount with
integral exhaust and washer.
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Gas Outlet to Exhaust

Electronics Connection Pin
a

b

Figure 3.9 – Detailed diagram showing the sensor mount (a) and hollow screw-in holder (b).

The Capteur heater boards used on existing test rigs have been proven to maintain the platinum
heater track of the sensor device at the set temperature with very little drift (±3 °C) that depends
on the ambient temperature, over long timescales. Other methods of providing the current
required to set the sensor’s operating temperature were investigated, in particular, methods that
allow automation of heater temperature setting. However, the microcontroller based solutions
reviewed were quite complex and required specialised instruments for in-house construction.
Hence, the heater circuit used (figure 3.10) was based on the Capteur heater board design, the
only changes being the substitution of the obsolete transistor (2SJ182L p-channel MOSFET) with
a comparable alternative (SUD19P06-60 p-channel MOSFET), the use of low temperature
coefficient (LTC) potentiometers (±20 – 50 ppm/°C) in place of standard trimpots (±100 ppm/°C)
and high precision metal film resistors (±15 ppm/°C) to ensure that the temperature sensitivity of
the bridge is not adversely compromised. Eight heater driver units were built on two 368 mm x
117 mm x 1.6 mm single sided stripboard each housing four separate heater drivers as shown in
the picture in figure 3.11. Power to the heater board is via PSD-30/3B DC power supply unit with
0-30 V, 3 A output. Although the heater track of each sensor draws approximately 250 mA current
to achieve an operating temperature of 500 °C, each board containing four heater drivers, is
equipped with a power unit to prevent overload. Shielded 3-core cables were used for all the
board connections to limit electrical noise and the unshielded cable ends were twisted to prevent
inductive coupling.
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Figure 3.10 – The heater circuit diagram (adapted from the Capteur heater boards, courtesy of City
Technology Ltd. [30]).

Figure 3.11 – Image of the heater driver boards showing cable connections for the eight sensor channels.
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3.4.2 Gas Delivery System
The main consideration for the gas supply configuration was a system that allowed for different
types of flow regime. Since test gases can sometimes be from odorous substances that require
initial headspace vapour generation before sensing can be performed, a system of two
concurrent gas supplies, similar to that used for the Speed rig, was adopted for the new rig with
some modifications as shown in figure 3.7. This configuration allows delivery of clean air and
various special test gases supplied in cylinders as well as vapour molecules generated via a
bubbler and delivered directly into the flow stream or by syringe injection. Additionally, delivery of
gas mixtures and gases requiring different carrier mediums other than synthetic air, such as
nitrogen monoxide (NO) in nitrogen atmosphere, are supported by this configuration. Several
types of analog and digital mass flow controllers and solenoid valves from different manufacturers
were reviewed and appraised for flow metering and delivery. The main selection criteria were that
the material for the wetted parts be chemically inert so that it can be used for a wide variety of
gases, and be competitively priced. The very high cost of digital mass flow controllers rendered
them unsuitable, also the ease with which flow rates are programmed making them a simple to
use and attractive choice, is achievable by other means in analog flow controllers. The
functionality of setting the metering of multiple flow stages remotely via a computer program
makes the analog version the better cost effective option.

The gas delivery system comprises five MKS 1 L/min analog mass flow controllers (model 1179A)
with Kalrez® (chemically inert perfluoroelastomer) seals and valve seat, and 15-pin D-type
connector; three 3-way Takasago solenoid valves (NRV-4E2N) with PTFE body and seal; and
two Platon flow meters (0.1-1.2 L/min and 0.6-5 L/min). National Instruments (NI) analog input
and output cards, chosen for their compatibility with other measurement system components,
enabled remote control of the mass flow controllers (MFC) and solenoid valves (SV) via NI
LabVIEW graphical programming environment. The MFCs are powered by digimess® HY3003-3
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DC power supply unit with dual 0-30 V, 3A outputs providing the ±15 V, 200 mA required by each
flow controller. Shielded 11-core cables were used to supply power and transmit signals to and
from the flow controllers through 15-pin type ‘D’ connectors. They are fully computer controlled
via LabVIEW programs also called ‘virtual instruments’ (VI), whereby the set point inputs (0 – 5 V)
required to meter flows through the MFCs are generated by an analog output (AO) card (NI PXI6722) and signals to open internal valves are generated by digital lines from the same card. For
example, to meter out 60% of full scale flow from a MFC requires that 3 V signal be generated by
the corresponding AO channel. An analog input (AI) card (NI USB-6008) measures the output
voltage sent to the MFC to confirm that the required set point input value was received. An
advantage of using LabVIEW is the capability for graphical representation of metered quantities,
which can alert to errors in the flow supply setup instantaneously. Additionally, the facility to
automate opening and closing of the internal valves of the MFCs ensures minimum wastage as
the valves are closed when there is no flow demand.

Gas supply is metered by MFC-1 (figure 3.7), which is used in conjunction with MFC-4 for
concentration proportioning of test gases in clean dry air or with both MFC-4 and MFC-5 for gas
mixtures in humid atmosphere. MFC-2 supplies clean dry air to establish the baseline resistance
of the sensor in dry air and when combined with MFC-3, air saturated with water vapour from the
dreschel bottle enables the measurement of sensor baseline resistance under humid conditions.
For experiments involving gas mixtures, another MFC for gas, MFC-1X can be connected to
supply another analyte in the required ratios into the flow line. This configuration also allows for
the introduction of headspace vapours via a bubbler or syringe driver into the test cell.

The 3-way solenoid valves (SV) are powered by another PSD-30/3B DC power supply unit with 030 V, 3 A output supplying the required 24 VDC, 230 mA by each valve. Digital outputs from PXI6722 AO card are used to switch the valve state via a high voltage Darlington array (ULN2803).
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Gas supply into the test cell is configured such that prior to the start of a sensing experiment or in
the event that sensors are required to be fired in a specific gas rich flow, the MFCs in use are
sent appropriate set point signals for flow metering and associated SVs direct the supply to
exhaust via the normally open (NO) port. This is to ensure the sensors are not deluged on
account of the small internal volume of the test cell. After ~30 seconds of equilibration, the states
of the SVs are switched by TTL high signals from corresponding PXI-6722 digital ports and gas is
supplied to the test cell via the normally closed (NC) port (figure 3.7). Flow meters (1 & 2) provide
a visual indication of the total gas flow during equilibration prior to delivery to the test chamber as
added redundancy.

The 1 L/min flow rate capacity of the MFCs allows for wide range of test gas/clean air mixture
concentrations when using either bottled gas cylinders or headspace vapour injection via bubbler
or syringe driver. Clean dry air and test gases into the test cell are via 1/4 inch PTFE tubes linked
together with Swagelok® connectors. Connections to exhaust behind each sensor holder are via
1/4 inch PTFE tubes.
Analog and digital channel connections on the PXI-6722 and USB-6008 cards, cabling pinouts for
the Darlington array and MKS mass flow controller 15-pin D-type connector are provided in
appendix A.

3.4.3 Measurement System
Changes in DC resistance of the sensor material on exposure to test gases can be obtained
either by direct measurement of its electrical resistance or potential difference across the gold
electrodes upon which the semiconducting oxide is printed. Since either of these measurements
can be performed using a digital multimeter (DMM) and a compatible multiplexer (MUX) for
multichannel functionality, a review of different types of multimeters and multiplexers were carried
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out. The main selection criteria were range, resolution, data logging functionality and cost. Other
options considered were the use of a potentiostat as used on the Speed rig or potential divider
circuit. Using a potentiostat type circuit for conductivity measurement allows for the probe voltage
that interrogates the sensor material to be set to a constant value throughout the measurement
cycle and also offers the capability for a wide range of measurements through careful selection of
suitable feedback resistors. In the case of the potential divider circuit, the resistance value of the
known resistor used determines the voltage drop across the sensor. Even though either of these
methods only requires a high resolution analog input DAQ card with sufficient channel capacity
for the test cell and thus cost less than a DMM/MUX unit, a DMM enhances the rig’s measurand
flexibility. For example, the more accurate 4-pt resistance measurement is achievable with a
DMM. Measurements taken using DMM/MUX units also have a drawback, mainly the lack of
capability to carry out simultaneous multichannel measurements, however, this can be
ameliorated by employing a fast actuating multiplexer. Tests were carried out on the Red rig’s
DMM in order to verify accuracy of measured resistance values over a wide range of known
resistances and it was found that using a potentiostat circuit in conjunction with DMM, set to
measure potential difference that were later converted to resistance values, yielded results that
were 22 – 27% more accurate than direct 2-pt resistance measurements for resistance values
around and above 50 k!. Consequently, a system that encompasses user control of the probe
voltage and measurands being the preferred setup meant a DMM/MUX unit with potentiostat
circuits for each channel was chosen as the measurement system’s components. The DMM and
MUX were sourced from National Instruments (NI) offering a wide range of data acquisition
products at competitive prices that can be easily setup and controlled via the DMM/Switch
Express VI within LabVIEW programming environment.

The measurement system consists of eight potentiostats, digital multimeter (NI 7"-digit DMM,
model PXI-4071), multiplexer (NI PXI-2503 Switch) and a computer with LabVIEW software.
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Measurement of the potential across the interdigitated patterned electrodes, upon which the
sensing material is printed, is achieved using potentiostat type circuit, which is operationally
similar to the equipment used in electrochemical studies. This control and measuring circuit
(shown in figure 3.12) was adapted from the triple potentiostat unit designed for the Speed rig by
Dr. K. F. E. Pratt [122]. It consists of a circuit that supplies a small steady voltage (Vp, typically
100 mV) used to probe the sensor material (figure 3.12b), another circuit where sensor
conductivity is measured by the DMM (figure 3.12c) and both circuits drawing the power required
to drive components from the power rail (figure 3.12a). The potentiostats were built on two 368
mm x 117 mm x 1.6 mm single sided stripboard each housing four individual potentiostat units as
shown in the picture (figure 3.13). Power to the potentiostats is from two in-house power units
providing the required ±15 V, 200 mA.
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Figure 3.12 – Potentiostat circuit diagram showing power rail to the unit (a), control circuit that supplies
the probe voltage (b) and measurement circuit (c). The sensor device electrodes are connected to points
S & C, probe voltage is set and measured between ground & Vp, and potential difference across sensor is
measured between ground & Vs (adapted from Triple Potentiostat Unit designed by Dr. K F E Pratt [122]).
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Figure 3.13 – Image of the potentiostat circuits showing shielded cable connections to power supply at
the top (red, green & black), sensor electrodes in the middle (white & brown) and to the NI PXI-2503
multiplexer card at the bottom (red & black).

The voltage outputs from the potentiostats are sampled by the NI DMM and Switch cards. The
combination of 7!-digit PXI-4071 DMM and PXI-2503 Switch provides a multichannel DAQ
system. PXI-4071 DMM is a high resolution (26-bit) and high performance DMM that provides fast
and accurate current (±1 pA – 3 A), voltage (±10 nV – 1000 V) and resistance (10 µ" – 5 G")
direct current (DC) measurements with sampling rates as shown in table 3.1.

Digits
7!
6!
5!
4!

Bits
26
22
18
15

DMM Reading Rate (Samples/sec)
7
100
3000
10000

Table 3.1 – PXI-4071 DMM Sampling rates (from NI Data Sheet [123]).

Hence, with a full scale measurement range of 0 – 10 V, the measureable minimum change in
potential across sensor by the DMM card is approximately 300 µV at the lowest resolution (15-
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bit) and 150 nV at the highest resolution (26-bit). Since the measurement segment of the
potentiostat is based on the inverting operational amplifier (figure 3.12c and 3.14), the measured
voltage values are then converted to corresponding resistance values using the inverting
operational amplifier equation.
Vout = -Vin*Rfb/Rin

(3.1)

Where Vout (Vs) is the measured voltage, Vin (Vp) is the probe voltage, Rfb, the feedback resistor
value and Rin (Rs), the unknown sensor resistance to be calculated.

Rfb
Vp

Rs

TL 071

+

Vs

Figure 3.14 – Inverting operational amplifier part of the potentiostat circuit isolated to show the elements
used in calculating sensor resistance, where Vp is the voltage supplied to probe the sensing element, Rs
is unknown sensor resistance, Rfb, negative feedback resistor and Vs, measured potential drop across
sensor.

The NI PXI-2503 Switch (capable of routing DC signals up to 60 V) routes analog signals from the
potentiostats to the DMM. It has a total of 48 channels which can be configured in 48 x 1 (1-wire),
24 x 1 (2-wire) and 12 x 1 (4-wire) modes for common reference or precision measurements and
can perform 100 operations per second. The Switch was configured to 24 x 1 (2-wire) mode via
LabVIEW with the eight data channels from the test cell (via potentiostats) occupying channels
±0 to ±7 in differential mode, by means of a compatible terminal block (NI TB-2605). The
common terminal of the Switch was connected to the DMM through shielded banana connectors.
Shielded 6-core cables were used for sensor device, potentiostat, power supply and TB-2605
connections. Since fast sampling provides information regarding the dynamic response of the
sensor material during gas sensing, operation of the NI DMM/Switch have shown that sub-second

Test Rig Development, Construction & Operation

78

Chapter 3

!

sampling rates are achievable even at the highest resolution (7!-digit), when the maximum
number of sensor devices (eight) are being tested.
The NI PXI instrument cards (DMM, Switch and AO) are housed in a 5-slot PXI-1033 chassis
controlled from a PCI Express desktop computer host card. The chassis provides the power
required by the instruments and connectivity between the DMM and Switch for synchronous
operation. A desktop computer provides the interface to the chassis via LabVIEW software,
enabling configuration of the instruments for gas sensing operations. LabVIEW virtual instrument
(VI) programs were created to automate gas sensing operations. Prior to operation, the chassis is
powered up before the computer to enable communication between them.

All cable connections were referenced to the PXI-1033 chassis ground to prevent ground loop
induced errors. Connections to the DMM (PXI-4071), Switch (PXI-2503) via terminal block TB2605) and channel identification are provided in appendix A.

3.5

Rig Commissioning and Operation

The different parts of the rig were built and assembled together as shown in the image below,
figure 3.15, with the operation of each segment tested prior to assembly. Tests to inspect gas
supply metering by the MFCs, switching of flow direction by the SVs, setting of sensor heater
track temperature, and stability of sensor probe voltage were performed. Additionally, the joint
operation of the potentiostat and DMM/Switch instruments were tested by comparing 4-point
resistance measurements of high precision metal resistors with values obtained from the test rig
and the results gave good correlation.
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Figure 3.15 – Image showing the assembled and commissioned AA Rig.

Operation of the rig using LabVIEW programs (VIs) provide capability for on-chip firing of newly
fabricated sensors in any chosen gaseous environment as well as multi-sensor gas sensing
experiments. The modular design of AA Rig allows for upgrade or addition of new components,
thereby increasing its functionality.

Test Rig Development, Construction & Operation

80

Chapter 3

!

3.5.1 On-chip Firing of Sensors in Gaseous Ambient
After sensors have been screen-printed, they can either be fired in a furnace to remove the
organic vehicle before bonding onto plastic holders or bonded directly onto holders immediately
after fabrication for on-chip firing inside the test rig in air ambient. On-chip firing also allows for
the use of other gases such as argon, hydrogen or nitrogen as a method of influencing the gas
sensing behaviour of the sensor material by modifying the surface states/oxygen vacancies. To
carry out on-chip firing, 4-point resistance measurements of the heater track at ambient
temperature are recorded and entered into the iterative heater temperature calculation program.
The sensor devices are secured onto the sensor mount (figure 3.9), ensuring the correct heater
ports are used, after which the screw-in holders are tightened to provide an airtight seal in each
channel (including any channel that do not contain sensor devices). The LabVIEW VI created for
on-chip firing named ‘AA-Chip Firing’ is then initiated. Running this VI configures MFC-2 or
MFC-3 and SV-1 to supply clean dry air or any other gas mixtures to be used into the test
chamber, flowing over the sensors at the rate of 1 L/min. Since SV-1 is configured to direct flow to
exhaust when not activated, this VI allows for the duration of flow equilibration to be set to ensure
less turbulent flow over the sensors. It also allows for the sensor firing duration to be set after
which clean air supply over the sensors is terminated. The set point and readout of supply
through MFC-2 for 60% of full scale air flow is captured in figure 3.16 and associated block
diagram (dataflow source code) for the VI is provided in appendix A.
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Figure 3.16 – Screen shot of AA-Chip Firing VI front panel showing set point, firing time and equilibration
time inputs with corresponding flow signal output indicator. Here the equilibration time was set 30
seconds resulting in switching of SV-1 To Cell indicator light after 30 seconds, indicating gas supply is
directed towards the test cell. The SV-1 state switches when Elapsed Time exceeds Flow Equilibration
Time.

Once air flow over the sensors is established, the operating temperature is then set by powering
up the heater circuit with ±7 V supply after which voltage values across heater track (BC, figure
3.10) and 3 W resistor (AB, figure 3.10) are entered into iterative heater temperature calculation
program that computes heater temperature. The required firing temperature is set by changing
the potentiometer resistance and inputting the resulting change in VAB and VBC values into the
iterative program until the required temperature achieved. The sensors are then left in clean dry
air for the length of time required to burn off the organic vehicle, which also enables bonding of
the sensing material to the substrate.
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3.5.2 Gas Sensing
The VI created for gas sensing experiments, named ‘AA-Gas Test’, requires that a gas flow
sequence be created prior to running the VI. This flow sequence details gas injection steps as
well as the time required for each step (including clean air baseline, test gas concentration
mixtures and purge stages), which is used by the VI to control metering and delivery of clean air
and appropriate concentrations of test gases to the test chamber, sample voltage across the
sensor at specified time intervals, log data in comma separated value (CSV) file format, and
switch off supply to the test cell at the end of the experiment.

The front panel of the AA-Gas Test VI is split into ‘Control’ and ‘Data’ tabs. An example of the
user inputs required in the ‘Control’ tab is shown in the screen shot in figure 3.17.
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Figure 3.17 – Screen shot of AA-Gas Test VI front panel showing gas flow sequence for tests in dry and
wet atmospheres with MFC flow rates given as a % of full scale flow and SVs 0/1 states for flow direction.
Additional user inputs are sample rates and filename for acquired data.

The table in the figure 3.17 shows the configuration for a gas sensing experiment in dry and wet
air. The first step (step 0) resets the MFCs and SVs for ~5 seconds, this is to ensure that
previous settings are not carried over in the event that a preceding experiment was stopped
before it was due to end. Prior to gas supply into the test cell, 0.5 L/min (50% of full scale)
supplies from gas and dry air MFCs are diverted to exhaust via the SVs for equilibration (step 1).
Assuming the test gas cylinder contains 100 ppm of ethanol, after the baseline resistance of the
sensor in clean dry air is established in 30 minutes via SV-1 (step 2), a flow of 60 parts in 100
concentration of ethanol in dry air (i.e. 60 ppm) is metered over the sensors for 10 minutes via
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SV-2 with SV-3 held low (step 3). This is followed by 30 minute purge in dry air via SV-1 (step 4)
prior to the establishment of sensor baseline resistance in wet air (50% humidity) for another 30
minutes (step 5). Another 10 minute pulse of 60 ppm ethanol in 50% humid atmosphere (step 6)
is then metered over the sensors, after which the sensors are purged in wet air for 30 minutes
(step 7). The final sensing step is a 30 minute purge in dry air to return the sensors to their dry air
baseline resistance in preparation for other tests (step 8). Step 9 resets MFCs with ‘valve close’
signals and residual gases are exhausted via the SVs that are held low.

Following completion of the gas flow sequence table and prior to running the VI, the time interval
between measurements is specified and a text file is created where measurement data from the
DMM/Switch unit for each channel is logged. Screen grabs of the front panel ‘Control’ and ‘Data’
tabs are shown in figures 3.18 and 3.19 with associated block diagram presented in appendix A.
An example of outputted data is shown in figure 3.20.
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Figure 3.18 – Screen grab of AA-Gas Test VI front panel ‘Control’ tab showing the flow delivery, sampling
rate and data logging requests for a gas sensing experiment.
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Figure 3.19 – Screen grab of AA-Gas Test VI front panel ‘Data’ tab showing sensor dynamic responses
from 8 channels displayed in real time during a gas sensing experiment.

Figure 3.20 – Example of outputted data from the AA-Gas Test VI after a gas sensing experiment.
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Generally, a short test in clean air is firstly carried out in order to determine the appropriate
feedback resistance required for the sensor device, such that the output voltage across the
sensor (Vs, figure 3.14) is within measurable range (0 – 10 V). The choice of feedback resistance
required to ensure useful data is obtained, which depends on the semiconducting oxide type and
the test gas is determined with the aid of real time waveform graphs in the ‘Data’ tab (figure 3.19).
Typically for n-type semiconducting oxides, exposure to oxidising gases requires that the chosen
feedback resistors are of a value that results in Vs of ~9 V in clean air, since conductivity is further
decreased in oxidising ambient. Conversely, for reducing gases, the chosen feedback resistors
should result in Vs of ~1 V in clean air, to accommodate the expected conductivity increase in
reducing ambient. The opposite is true for p-type semiconducting oxides, however, feedback
resistance corresponding to Vs of ~5 V can be used in the event that material properties are
indeterminate.

At the end of the gas sensing experiment, the raw data (figure 3.20) containing information about
gas delivery and the sampled Vs values per channel is processed to obtain sensor resistance
values (Rs) in the gases tested using equation 3.1.
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4.0 Characterization & Selection of Sensing Element
4.1

Introduction

Microstructural characterization of the semiconducting oxides and zeolite materials used in this
study are presented in this chapter. Additionally, the gas sensing properties of the fabricated WO3
and CTO sensing devices as a function of screen printable ink preparation, film thickness,
operating temperature and post fabrication heat treatment regime that informed the composition
of the sensing element used for the sensor array are presented and discussed.

4.2

Characterization of Powder Materials

4.2.1 WO3 Powder

The crystal structure of the commercially sourced WO3 powder, on inspection, showed reflections
that closely matched crystalline monoclinic WO3 powder and single crystal reference diffraction
patterns (figure 4.1) from the Inorganic Crystal Structure Database (ICSD) [118,124].
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Figure 4.1 – X-ray diffraction patterns showing reflections from the commercial WO3 powder (red)
congruent with powder (purple) and single crystal (blue) references from the ICSD [118, 124].
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4.2.2 CTO Powders

The XRD spectra of the Cr2-xTixO3 powders made by conventional ceramic and sol-gel methods,
hereinafter, designated CTO-CS (ceramic synthesis) and CTO-SG, indicate a single phase
material similar to the crystalline eskolaite structure of Cr2O3 (figure 4.2). The target composition
for both powders was Cr1.8Ti0.2O3 and the diffraction peaks matched reflections reported in
literature for x = 0.1 – 0.3 [78,83,85,118,125-126].
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Figure 4.2 – X-ray diffraction patterns of synthesised Cr1.8Ti0.2O3 (red – CTO-SG made by sol-gel (SG)
method and blue – CTO-CS by ceramic synthesis (CS)) powder samples showing reflections that match
Cr2O3 eskolaite and Cr1.76Ti0.24O3 patterns from the ICSD [118,125].

The XPS wide and narrow scan spectra confirmed the presence of Ti4+ ions in Cr2O3 (figure 4.3).
The material appears uncontaminated as there are no spurious peaks in the spectra except the
carbon reference peak. The binding energies for Cr 2p3/2, Ti 2p3/2 and O 1s core levels, quantified
from the narrow scan spectra after charge correction, are 576.7 eV, 458.6 eV, 530.3 eV
respectively for CTO-SG and 577.2 eV, 458.7 eV, 530.6 eV for the CTO-CS sample, and are in
good agreement with published data [83-84,87,126-127].
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Figure 4.3 – XPS survey spectra of Cr2-xTixO3 powder samples showing Cr 2p, Ti 2p, O 1s and C 1s
photoemission peaks.

Characteristic 2p photoemission spin-orbit doublet for Cr3+ and Ti4+ ions were found to be
consistent with published 2p3/2 and 2p1/2 splitting values of 9.7 – 9.9 eV and 5.4 – 5.7 eV
respectively [84,127]. Binding energy positions for the elements in the two powder samples are
given in table 4.1. The Cr/Ti atomic% ratio was calculated from the integrated area under the
quantification curves fitted to the narrow scan spectra using CasaXPS software. The curve fitting
took into account satellite peaks in the CTO-SG spectra (figure 4.4) and the Cr/Ti atomic% ratio
was determined to be 82:18 for CTO-SG and 85:15 for CTO-CS indicating surface segregation of
Ti atoms contrasting the synthesis target composition of 90:10. Significant surface segregation of
Ti atoms, up to 50:50 Cr/Ti atomic% ratios, have been observed and reported in literature [7778,84,126].
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Powder Sample
CTO-SG
CTO-CS

Cr 2p3/2
576.7
577.2

Cr 2p1/2
586.4
586.9

Ti 2p3/2
458.6
458.7

Ti 2p1/2
464.1
464.3

O 1s
530.3
530.6

Cr:Ti
2.75
3.35

Table 4.1 – XPS binding energies (eV) for elements in the two CTO powder samples and the calculated
Cr/Ti ratios.
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Figure 4.4 – Narrow scan XPS spectra of Cr, Ti, and O elements for CTO-SG (a-c) and CTO-CS (d-f) powder
samples showing curve fitting for the cation species.

EDAX analyses of wide and spot areas of the powders also confirmed the homogenous presence
of Ti atoms. However, the average bulk Cr/Ti atomic% ratios were not in agreement with the
synthesised nominal composition as detailed in table 4.2.
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Powder Sample
CTO-SG
CTO-CS

Nominal Composition
Cr (atomic %)
Ti (atomic %)
90
10
90
10

Bulk Composition
Cr (atomic %)
Ti (atomic %)
92
8
95
5

Table 4.2 – EDAX analysis summary of bulk Cr/Ti atomic% ratios.

4.2.3 Zeolite Powders

Crystallinity of the zeolite powders was verified by XRD after preparatory heat treatments carried
out to achieve acidic forms of the zeolites. The ion exchange of Na cations for H+ in zeolite A was
particularly problematic as it transpired that the removal of all Na+ results in collapse of the LTA
structure, leaving an amorphous material during deammoniation. Kuhl [115] and Dondur and
Rakic [128], found that the degree of Na+ ion exchange considerably influenced stability of the
LTA framework and formation of crystalline phases at high temperatures. Kuhl [115] posited that
the thermal stability of zeolite A increases when the Na/Al ratio ! 0.33, due to fewer broken Al-O
bonds by the H+ during exchange. Hence, taking into account the temperature regimes the
sensor devices would encounter during fabrication and operation, the partial exchange of Na-A
zeolite to H-Na-A had a crystalline structure with matching reflections to the database reference
(figure 4.5).
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Figure 4.5 – XRD spectra for zeolite A showing Na-A reference pattern (green) from the IZA-SC database
[102], with matching reflections from the commercial Na-A powder (purple), NH4-Na-A intermediate after
ammonium exchange (blue) and deammoniated H-Na-A (red).

EDAX analyses quantified the Si/Al ratios of the zeolites and the values are in good agreement
with published data (table 4.3).

Zeolite
H-Na-A
H-Ferrierite
H-ZSM-5
H-Mordenite
H-!
H-Y

Al
9.06
0.67
0.41
1.85
0.44
5.65

Elemental Atomic %
O
Si
58.06
8.65
66.55
18.63
66.58
18.24
66.36
18.08
66.56
18.38
65.73
15.66

Na
3.28
n/a
n/a
n/a
n/a
n/a

Si/Al
0.95 (Na/Al – 0.36)
27.81
44.49
9.77
42.77
2.77

Reference
[115]
[129]
[130]
[52]
[52]
[131]

Table 4.3 – Summary of elemental composition of the zeolite powders with respective Si/Al ratios.

4.3

Characterization of Screen Printed Thick Films

The morphology, thickness and pertinent elemental composition of the screen printed thick films
examined by SEM and EDAX are presented below. As shown in figure 4.6, there are no
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discernable differences in the physical appearance of unfired WO3 and CTO-CS thick films made
with either the BC jelly or ESL 400 vehicles despite the difference in the solids loading.

(a)

(b)

(c)

(d)

Figure 4.6 – Scanning electron micrographs of unfired WO3 (a and b) and CTO-CS (c and d) thick films
made with BC Jelly (a and c) and ESL 400 (b and d) organic binder showing particle distribution at x5k
magnification.

The scanning electron micrographs show porous morphologies for both metal oxides with a
distribution of particle shapes and sizes. The WO3 film surface exhibit polygonal type grains with
sharp flat faces and substantial sizes of up to ~1 µm (figure 4.6a and b), whilst the CTO-CS
grains are largely spherical and in the hundreds of nanometre range (figure 4.6c and d). After
firing in the furnace at 600 °C for 1 hour, in order to burn off the organic vehicle, low resistance
open and closed ‘neck’ type bridges between the grains were clearly evident (figure 4.7).
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(a)

(b)
Figure 4.7 – Scanning electron micrographs at different magnifications (x5k, 10k and 20k) of WO3 (a) and
CTO-CS (b) thick films made with BC jelly and fired in the furnace at 600 !C for 1 hour. On inspection, open
and closed bridges have developed between the grains, however, the film’s overall porosity is maintained.
A lower magnification (x30) micrograph of the sensor chip (inset) shows the footprint of the printed film, its
surface and the electrode pads for conductivity measurements.

There were differences in microstructural characteristics between the CTO powders prepared by
traditional ceramic (CTO-CS) and ‘sol-gel’ (CTO-SG) methods. As shown in figure 4.8, the CTOCS film had bigger and mostly spherical ‘ball-like’ grains in the 350 – 500 nm range, whilst CTOSG film had a mix of spherical and cylindrical grains in the range 150 – 400 nm range.
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(a)

(b)
Figure 4.8 – Scanning electron micrographs at different magnifications (x5k, 10k and 20k) of CTO-CS (a)
and CTO-SG (b) films made with ESL 400 vehicle and fired at 600 °C for 1 hour. The micrographs show their
different surface morphologies with CTO-CS exhibiting spherical particles whilst CTO-SG had a variety of
particle shapes.

The zeolite layers exhibited a variety of surface morphologies from the sharp cubic shaped
particles of zeolite A, shard-like Ferrierite, ‘cauliflower’ shaped Mordenite and ZSM-5 to ‘berry’
type clusters of ! (figures 4.9 – 4.11). The mesopores around the grains guarantees gas diffusion
onto the surface of the sensing element in addition to that through the micropores of the zeolites.
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(a)

(b)
Figure 4.9 – Scanning electron micrographs showing surface mophology of screen printed H-Na-A (a) and
H-Ferrierite (b) zeolite layers on CTO-SG thick film. Zeolite A (x5k, 10k and 20k magnifications) has cubic
shaped particles whilst the ferrierite particles (x1k, 2k and 5k magnifications) resemble shards of glass.
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(a)

(b)
Figure 4.10 – Scanning electron micrographs (x10k, 20k and 40k magnifications) showing surface
morphology of screen printed H-ZSM-5 (a) and H-Mordenite (b) zeolite layers on WO3 thick film. Both
zeolites have caulifower-shaped particles.
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(a)

(b)

(c)
Figure 4.11 – Scanning electron micrographs showing surface morphology of screen printed H-! (a) and HY (b) and fumed silica (FS) layers on WO3 thick film. Zeolite ! (x10k, 20k and 90k magnifications) has berryshaped particles whilst zeolite Y particles (x10k, 20k and 45k magnifications) are cubic, similar to zeolite A.
The fumed silica layer (c) with glace-like morhporlogy (x55 and 400 magnifiations), exhibited cracks
resulting from thermal strain.

EDAX analyses carried out on the printed and fired zeolite layers verified that the fabrication
process did not alter their morphology and most importantly, corroborated the powder Si/Al ratios
listed in table 4.3, including the Na/Al ratio of H-Na-A zeolite layer. Since the crystallinity of H-NaCharacterization & Selection of Sensing Element
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A zeolite cannot be verified this way, XRD analysis of a powder sample, fired in the furnace at
600 °C for 1 hour, akin to the zeolite layer of an overlaid sensor, had only one reflection [2 0 0]
with diminished intensity (figure 4.12), thus indicating destruction of its structure.
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Figure 4.12 – XRD spectra for zeolite A showing the loss of crystallinity (H-Na-A*) after heat treatment at
600 °C for 1 hour, thus indicating that zeolite A cannot withstand the firing temperature required to burn
off the organic vehicle used during sensor fabrication.

Cross-sectional analyses of sampled zeolite layered sensing devices showed no delamination
between the layers or cracks in the microstructure (figure 4.13).
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1

2

3
(a)

(b)

(c)

Figure 4.13 – Scanning electron micrographs showing cross-sectional (a, b) and oblique (c) views of zeolite
layered thick films. Regions 1, 2 and 3 in (a) demarcate zeolite (~62 µm), WO3 (~168 µm) and alumina
substrate boundaries respectively.

The scanning electron micrographs of WO3 and CTO-SG admixed with zeolites (figure 4.14)
show that the zeolite particles were evenly distributed within the metal oxide matrix. However,
poor connectivity between grains of the metal oxide is clearly evident at higher zeolite percentage
loadings (> 30%).

(a)

(b)

Figure 4.14 – Scanning electron micrographs at x4k and 2k magnifications of WO3 admixed with 10% (a)
and 40% (b) zeolite H-Na-A loading respectively. At 40% zeolite loading, the larger zeolite A particles
predominates the sensor surface. Inset are low magnication (x30) images of the sensor chip showing the
footprint of the printed film on the substrate.
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Film thickness measurements was carried out on a selection of sensors across the batch
produced, using ESEM (figure 4.15 and 4.16). The measured values are presented in table 4.4.
There were slight variations in film thicknesses along the strip of alumina substrate (figure 2.5,
chapter 2) that could be linked to slackness of screen stencil/mesh and the direction of print,
since film thicknesses appear to decrease along the squeegee trail of the screen printer.

Figure 4.15 – Oblique scanning electron micrograph of a CTO-SG film, composed of 5 layers of ink on
wide electrode gap susbstrate, showing furls indicating number of layers and thickness measurement of
245 µm. The ridges on the surface of the film, also visible in the low magnification image inset, are
imprints from the screen mesh.
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Figure 4.16 – Oblique scanning electron micrograph of WO3+H-Na-A film, composed of 4 layers of WO3
and 2 layers of zeolite inks on narrow electrode gap susbstrate, showing thickness measurements of 128
and 36.4 µm. The low magnification micrograph of the sensor chip show the footprint of the printed film.

Sensor Device

No. of Layers

WO3+H-Y (BC Jelly)
WO3+ H-Y (ESL 400)
WO3+H-Na-A (ESL 400)
WO3 (ESL 400)
WO3+H-! (ESL 400)
CTO-CS+H-ZSM-5 (BC Jelly)
CTO-CS+H-Y (ESL 400)
CTO-SG (ESL 400)
CTO-SG (ESL 400)
CTO-SG (ESL 400)
WO3*40% H-ZSM-5 (ESL 400)

4+2
4+2
5+2
8
2+1
4+2
4+2
4
5
8
4

Film Thickness (µm)
Metal Oxide
Zeolite
Min
Max
Min
124
141
33
178
190
36
212
233
39
367
383
64
71
15
129
136
31
151
160
39
187
202
226
248
334
347
197
206
-

Max
37
41
46
19
36
47
-

Table 4.4 – Film thickness measurements of sampled sensing devices.

4.4

Gas Sensing Characteristics

As previously mentioned (section 1.3.2), WO3 sensors have been shown to be particularly
sensitive to NO2 and NH3, whilst CTO tends to be sensitive to CO, NH3 and VOCs. Hence, a
selection of control devices, without zeolite inclusions, was exposed to NO2, ethanol and NH3, in
order characterize their behaviour as a function of metal oxide solids loading, film thickness,
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temperature and humidity, as well as possible variations within the batch produced. This was
carried out such that effects due to zeolites as transformation elements could be delineated from
the gas responses of composite metal oxide-zeolite devices, once the behaviour of the control
sensors had been established. Direct current (DC) resistance measurements of the screen
printed control devices were carried out on the existing test rigs. Generally, after the operating
temperature had been established in clean dry air flow, the baseline resistance of the sensors are
measured in clean dry air for about 30 minutes to 1 hour prior to gas exposure for 10 or 15
minutes, with measurements taken at specific time intervals. The sensitivity of the sensors to the
gases tested was calculated by taking the ratio of steady state resistance in test gas (R) to the
baseline resistance in air (R0). Hence, resistive response, where there is an increase in
resistance is calculated as R/R0, whilst for resistance decrease, the conductive response is R0/R.

Firstly, WO3 and CTO sensors were exposed to an atmosphere of reduced oxygen partial
pressure in order to evaluate the effect on their response and to verify their response behaviour
as either n or p-type as stated in table 1.1. The control sensors were exposed to a 40% and 80%
reduction in O2 partial pressure at operating temperatures of 300 °C, 350 °C and 400 °C in the
Red rig with resistance measurements taken at 50 second intervals. The results shown in figures
4.17 and 4.18 were as expected. They confirmed that a decrease in the amount of oxygen
species adsorbed onto the sensor surface was a function of oxygen partial pressure, resulting in
an increase in conductivity on WO3 and a decrease in conductivity on CTO sensors.
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Figure 4.17 – The response transients of CTO and WO3 sensors on exposure to 40% and 80% reduced
oxygen partial pressure at 300 °C.
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Figure 4.18 – Response magnitudes of CTO and WO3 sensors on exposure to 40% and 80% reduction in
oxygen partial pressure as a function of temperature.

Secondly, sensors made from the two CTO materials (CTO-CS and CTO-SG) with ESL 400
vehicle were exposed to ethanol vapour in order to identify the material with superior gas sensing
properties. Temperature and humidity effects on the sensors were also assessed. The sensors,
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operated at 300 °C to 500 °C in 50 degree increments, were exposed to two 15 minute pulses of
50 ppm ethanol in dry and 50% humid atmospheres (wet air), preceded by 1 hour baseline
equilibration and 1 hour purges in dry or humid air as appropriate. Conductivity measurements
were taken at 1 second intervals. A typical plot of resistance against time for the sensors
operating at 350 °C is shown in figure 4.19.
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Figure 4.19 – Resistance against time plot for CTO-CS (red) and CTO-SG (green) sensors on exposure to
50 ppm ethanol in dry air at 350 °C.

Figure 4.19 shows both sensors responded with an increase in electrical resistance to the
reducing gas, ethanol, as expected. The digitization of the response transients is a consequence
of the Speed rig’s low resolution AD card. Figure 4.20 shows that the CTO-CS device had a noisy
and unsaturated response transient in both dry and wet air, whilst the response of CTO-SG
device was smoother, almost achieving steady state. Their response time in dry air was slow and
quite similar, with both sensors achieving 80% of final measured value in ~200 s. However, in wet
air, the response time was faster than in dry air at ~80 s for the CTO-SG device. Ethanol
desorption was equally slow for both sensors with CTO-SG recovering to baseline values after
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~40 minutes in both dry and wet air, whereas CTO-CS did not return to its baseline values.
Additionally, the baseline resistance values in air for the two sensors were quite different, 1.3 M!
against 6.6 M! in dry air, and 2 M! against 10 M! in wet air for the CTO-SG and CTO-CS
devices respectively.

CTO-CS (Dry)
CTO-CS (Wet)
CTO-SG (Dry)
CTO-SG (Wet)

30
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25
20
15
10
5
0
0
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16200
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21600

27000

Figure 4.20 – Response transients of CTO sensors on exposure to 50 ppm ethanol in dry and wet air at
350 °C.

Figure 4.21 compares the responses of both sensor devices in dry and wet air, at different
temperatures and pertinent characteristics of the responses are summarised in table 4.5.
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Figure 4.21 – Temperature and humidity (50%) effects on the response of CTO sensors on exposure to 50
ppm ethanol.

The results show that both CTO materials had different optimum operating temperatures, 350 °C
or 400 °C for CTO-SG against 450 °C for CTO-CS, where stable and repeatable responses to
ethanol are achieved. The previously reported lack of significant humidity effect characteristic of
CTO material [6,77] has been observed at temperatures above 350 °C. The sensors sensitivity to
ethanol increased with grain size whilst the response time decreased with increasing temperature
for the smaller grained material, CTO-SG. Both sensors responses to 50 ppm ethanol at 300 °C
were very noisy and difficult to resolve, mean values of response magnitudes from a number of
repeats have been used in the data and are presented for completeness.
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Temperature (°C)
300

CTO-CS Sensor
Very high baseline resistance of 120 M! in
dry air and 131 M! in wet air with noisy
response transient and poor resolution.

CTO-SG Sensor
High baseline resistance of 8 M! in dry air
and 17 M! in wet air with irresolvable
digitized response.

350

Slow unsaturated response with baseline
resistance of 6.6 M! in dry air and 10 M!
in wet air. Pronounced humidity effect. Slow
desorption without full recovery.

Slow saturated repeatable response with
baseline resistance of 1.3 M! in dry air
and 2 M! in wet air. Minimal humidity
effect on response. Slow desorption with
full recovery in dry and wet air.

400

Slow unsaturated response with baseline
resistance of 1.3 M! in dry air and 1.5 M!
in wet air. Minimal humidity effect on
magnitude of response. Slow desorption
without full recovery especially in wet air.

Fast (~36 s) saturated repeatable response
with low baseline resistance of 529 K! in
dry air and 723 K! in wet air. Fast
desorption with full recovery less than 400 s
in dry and wet air. No humidity effects on
this sensor from 400 °C onwards.

450

Slow saturated repeatable response in dry
air with baseline resistance of 355 K!.
Magnitude of response was minimally
affected by humidity. Response and
ethanol desorption in wet air was very slow
with baseline resistance of 427 K!.

Fast (~10 s) saturated repeatable response
albeit with diminished sensitivity to 50 ppm
ethanol. Stable baseline resistance of 256
K! in dry air and 334 K! in wet air.
Sensor not susceptible to temperature
hysteresis.

500

Fast (~25 s) saturated repeatable but
diminished responses in dry and wet air.
Fast ethanol desorption in wet air (~130 s).
Unstable baseline resistance of 167 K! in
dry air and 147 K! in wet air with ~18 %
drift.

Fast saturated repeatable response with
negligible sensitivity to 50 ppm ethanol.
Stable baseline resistance of 146 K! in dry
air and 171 K! in wet air. Sensor not
susceptible to temperature hysteresis.

Table 4.5 – Summary of response characteristics of CTO sensors on exposure to 50 ppm ethanol, in dry
and wet air, at different temperatures.

Thirdly, temperature and humidity effects on the response of WO3 sensor when exposed to NO2
were examined. The sensing element comprised 5 layers of WO3 ink made with ESL 400 vehicle.
The WO3 sensor was exposed to 500 ppb NO2 in dry and 50% humid air at 300 °C – 500 °C
operating temperatures in the Speed rig similar to the CTO sensors. Figure 4.22 shows the
response transients of the sensor at 500 "C in dry and wet air.
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Figure 4.22 – Response transients of WO3 sensors on exposure to 500 ppb NO2 in dry and wet air (50%
humidity) at 500 °C.

The WO3 sensor responded with an increase in resistance to the oxidising gas NO2 as expected
for an n-type material. At 500 °C the sensor’s response time was not as fast as observed for the
CTO-SG sensor at ~3 and 2.5 minutes in dry and wet air respectively, in addition to pronounced
humidity effects. The wet air response was saturated and repeatable with recovery to baseline
resistance value completed in ~3 minutes. In dry air, the repeatable unsaturated response was
slower than in wet air, with total NO2 desorption achieved in ~6 minutes. The WO3 response
magnitudes across the temperature range are presented in figure 4.23 and their characteristics
summarized in table 4.6.
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Figure 4.23 – Temperature and humidity (50%) effects on the response of WO3 sensor on exposure to 500
ppb NO2.

Temperature (°C)
300

Dry Air Characteristics
Slow, noisy, unsaturated and unrepeatable
response that did not return to initial
baseline resistance in dry air of 85 K!.

Wet Air Characteristics
Extremely noisy and irresolvable response.
However, return to initial baseline
resistance of 121 K! in wet air was
exhibited by the sensor.

350

Slow (~5 minutes), noisy, unsaturated but
repeatable response. Return to baseline
resistance in dry air of 49 K! was achieved
in ~22 minutes.

Extremely noisy and irresolvable response
with return to initial baseline resistance in
wet air of 45 K!.

400

Slow (~4 minutes), unsaturated but
repeatable response. Return to baseline
resistance in dry air of 29 K! was achieved
in ~22 minutes.

Noisy, saturated and repeatable response.
Return to baseline resistance in wet air of
24 K! was achieved in ~8 minutes.

450

Slow (~4 minutes), unsaturated but
repeatable response. Return to baseline
resistance in dry air of 19 K! was achieved
in ~15minutes.

Slow (~3 minutes), saturated and
repeatable response. Return to baseline
resistance of 14 K! in wet air was
achieved in ~8 minutes.

500

Slow (~3 minutes), unsaturated but
repeatable response. Return to baseline
resistance in dry air of 14 K! was achieved
in ~6 minutes.

Slow (~2.5 minutes), saturated and
repeatable response. Return to baseline
resistance of 12 K! in wet air was
achieved in ~3 minutes.

Table 4.6 – Summary of response characteristics of the WO3 sensor on exposure to 500 ppb NO2, in dry
and wet air, at different temperatures.
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The results indicate that the optimum operating temperature for the WO3 sensor is 400 °C, where
stable and repeatable responses to NO2 over several repeats were achieved, notwithstanding the
significant effect of humidity.

4.4.1

Effects due to Sensor Fabrication

Given that the sensing elements were fabricated using two different types of organic binders, a
comparison between the sensors made using both binders was carried out in order to determine
the effect of different solids loading on gas sensor responses. The BC jelly allows for precise
powder/vehicle mixing ratios, hence its use in the mass production of commercial sensors,
whereas with the ESL 400 vehicle the powder/vehicle mixing ratios rely on trial and error. The
CTO-CS sensors made with both binders were composed of 5 layers of ink printed on a strip with
14 sensor chips per batch. The sensors were furnace fired at 600 °C for 1 hour in order to burn
off the binder prior to bonding. A total of 8 sensors per batch were selected according to their
position along the print direction, such that the first printed chip was labelled CTO-1 followed by

Print Direction

succeeding chips up till the 8th chip, CTO-8 (figure 4.24).

CTO-8

CTO-1

Figure 4.24 – Image of a strip containing 14 screen printed CTO thick films on 3 mm x 3 mm wide
electrode gap alumina substrates showing the 8 sensor chips selected for gas sensing experiments.
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These sensors were then exposed to two 30 minute pulses of 80 ppm ethanol in dry air at 400 °C
after 2 hour equilibration in clean dry air with an hour of dry air purge between the ethanol pulses.
The length of the gas pulse was deliberately increased to 30 minutes with a view to determine the
sensors saturation limits. The response transients for the sensors made with BC jelly and ESL
400 vehicle are presented in figures 4.25 and 4.26.
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Figure 4.25 – Response transients of CTO-CS sensors made with BC jelly on exposure to 80 ppm ethanol
in dry air at 400 °C.
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Figure 4.26 – Response transients of CTO-CS sensors made with ESL 400 binder on exposure to 80 ppm
ethanol in dry air at 400 °C

At first glance, the results show that the BC jelly sensors seemed to be more sensitive on account
of the higher response magnitudes. However, variations in responses across the batch were quite
significant and saturation was not achieved during the 30 minute ethanol pulse, with the
exception of CTO-2 sensor, the only device with saturated and repeatable responses. The ESL
400 sensors on the other hand approached steady state and variations within the batch were not
as extensive. Several repeat exposures to 80 ppm ethanol were carried out on both sensor
batches and the results are presented in figures 4.27 and 4.28. Additionally, the sensors were
swapped around in the gas sensing channels to double check that the variance was not due to
the test rig’s electronics. Due to the erratic nature of the BC jelly sensors over several repeats,
suspected to be caused by binder residue, additional on-rig firing of the sensors at 600 °C, over 2
days, in dry airflow was carried out. Subsequent exposures to ethanol after additional firing
(designated AAF in figures 4.27 and 4.28) resulted in a more consistent but diminished response
from the BC jelly sensors and minimal change in the ESL 400 sensors. Figure 4.29 shows the
response transients of the BC jelly sensors from the first test carried out after additional firing.
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Figure 4.27 – The response magnitudes of BC jelly CTO-CS sensors exposed to 80 ppm ethanol at 400 °C
over 8 repeats. The responses shown in dashed lines are results from ethanol exposure after additional
heat treatment (designated AAF) at 600 °C over 2 days.

1st Test
2nd Test
3rd Test
4th Test
1st Test (AAF)

16

Response (R/R0)

12

8

4

0
CTO-1 CTO-2 CTO-3 CTO-4 CTO-5 CTO-6 CTO-7 CTO-8
5-Layer CTO-CS (ESL 400) Sensors

Figure 4.28 – The response magnitudes of ESL 400 CTO-CS sensors exposed to 80 ppm ethanol in dry air
at 400 °C over 5 repeats. The response shown in dashed lines is from ethanol exposure after additional
heat treatment (designated AAF) at 600 °C over 2 days.
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Figure 4.29 – Response transients of BC jelly CTO-CS sensors on exposure to 80 ppm ethanol in dry air at
400 °C after additional on-rig firing at 600 °C over 2 days.

A change in sensor microstructure can be deduced from the results obtained by comparing
figures 4.25 and 4.29, particularly in the case of CTO-2 sensor. This sensor exhibited fast (~18 s)
response to saturation and equally fast (~90 s) recovery. However, after additional heat
treatment, the resulting slow, unsaturated response and incomplete recovery (figure 4.30)
indicative of sintering, was verified by the increase in baseline resistance from 647 K! to 17 M!.

Characterization & Selection of Sensing Element

117

Chapter 4

!
CTO-2 (AAF)
CTO-2

25

Response (R/R0)

20

15

10

5

0
0

7200

14400

21600

Time (s)

Figure 4.30 – Response transients of BC jelly sensor CTO-2 comparing the 1st and 5th exposures to 80
ppm ethanol in dry air at 400 °C. This is to highlight the considerable difference in its response before and
after additional heat treatment.

The results also confirm the presence of remnants of the BC jelly binder in the sensing element
since the sensors responses were less erratic, with magnitudes closer to that of the ESL 400
sensors after additional firing.

The level of disparity between the sensors responses, across a strip of sensor chips fabricated
simultaneously, was peculiar and unexpected. However, in the case of ESL 400 sensors, on
closer inspection, this was attributed to the slight variations in film thicknesses (table 4.4)
resulting from sagging of the patterned screen mesh. In the case of BC jelly sensors, by treating
the response of CTO-2 as aberrant, slackness of the patterned screen is considered to be
responsible for the variations in response across the strip, whilst differences in response
magnitudes between succeeding tests is attributable to sintering. The ESL 400 and BC jelly
sensors response magnitudes after additional firing are compared in figure 4.31.
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Figure 4.31 – The response magnitudes of ESL 400 and BC jelly CTO-CS sensors exposed to 80 ppm
ethanol in dry air at 400 °C. Here, the effect of sintering on the BC jelly sensors response magnitudes
after additional heat treatment result in an increase (CTO-1/3/4) and decrease (CTO-6/7/8) of ~30% in
response magnitude between the 1st and 4th tests.

Contrary to the ESL 400 sensors, the BC jelly sensors were found to be affected by humidity. As
shown in figure 4.32, 50% humid air brought about reduction in response magnitude of the sensor
operated at 400 °C and exposed to 50 ppm ethanol. This reduction in sensitivity was observed as
shown in figure 4.33, at 350 °C and 450 °C operating temperatures as well.
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Figure 4.32 – Response transients of BC jelly CTO-CS sensor on exposure to 50 ppm ethanol in dry and
wet air (50% humidity) at 400 °C.
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Figure 4.33 – Temperature and humidity (50%) effects on the response of BC jelly CTO-CS sensor
exposed to 50 ppm ethanol.

The information gleaned from the behaviour of the CTO sensors was used in the selection of
WO3 sensors made with BC jelly and ESL 400 binders for comparison. One WO3 sensor, from
each binder batch, composed of 5 layers of ink, was selected from position 2 along the print path,
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similar to CTO-2 position. The sensors were fired on the test rig in airflow, at 600 °C for 2 days
without prior furnace firing and exposed to two 15 minute pulses of 500 ppb NO2 after 1 hour
equilibration in dry air with a 1 hour purge between NO2 pulses. The response magnitudes are
comparable as the response transients in figure 4.34 shows, however, the BC jelly sensor
displayed a faster response time, ~82 s against ~4 minutes and desorption was completed in ~4
minutes in contrast to ~22 minutes by the ESL variant. Curiously, there appears to be an increase
in conductivity after a short time (~2.5 minutes) of NO2 injection and for the remaining duration of
the pulse as evidenced by the depression in the response transient. This indicates presence of a
reducing product responsible for the increased conductivity. The WO3 BC jelly sensor response
transients repeatedly exhibited this depressed signal.
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Figure 4.34 – Response transients of BC jelly and ESL 400 WO3 sensors exposed to 500 ppb NO2 in dry air
at 400 °C.

Similarly to the CTO sensors, the effect of humidity on the BC jelly WO3 sensors was a reduction
in response magnitude (figure 4.35) and most noticeable at 350 °C and 400 °C (figure 4.36). The
depression in dry air response transient is also present in the wet air response.
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Figure 4.35 – Response transients of BC jelly WO3 sensor exposed to 500 ppb NO2 at 400 °C in dry and
wet air (50% humidity).
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Figure 4.36 – Temperature and humidity (50%) effects on the response of BC jelly WO3 sensor exposed to
500 ppb NO2.

In order to minimise the effects of the fabrication process on the sensing properties of the metal
oxides, the following conclusions were drawn from the results obtained:
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• Sensors fabricated with ESL 400 organic binder with the higher solids content, consistently
offered stable and repeatable gas sensing properties. This is particularly important in the case
of zeolites where the weight of the very fine powders compared to the BC jelly amount
required for the 55:45 powder-binder ratios, is considerably problematic to achieve.
• The sensor devices from positions 3, 4 and 5 produced responses that were not concurrent
with the remaining sensors from the same strip (figure 4.28). Hence, when comparing
responses across an array of zeolite incorporated sensors, these devices could be excluded.
However, by selecting an array of sensors from the same position across the different strips,
the sensing elements have been shown to have similar characteristics.

4.4.2 Film Thickness Effects

The gaps between interdigitated electrodes, on which the thick films were printed, are 50 µm and
170 µm on the narrow and wide electrode gap substrates respectively. Hence, films of similar
thicknesses to the electrode gaps would ensure the current path probes the surface regions
where gas sensing reactions take place. As presented in table 4.4, control sensors with different
film thicknesses were fabricated in order to determine the optimum thickness for gas sensing. In
the case of the CTO sensors, it was found that films with 2 layers of ink (~48 µm) had very high
resistances in air that could not be accurately measured. Two layers of WO3 ink (~60 µm) on the
other hand had measurable responses in air except when exposed to gases, where the
responses could not be resolved. 3, 5 and 8 layered WO3 films as well as 5 and 8 layered CTOSG films made with ESL 400 binder were exposed to 500 ppb NO2 and 50 ppm ethanol
respectively at 300 °C – 500 °C operating temperatures. The response transients at 400 °C are
shown in figure 4.37 and compared across the operating temperature range in figure 4.38 for
CTO sensors, whilst figure 4.39 show response transients at 400 °C and plot comparing
response magnitudes in figure 4.40 for the WO3 sensors.
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Figure 4.37 – The response transients of 5 and 8 layered CTO-SG sensors exposed to 50 ppm ethanol in
dry air at 400 °C.
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Figure 4.38 – Temperature effects on the response magnitudes of 5 and 8 layered CTO-SG sensors
exposed to 50 ppm ethanol in dry air.
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Figure 4.39 – The response transients of 3, 5 and 8 layered WO3 sensors exposed to 500 ppb NO2 in dry air
at 400 °C.
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Figure 4.40 – Temperature effects on responses of 3, 5 and 8 layered WO3 sensors exposed to 500 ppb
NO2 in dry air.

The main thickness effect observed on the CTO sensors was the slower rate of response and
recovery on the thicker film. This is as expected, due to anticipated slower rate of diffusion of
ethanol in the film with 8 layers compared to the film with 5 layers. Apart from the slower
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response, the response magnitudes were similar from 400 °C onwards. The WO3 sensors
exhibited this trend as well.

4.5

Sensing Element Selection

The preliminary gas sensing characterization carried out on WO3 and the two CTO sensing
element materials provided important information regarding the effects of organic binder, heat
treatments after fabrication and sensor thickness on their gas response behaviour. Based on the
results in the preceding sections, the sensing elements used in the exploration of the level of
discrimination achievable by the incorporation of zeolites as transformation elements are
composed of the following:
• WO3 ink made with ESL 400 organic binder, owing to the consistency, stability and
repeatability of sensor responses over several repeats and ink batches.
• CTO-SG ink made with ESL 400 organic binder. The CTO-SG material offered superior gas
sensing properties in terms of stability, response and recovery times and repeatability, albeit
with reduced sensitivity compared to the CTO-CS sensor. However, considering that the 50
ppm concentration of ethanol tested is only 5% of the recommend exposure limit over 8 hours
[121], its sensitivity is reasonably adequate.
• Five layers of metal oxide ink for both WO3 and CTO-SG sensors on wide electrode gap and 4
layers on narrow electrode gap substrates, in order to maintain repeatability and minimise
baseline drift.
• Post fabrication heat treatment at 600 °C in airflow to remove binder residue and develop the
sensor surface in order to minimise baseline drift.
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WO3 and CTO control sensing elements, fabricated as described above on wide and narrow
electrode gap substrates, were exposed to 25 ppm NH3 in dry air at 400 °C and the responses
are shown in figure 4.41.
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Figure 4.41 – The response transients of CTO-SG and WO3 sensors exposed to 25 ppm NH3 in dry air at
400 °C. The sensing elements were printed on wide and narrow electrode gap substrates.

The CTO-SG and WO3 sensors responded as expected with an increase and a decrease in
resistance to the reducing NH3 gas respectively. The WO3 sensors responses were of similar
response times and magnitudes irrespective of the film thickness indicating similar diffusion rates
of NH3 within the film. The CTO-SG sensor responses were quite different in that similar
response time to NH3 was observed with desorption occurring at different rates between the
narrow and wide electrode gap sensors. This confirms previously observed behaviour of denser
CTO-SG films (figure 4.8b) attributable to their small particles of less than 400 nm.
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5.0 Sensor Array Responses to Simple Gases
5.1

Introduction

The dynamic responses of sensors made from WO3 and CTO-SG powders with hydrogen forms
of zeolites A, ferrierite, ZSM-5, mordenite, ! and Y, including fumed silica as overlayers and/or
admixtures, on exposure to different concentrations of simple inorganic (NO2, NH3 and CO) and
organic (C2 – C4 alkanes, alkenes and alcohols) vapours are presented in this chapter. As
described in the preceding chapter, the sensors were exposed to the vapours at an operating
temperature of 400 °C that was found to be the temperature at which both semiconducting
materials gave repeatable and reproducible responses, albeit at lower magnitudes. The sensor
responses are presented in two main sub-sections covering exposures to inorganic and organic
gases in succession. The concluding section discusses the selection of sensors for an array with
specific ‘fingerprint’ for test gases by means of graphical analyses.

The unmodified WO3 and CTO sensor devices hereinafter referred to as ‘control sensors’, are
designated WEW5, WEN4, CSEW5 and CSEN4 for the thick films printed on wide and narrow
electrode gap substrates respectively. This abbreviation is based on the oxide material identifier
(W for WO3 and C for CTO), followed by that of the organic binder (E for ESL 400), the electrode
spacing on the substrate used, wide (W) or narrow (N) and finally, the number of printed oxide
layers. Additional letter(s) to identify the zeolite (A, ferrierite (F), ZSM-5 (Z), mordenite (M), ! and
Y) and fumed silica (FS) layer is appended, such that a device designated WEW5+F is a WO3
sensor with ferrierite overlayer. These are subsequently referred to as ‘overlaid sensors’. In the
case of the zeolite admixed sensors, all sensors were printed on wide electrode gap substrates,
with the control sensors labelled MCSE4 and MWE4, where the prefix ‘M’ is used to indicate that
the ink used for the layered sensors is different to that of the mixed sensors batch. The sensors
with zeolite admixtures, known as ‘admixed sensors’ have labels identifying the percentage by
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weight of zeolite material in the metal oxide matrix, for example, MCSE4*30%-M designates a
thick film of CTO admixed with 30% mordenite. The sensor devices are listed in table 5.1.

Sensor Identifier

Composition

WO3 Layered Sensors
Control – WEW5 & WEN4

WO3 thick film made with ESL 400 binder and printed on Wide (5 layers) or
Narrow (4 layers) electrode gap substrate.

WEW5+A & WEN4+A

Same as control sensor overlaid with zeolite A.

WEW5+F & WEN4+F

Same as control sensor overlaid with ferrierite (F).

WEW5+Z & WEN4+Z

Same as control sensor overlaid with zeolite ZSM-5.

WEW5+M & WEN4+M

Same as control sensor overlaid with mordenite (M).

WEW5+! & WEN4+!

Same as control sensor overlaid with zeolite !.

WEW5+Y & WEN4+Y

Same as control sensor overlaid with zeolite Y.

WEW5+FS & WEN4+FS

Same as control sensor overlaid with fumed silica (FS).

WO3 Admixed Sensors
Control – MWE4

Ink for Mixed sensors - WO3 thick film made with ESL 400 binder and printed
on wide electrode gap substrate (4 layers).

MWE4*30%-Z

Same as control sensor admixed with 30% by weight zeolite ZSM-5.

MWE4*30%-M

Same as control sensor admixed with 30% by weight mordenite (M).

MWE4*30%-!

Same as control sensor admixed with 30% by weight zeolite !.

CTO Layered Sensors
Control – CSEW5 & CSEN4

CTO-SG thick film made with ESL 400 binder and printed on Wide (5 layers)
or Narrow (4 layers) electrode gap substrate.

CSEW5+A & CSEN4+A

Same as control sensor overlaid with zeolite A.

CSEW5+F & CSEN4+F

Same as control sensor overlaid with ferrierite (F).

CSEW5+Z & CSEN4+Z

Same as control sensor overlaid with zeolite ZSM-5.

CSEW5+M & CSEN4+M

Same as control sensor overlaid with mordenite (M).

CSEW5+! & CSEN4+!

Same as control sensor overlaid with zeolite !.

CSEW5+Y & CSEN4+Y

Same as control sensor overlaid with zeolite Y.

CSEW5+FS & CSEN4+FS

Same as control sensor overlaid with fumed silica (FS).

CTO Admixed Sensors
Control – MCSE4

Ink for Mixed sensors – CTO-SG thick film made with ESL 400 binder and
printed on wide electrode gap substrate (4 layers).

MCSE4*30%-Z

Same as control sensor admixed with 30% by weight zeolite ZSM-5.

MCSE4*30%-M

Same as control sensor admixed with 30% by weight mordenite (M).

MCSE4*30%-!

Same as control sensor admixed with 30% by weight zeolite !.

Table 5.1 – List of sensor devices.
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Generally, the sensors in batches of 8 per metal oxide were exposed to two five minute pulses of
the test gases, which was preceded and interspersed by 15 minutes in compressed dry air,
followed by 15 or 30 minutes dry air purge in the new and existing test rigs. Different sensor
batches were tested in order to verify repeatability and reproducibility of the composite sensors
responses. Wet air tests at 50% humidity were performed on some WO3 sensors in order to
evaluate the effect of humidity on their responses. As before, after an initial ‘bed-in’ period, the
sensitivity of the sensors to the gases tested was calculated by taking the ratio of steady state
resistance in test gas (R) to the baseline resistance in air (R0). The R0 value was derived from
average of the last 30 resistance measurements in air prior to gas injection. Subsequently,
resistive response, where there is an increase in resistance is calculated as R/R0, whilst for
resistance decrease, the conductive response is R0/R. In this chapter, negative R0/R values are
used when comparing results within a batch of sensors exhibiting opposite responses.

5.2

Response to Simple Inorganic Gases

The sensors were exposed to concentrations of CO (30 ppm), NH3 (25 ppm) and NO2 (500 ppb)
that are below or at the threshold of acceptable long term (8 hour) workplace exposure limits as
directed by the Health and Safety Commission [121]. These gases are hazardous to health upon
inhalation, hence the need for an efficient monitoring system that can forewarn before
concentration levels become toxic.

The dynamic responses of the overlaid sensors are presented in the next sub-section followed by
the admixed sensors responses. Gas responses of the control sensors are discussed for each
test followed by the contributory effects of the zeolites and/or fumed silica additions. Given that
the zeolite A, with the smallest pore, has a free pore diameter of 4.1 Å (table 5.2) and the kinetic
diameters of the gas molecules under test are as listed in table 5.3, adsorption and transport
through the micropores of the zeolites is assured. Additionally, at 400 °C operating temperature,
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the oxygen species discovered through ESR spectroscopy studies to be preferentially adsorbed
on semiconducting oxide surfaces, in particular SnO2, is O– with O2– on some zeolites [42,44],
thus indicating possible competing reactions on the oxide surface to the zeolites, since O– is
known to be very reactive [42].

Zeolite
A
Ferrierite
ZSM-5
Mordenite
!
Y

Pore Size (Å)
4.1 (diameter)
5.4 x 4.2, 4.8 x 3.5
5.1 x 5.1, 5.3 x 5.6
7.0 x 6.5, 5.7 x 2.6
5.6 x 5.6, 7.6 x 6.6
7.4 (diameter)

Dimensionality
3-D
2-D
3-D
1-D
3-D
3-D

Table 5.2 – Zeolite pore dimensions [102].

Gas Molecule
CO
NH3
NO2

Kinetic Diameter (Å)
3.8
2.6
3.4

Table 5.3 – Kinetic diameters of the inorganic gas molecules tested [96].

5.2.1 Control and Overlaid Sensors Responses to CO, NH3 and NO2

Both wide (WG) and narrow (NG) electrode gap sensor sets were exposed to CO, NH3 and NO2.
Carbon Monoxide – The control and overlaid WO3 and CTO sensor sets showed no appreciable
response to low concentrations (sub ppm) of CO. However, a small but repeatable response to
the 30 ppm long term exposure limit was detected. The responses are shown in the resistance
against time plots in figures 5.1 and 5.2 for both dry and wet air (50% humidity) test conditions
respectively. Curiously, the overlaid WO3 sensors together with the control sensor, did not
respond to the reducing gas with a decrease in resistance as expected. The previously described
reaction (shown in figure 1.3b and expressed in equation 5.1) between the adsorbed oxygen
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species and CO on n-type sensor surface, resulting in increased conductivity, was not reflected in
the response.
(5.1)

CO + O– ! CO2 + e–

However, this n- to p-type conductivity switch is increasingly being reported, with differing
explanations for its cause, ranging from modifications to the type of surface carriers due to
changes in ambient conditions through to temperature effects, impurity concentrations, oxygen
partial pressure and space charge effects on surface potential [132-133]. In dry air, the responses
of sensors overlaid with mordenite, " and Y were slower than the other responses and did not
achieve steady state within the 5 minute pulse duration, as evidenced by the knife-edge shape of
the transients (figure 5.1). The responses in wet air (figure 5.2) were saturated and the sensors
generally returned to their baseline values after gas injection, with the exception of A and ferrierite
overlaid sensors in both dry and wet air.
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Figure 5.1 – Resistance against time plot for the control and overlaid WO3 wide electrode gap (WG)
sensors exposed to two 5-minute pulses of 30ppm CO in dry air at 400 °C.
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Figure 5.2 – Resistance against time plot for the control and overlaid WO3 sensors (WG) exposed to 30
ppm CO in wet air (50% humidity) at 400 °C. The second CO pulse was cleaved in order to highlight the
initial reduction in resistance upon gas injection shown by ferrierite, ZSM-5, mordenite and ! zeolite
overlaid sensors.

After several repeats to corroborate the observed responses, the sensors were exposed to
increasing concentrations (50, 100, 500, and 1000 ppm) of CO in order to determine the
concentration at which the sensors (the control sensor in particular) give the expected n-type
response, since a previously reported exposure to 0.2% CO was an increase in conductivity [25].
However, the WO3 control sensor repeatedly gave the opposite response to the maximum 1000
ppm CO exposure. A summary of the response magnitudes, shown as a 2D bar chart in figure
5.3, reveals that there was little or no discriminatory effect by the zeolite layers at 30, 50, 100 and
1000 ppm CO concentrations. However, at 500 ppm, sensors with ferrierite, ZSM-5, mordenite, !
and Y overlayers exhibited reduced resistance, thereby giving the expected n-type responses,
which were reconfirmed by repeat tests on another test rig. According to Ishihara et al. [134] this
can be attributed to hydrogenation of CO by the acidic zeolites on account that CO conversion
over acid forms of ferrierite, ZSM-5 and mordenite produced C2 – C11 alkanes at temperatures
above 250 °C, the combustion of which would result in resistance decrease on the WO3 sensors.
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Figure 5.3 – Bar chart comparing control and overlaid WO3 sensor (WG) responses to 30, 50, 100, 500 and
1000 ppm concentrations of CO in dry air at 400 °C. Conductive response (R0/R) exhibited by ferrierite,
ZSM-5, mordenite, !, and Y zeolite layers are expressed as negative values for comparison.

It is interesting to note that the sensitivity of the control sensor is very similar in two distinct
atmospheres: diluted and undiluted gas ambient. The magnitudes of response was found
consistently to be ~1.2 and ~2 in diluted (30, 50, 500 ppm) and undiluted (100 and 1000 ppm) CO
ambient respectively.

The dry air narrow electrode gap (NG) sensor responses clearly showed an initial reduction in
resistance at CO injection (figure 5.4) before resistance increase on all the zeolite layered
sensors. Only the fumed silica overlaid sensor did not exhibit this initial decrease in resistance. In
wet air, the depressed signal of the WG sensors could be attributed to water adsorption, which
tends to increase conductivity. However, the initial depression in NG sensor responses (figure
5.4) in dry air is likely due to the rate of diffusion of CO through the zeolite layer, since upon gas
injection, the partial pressure of oxygen changes, to which the sensor responds prior to
equilibration.
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Figure 5.4 – Resistance against time plot for the control and overlaid WO3 sensors (NG) exposed to 30
ppm CO in dry air at 400 °C. The second CO pulse was cleaved in order to highlight the initial reduction in
resistance upon gas injection shown by A, ferrierite, ZSM-5, mordenite ! and Y layered sensors, a
consequence of change in oxygen partial pressure.

At higher CO concentrations (50 and 100 ppm), the NG sensors exhibited decreased resistances
(figure 5.5) with the exception of ferrierite overlaid sensor showing saturated increased resistance
on exposure to 100 ppm CO concentration. Since the response magnitudes are minuscule, this
hints at a more complex reaction between CO and adsorbed oxygen species on the oxide surface
of the control sensor than that expressed in equation 5.1, which according to Kohl [135] can result
in intermediate products such as carboxylate (CO2–) and carbonate (CO32–) depending on
temperature and the type of adsorbed oxygen species, as expressed below [135-136].
CO + O– (ads) ! CO2– ! CO2 + e–

(5.2)

CO + 2O– (ads) ! CO32– ! CO2 + O–

(5.3)
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Figure 5.5 – Bar chart comparing control and overlaid WO3 sensors (NG) responses to 30, 50 and 100 ppm
CO concentrations in dry air at 400 °C. The ferrierite layered sensor offered the only variation in the
response to 100 ppm CO.

Based on the response transients of the overlaid sensors (figures 5.1 and 5.4) and associated
magnitudes, there appear to be no evidence of zeolite modification of 30 ppm CO in dry and wet
test conditions (figure 5.6). Whilst the incorporation of zeolite layers onto WO3 thick films did not
produce a distinctive CO sensor at this concentration, the response magnitudes achieved are
marginally better than that reported by Galatsis et al. [137] for sol-gel produced, spin coated WO3
sensor on exposure to 30 ppm CO (1.2 against 1.0). However, since the sensors are candidates
for an array, the small repeatable response to low concentrations of CO is a desirable analyte
‘fingerprint’ feature.
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Figure 5.6 – Bar chart comparing response magnitudes of the control and overlaid WO3 (WG) sensors
exposed to 30 ppm CO in dry and wet air (50% humidity) at 400 °C.

CTO control sensor exhibited increased resistance on exposure to CO as expected for a p-type
semiconductor (figure 5.7), and similarly to the WO3 sensor set, the zeolite layered sensors
responses were non discriminatory. Both wide and narrow electrode gap sensor sets had similar
responses with the sensors generally returning to baseline in air values, with the exception of the
ferrierite layered NG sensor (figure 5.8). Additionally, the responses to 30 and 100 ppm CO are
very similar (figure 5.9) and are in good agreement with previously reported low CO concentration
CTO sensors responses [22,80].
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Figure 5.7 – Resistance against time plot for the control and overlaid CTO sensors (WG) exposed to 30
ppm CO in dry air at 400 °C.
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Figure 5.8 – Resistance against time plot for the control and overlaid CTO sensors (NG) exposed to 30
ppm CO in dry air at 400 °C.
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Figure 5.9 – Bar chart comparing control and overlaid CTO sensors (WG) responses to 30 and 100 ppm
CO concentrations in dry air at 400 °C.

As evident from the response transients and correlation between the narrow and wide electrode
gap CO sensitivity (30 ppm) values (figures 5.10 and 5.11), the zeolite and fumed silica
overlayers did not prevent diffusion of CO through to the sensing layer. This is as expected, since
the kinetic diameter of CO gas molecules at 3.6 Å (table 5.1) suggests unhindered transport
through the micropores of even the smallest pore zeolite in addition to diffusion through the
macropores of the zeolite layer. Interestingly, the non porous fumed silica material with its
cracked glaze-like morphology (figure 4.11c), also enabled diffusion to the sensing element.
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Figure 5.10 – Bar chart comparing response magnitudes of the control and overlaid WO3 sensors showing
correlation between wide and narrow electrode gap (WG/NG) devices exposed to 30 ppm CO in dry air at
400 °C.
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Figure 5.11 – Bar chart comparing response magnitudes of the control and overlaid CTO sensors showing
correlation between wide and narrow electrode gap (WG/NG) devices exposed to 30 ppm CO in dry air at
400 °C.
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Ammonia – The control sensors responses on exposure to 25 ppm NH3 was as expected, with
WO3 and CTO exhibiting a decrease and an increase in resistance to the reducing gas
respectively. Oxidation of NH3 on an n-type oxide surface is proposed to follow either of the
reaction routes represented by equations 5.4 – 5.7, with the added possibility of other products
due to incomplete combustion [76]. In the case of the WO3 sensor set, the zeolite layers
enhanced its response to NH3, with the H-ZSM-5 layer doubling the response magnitude of the
control sensor (figures 5.12 and 5.13).
2NH3 + 3O– (ads) ! N2 + 3H2O + 3e–

(5.4)

2NH3 + 5O– (ads) ! 2NO + 3H2O + 5e–

(5.5)

2NH3 + 4O– (ads) ! N2O + 3H2O + 4e–

(5.6)

4NO + 2NH3 ! 2N2 + N2O + 3H2O

(5.7)

Considering that zeolites are used for NH3 adsorption in aquariums and NH3 is the basic
molecule often used to characterise zeolite acidity, their mutual affinity is well known [93-95].
Additionally, ammonium form of zeolites (NH4-zeolite) is generally an intermediate step during
cation exchanges, where adsorption of NH3 on the acid sites form NH4+ cations prior to
desorption at ~450 °C when NH4+ demmoniates to NH3, leaving H+ ion to preserve stability of the
microstructure [138-139]. Hence, due to this affinity between NH3 and acidic zeolites, a reduction
in oxygen partial pressure is suspected to contribute to the enhancement of overlaid sensors
responses on account of their steep gradients indicating fast response. This deduction is
supported by the response of zeolite A overlaid sensor, where due to its high acidity and acid
sites governed by low Si/Al ratio (table 4.3), gave the lowest response, a suspected consequence
of increased NH3 adsorption on the zeolite.
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Figure 5.12 – Resistance against time plot for the control and overlaid WO3 sensors (WG) exposed to 25
ppm NH3 in dry air at 400 °C. The mordenite overlaid sensor exhibited a p- to n-type response switch.
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Figure 5.13 – Response (conductive response) transients of the control and overlaid WO3 (WG) sensors
exposed to 25 ppm NH3 in dry air at 400 °C. The overlaid sensors exhibited enhanced responses with the
exception of zeolite A with diminished response.

The mordenite overlaid sensor exhibited a p- to n-type switch that could be attributed to the
effective 1-D dimensionality of mordenite channel since the NG variant (figures 5.14 and 5.15)
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had a similar response transient. The response transients show evidence of increased resistance
upon gas injection for ~80 seconds, which is assumed to be consequence of adsorbed oxygen
prior to NH3 response. Another consequence also evident is the extremely slow desorption
(figures 5.12, 5.13 and 5.14) as well as the slow response of the mordenite overlaid CTO sensor
(figure 5.16).

Given that zeolite A, ferrierite and fumed silica overlaid WO3 NG sensors gave p-type responses
(figures 5.14 and 5.15), the increase in resistance can be attributed to the diffusion of oxidants
such as nitrous oxide (N2O) and NO into the sensor element.
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Figure 5.14 – Resistance against time plot for the control and overlaid WO3 sensors (NG) exposed to 25
ppm NH3 in dry air at 400 °C. The fumed silica, ferrierite and zeolite A overlaid sensors exhibited p-type
response to the reducing gas thus suggesting the presence of oxidant products of NH3 combustion.
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Figure 5.15 – Bar chart comparing response magnitudes of the control and overlaid WG and NG WO3
sensor devices on exposure to 25 ppm NH3 in dry air at 400 °C. The chart indicates the presence of
oxidant products of NH3 combustion diffusing into the bulk of the A, ferrierite and fumed silica layered NG
sensors.

The response transients of the overlaid CTO NG & WG sensors did not show the p- to n-type shift
observed on the WO3 sensors, however, the mordenite overlaid sensor exhibited very slow and
diminished response (figures 5.16, 5.17 and 5.18). Also, the H-ZSM-5 overlaid sensor had lower
response magnitude compared to the control sensor in contrast to the overlaid WO3 sensor
response. This supports the suggestion that the preferential adsorption of NH3 at acid sites
induced responses attributable to reduced oxygen partial pressure for both metal oxides. It is
assumed that the slightly acidic fumed silica overlayer promoted reaction products resulting in
increased resistance.
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Figure 5.16 – Response transients of the control and overlaid CTO (WG) sensors exposed to 25 ppm NH3
in dry air at 400 °C. The effect of diffusion though the single channel of mordenite can clearly be seen in
the response transient.

0.4

CSEN4
CSEN4+A
CSEN4+F
CSEN4+Z

Resistance (M!)

0.3

CSEN4+M
CSEN4+B
CSEN4+Y

0.2

CSEN4+FS

0.1

0
0

900

1800

2700

Time (s)

Figure 5.17 – Resistance against time plot for the control and overlaid CTO (NG) sensors exposed to 25
ppm NH3 in dry air at 400 °C.
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Figure 5.18 – Bar chart comparing response magnitudes of the control and overlaid WG and NG CTO-SG
sensor devices exposed to 25 ppm NH3 in dry air at 400 °C.

Even though the magnitude of response from both sets of sensors on exposure to 25 ppm NH3 is
modest, there is adequate variance within both arrays to distinguish NH3 especially when the
response transient of the mordenite overlaid sensors are considered, which seems to have its
own NH3 ‘signature’.

Nitrogen dioxide – Only the WO3 sensor set gave noteworthy responses to 500 ppb NO2 and it
is therefore presented. The response of the control sensor was an increase in resistance as
expected for an n-type material to oxidising gas (figure 5.19).
NO2 + e– ! NO2–
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Figure 5.19 – Resistance against time plot for the control and overlaid WO3 (WG) sensors exposed to 500
ppb NO2 in dry air at 400 °C. All overlaid sensors responses did not achieve steady state, except zeolite A
and fumed silica overlaid devices.

As shown in figure 5.20 for the WG sensors, the zeolite layers enhanced the response of WO3 to
NO2, with the exception of zeolite A and the fumed silica layer. Despite the fact that zeolite A and
fumed silica overlayers did not enhance response to NO2, the response transients show that both
layers were not a barrier to the transport of NO2 to the sensor surface, as adsorption and
desorption mimicked the dynamic response of the control sensor. Additionally, whilst saturation
was not achieved during the 5 minute gas pulse step, the sensors responses were repeatable for
both WG and NG sensor sets as shown in the resistance against time plot of figure 5.21, for NG
sensors. The enhanced responses of zeolite overlaid sensors are suspected to be consequence
of reactions with products of NO2 disproportionation over the acidic zeolites, evidence of which
was found by Szanyi et al. [140] through infrared spectroscopy and expressed below.
2NO2 ! NO+ + NO3–

(5.9)

H+ + NO2 ! NO+ + H2O

(5.10)
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Figure 5.20 – Response transients of the control and overlaid WO3 (WG) sensors exposed to 500 ppb NO2
in dry air at 400 °C. Zeolite ! overlaid sensor consistently gave the best albeit unsaturated response.
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Figure 5.21 – Resistance against time plot for the control and overlaid WO3 (NG) sensors exposed to 500
ppb NO2 in dry air at 400 °C showing repeatability of the responses within the bulk of the sensing element.

Duration of the gas pulse was increased to 30 minutes in order to determine whether the overlaid
sensors will achieve saturation. As shown in figure 5.22, the ferrierite, mordenite and ! overlaid
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sensors did not return to their baseline resistance values during the one hour clean air purge step
leading to slight increase in sensitivity for the second NO2 pulse. However, all sensors achieved
saturation and the previously encountered depressed signal for NO2 exposure in humid
atmosphere (figure 4.22) is evident in the response transients of ferrierite, mordenite, ! and
fumed silica overlaid sensors.
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Figure 5.22 – Response transients of the control and overlaid WO3 (WG) sensors exposed to 500 ppb NO2
for 30 minutes in dry air at 400 °C. Ferrierite, mordenite and ! overlaid sensors did not return to baseline
resistance values after gas injection.

The sensors were exposed to 500 ppb in wet air (50% humidity) and as previously shown in
figure 4.22 (chapter 4), the humidity effect on the control sensor was further increase in
resistance. Interestingly, the behaviour of the hydrophobic zeolites (ferrierite, ZSM-5, mordenite
and !) was very different (figure 5.23). Whilst mordenite and ! overlayers diminished sensors
responses, hinting at the presence of a reducing product, it is worthy to note that ferrierite and
ZSM-5 overlaid sensors responses were minimally affected by humidity.
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Figure 5.23 – Bar chart comparing response magnitudes of the control and overlaid WO3 (WG) sensors
exposed to 500 ppb NO2 in dry and wet air (50% humidity) at 400 °C.

Only the WO3 overlaid sensors exhibited any variation in their responses to NH3 and NO2 (figures
5.15 and 5.23) that could be incorporated into a discriminating sensor array.

5.2.2 Control and Admixed Sensors Responses to CO, NH3 and NO2

Prior to the fabrication of WO3 and CTO zeolite admixed sensor sets, a batch of 6 sensors
comprising WO3 control as well as admixed 10 – 50% H-ZSM-5 zeolite in 10% increments was
fabricated in order to determine the amount of zeolite that would provide optimum enhancement
in the response of WO3 material. These sensors were exposed to two 5 minute pulses of 500 ppb
NO2 and 25 ppm NH3 in dry and wet air (50% humidity) at 400 °C. Figure 5.24 shows the
response transients for exposure to 500 ppb NO2 in dry air. As expected, the sensors admixed
with ZSM-5 enhanced response to NO2, on account that the zeolite inclusions opened up the
microstructure of the sensing element creating accessible reaction sites. However, this is
tempered by reduced connectivity between the WO3 particles with increasing zeolite loading
(figure 4.14b), which in turn inhibit conductivity between the grains, since conduction in zeolites is
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ionic and not electronic as in the sensing element. The response transients of the admixed
sensors were similar to that of the overlaid sensors, in that they did not achieve steady state
during the 5 minute NO2 gas pulse. The noisy transients are indicative of the reduced connectivity
between the WO3 particles with increasing zeolite loading.
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Figure 5.24 – Response transients of the control and H-ZSM-5 admixed WO3 sensors exposed to 500 ppb
NO2 in dry air at 400 °C. Zeolite admixtures enhanced response to NO2 with the sensor containing 40% by
weight solid loading giving the highest response.

The response transients of the sensors on exposure to 25 ppm NH3 is shown in figure 5.25.
Similarly to the NO2 results, the admixed sensors exhibited enhanced conductive response
transients compared to the control sensor. The sensors were also exposed to the test gases in
wet air (50% humidity) and based on the results obtained and summarized in the bar chart in
figure 5.26, 30% by weight zeolite loading was selected as the optimum admix constituent due to
its stability in wet and dry air test conditions. This is in agreement with previous work on admixed
zeolite and CTO thick films [120].
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Figure 5.25 – Response transients of the control and H-ZSM-5 admixed WO3 sensors exposed to 25 ppm
NH3 in dry air at 400 °C.
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Figure 5.26 – Bar chart comparing the response magnitudes of the control and H-ZSM-5 admixed WO3
sensors exposed to 500 ppb NO2 and 25 ppm NH3 in dry and wet air at 400 °C.
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Due to the fact that the gas sensing rig is equipped to accommodate 8 sensors per test run, three
zeolites were selected as admix constituents on the basis of their performance as overlayers.
Zeolites A, ferrierite and Y were excluded for the following reasons:
•

Zeolite A was essentially a passive filter as evidenced by its mimicry of both WO3 and CTO
control sensors responses.

•

Ferrierite overlaid sensors responses were slow with slower desorption and return to
baseline after gas injection. This is suspected to be due to the arrangement of its shard like
grains within the layer (figure 4.9b), since they could either be lamellar or jumbled.

•

H-Y overlaid sensors responses were unexceptional.

The three better performing zeolite materials, H-ZSM-5, H-M and H-! were mixed with WO3 and
CTO at zeolite loading of 30% by weight. The response transients of the sensors on exposure to
30 ppm CO, 25 ppm NH3 and 500 ppb NO2 are presented in figures 5.27, 5.28 and 5.29.
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Figure 5.27 – Response transients of CTO and WO3 control sensors with zeolites H-ZSM-5, H-M and H-!
admixed variants exposed to 30 ppm CO in dry air at 400 °C.
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Figure 5.28 – Response transients of CTO and WO3 control sensors with zeolites H-ZSM-5, H-M and H-!
admixed variants exposed to 25 ppm NH3 in dry air at 400 °C.
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Figure 5.29 – Response transients of CTO and WO3 control sensors with zeolites H-ZSM-5, H-M and H-!
admixed variants exposed to 500 ppb NO2 in dry air at 400 °C.

The response of WO3 sensors to CO in this case is quite interesting as this is the only batch of
sensors where a ‘pseudo’ n-type response to CO at a low concentration was achieved and
reconfirmed by several repeats on different test rigs. This reason for this is not clear, however,
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the use of a new 100 ppm CO gas bottle is likely to be responsible for this anomaly, since several
batches of WO3 sensors made from different ink compositions have repeatedly given the opposite
response. However, there is evidence of both increase and decrease in resistance in the
response transients of the control and admixed sensors (figure 5.27), with the admixed sensors
exhibiting the more pronounced effect.

In general, the WO3 admixed sensors gave enhanced responses to NH3 and NO2 (figures 5.30
and 5.31) suggesting, as expected that the zeolite inclusions increased in surface area and active
sites that is accessible to the target gases as well as any zeolite transformed product.
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Figure 5.30 – Bar chart showing graphically the response magnitudes of the control and admixed WO3
sensors on exposure to 30 ppm CO, 25 ppm NH3 and 500 ppb NO2 in dry air at 400 °C.
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Figure 5.31 – Bar chart showing graphically the response magnitudes of the control and admixed CTO
sensors on exposure to 30 ppm CO, 25 ppm NH3 and 500 ppb NO2 in dry air at 400 °C.

Similarly to the overlaid sensors responses, there is lack of variation in the responses of admixed
CTO sensors as shown in the bar chart of figure 5.31, where the response magnitudes are
compared.

5.3

Response to Simple Organic Gases

Owing to the effectiveness of zeolites in hydrocarbon conversion, the sensor array was exposed
to aliphatic compounds encompassing C2 – C4 alkanes, alkenes and alcohols. This was to
explore the feasibility of distinguishing between saturated/unsaturated hydrocarbons as well as
primary/secondary alcohols, through possible transformed products ‘seen’ by the sensing
element. Generally, the complete combustion of hydrocarbons (alkanes and alkenes), where
there is sufficient oxidant, produces CO2 and H2O, if the oxidant is oxygen, as illustrated in
equation 5.11 and where oxidant is deficient, products such as CO and C occur in addition to
H2O. C2 – C4 alkanes, alkenes and alcohols reactions with adsorbed oxygen on metal oxides
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have been shown by spectroscopic studies to produce alkoxy (e.g. ethoxy – CH3CH2O), carbonyl
(e.g. acetone – (CH3)2CO) and carboxylate (e.g. acetate – CH3COO–) surface groups as reaction
intermediates [42,135].
CxHy + (x + y/4)O2 ! xCO2 + (y/2)H2O

(5.11)

A glance at the size of the organic gas molecules under test, as listed in table 5.4, already hints at
possible size or shape exclusion of reactants and/or products by the micropores of some of the
zeolites, for example, only ethane and ethene gas molecules have sizes that can fit into the
micropore of zeolite A.

Gas Molecule
Ethane
Propane
Butane
Ethene
Propene
1-Butene (Butene)
Ethanol (EtOH)
Propan-2-ol (IPA)
Butan-1-ol (Butanol)

Kinetic Diameter (Å)
3.8
4.3
4.3
3.9
4.5
4.5
4.5
4.9
5.3

Table 5.4 – Kinetic diameters of the organic gas molecules tested [96,141].

5.3.1 Control and Overlaid Sensors Responses to C2 – C4 Alkanes, Alkenes and Alcohols

WO3 and CTO WG sensor devices were exposed to 50 ppm concentrations of ethane (C2H6),
propane (C3H8), butane (C4H10), ethene (C2H4), propene (C3H6), butene (C4H8), ethanol
(C2H5OH), IPA (C3H7OH) and butanol (C4H9OH) in dry air at 400 °C. Additionally, due to
previously encountered erratic behaviour of the WO3 sensor set, exposures to 100 ppm test gas
concentrations were performed to aid delineation of response trends.
Alkanes – The WO3 control sensor did not give the expected increase in conductivity response to
reducing hydrocarbon gases (figure 5.32) and the zeolite overlaid sensors generally showed
diminished responses compared to the control sensor on exposure to 50 ppm concentrations of
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ethane, propane and butane as shown in figure 5.33. As previously mentioned, catalytic activity of
zeolites depends on the strength of their acid sites (Bronsted), which in turn influence alkane
reaction mechanisms depending on pressure and temperature conditions [142-144]. Alkanes can
either undergo hydrogen abstraction to an alkene via decomposition of ethyl radical (C2H5) or
acid catalysed conversion to smaller alkane via positively charged carbenium ions (CnH+2n+1)
and/or carbonium ions (CnH+2n+3) as reaction intermediates [42,143-149].
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Figure 5.32 – Resistance against time plot for the control and overlaid WO3 sensors exposed to 50 ppm
ethane in dry air at 400 °C. The sensors gave p-type responses to the reducing gas.
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Figure 5.33 – Bar chart comparing response magnitudes of the control and overlaid WO3 sensors exposed
to 50 ppm concentrations of ethane, propane and butane in dry air at 400 °C.

The results show that the ZSM-5, mordenite and ! overlayers transformed butane into product(s)
that gave the expected n-type reducing gas response by the WO3 sensing element (figure 5.34).
Additional tests involving exposures to 100 ppm C2 – C4 alkane concentrations (from different gas
bottle) showed similar trends (figure 5.35). This repeatable butane response suggests acid
catalysis into other hydrocarbons, which on H-ZSM-5 at 500 °C was found to proceed via
carbonium ion mechanism into three combinations of products as follows; CH4 + C3H6, C2H6 +
C2H2 and H2 + C4H8 [142]. It is suspected that the result obtained for ZSM-5, mordenite and !
overlaid sensors was in effect response to combined alkane and alkene products.

Sensor Array Responses to Simple Gases

159

Chapter 5

!
WEW5
WEW5+A
WEW5+F
WEW5+Z
WEW5+M
WEW5+B
WEW5+Y
WEW5+FS

160

Resistance (k!)

120

80

40

0
0

900

1800

2700

Time (s)

Figure 5.34 – Resistance against time plot for the control and overlaid WO3 sensors exposed to 50 ppm
butane in dry air at 400 °C. ZSM-5, mordenite and ! overlaid sensors gave the expected n-type responses
to the reducing gas.

WEW5

4

WEW5+A
WEW5+F

Response (R/R 0)

3

WEW5+Z
WEW5+M

2

WEW5+B
WEW5+Y

1

WEW5+FS

0
-1
-2

Ethane

Propane
Concentration - 100 ppm

Butane

Figure 5.35 – Bar chart comparing response magnitudes of the control and overlaid WO3 sensors exposed
to 100 ppm concentrations of ethane, propane and butane in dry air at 400 °C.

The CTO sensors gave the expected resistance increase response to the alkane gases tested as
shown in the example plot for ethane in figure 5.36 and the bar chart comparing their response
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magnitudes in figure 5.37. The responses were repeatable and consistent across the array and
gases tested, with the overlaid sensors exhibiting enhanced responses.
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Figure 5.36 – Resistance against time plot for the control and overlaid CTO sensors exposed to 50 ppm
ethane in dry air at 400 °C.
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Figure 5.37 – Bar chart comparing response magnitudes of the control and overlaid CTO sensors exposed
to 50 ppm concentrations of ethane, propane and butane in dry air at 400 °C.
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In general, the results show that the conversion of alkanes over acidic zeolites resulted in the
enhanced responses exhibited by the CTO overlaid sensors whilst on the WO3 overlaid sensors it
had a reducing effect.

Alkenes – Similarly to alkane responses, the control WO3 sensor response was opposite to the
expected decrease in resistance on exposure to 50 ppm ethene (figure 5.38) and this trend was
repeated at higher concentration of 100 ppm (figure 5.39). However, the zeolite overlaid sensors
gave n-type responses with the exception of zeolite A and fumed silica overlaid sensors, where
their responses mimicked the control sensor, albeit with diminished magnitudes. The depression
after steady state and before the end of gas injection exhibited in the response profile is indicative
of reducing reactant products on the sensing element.
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Figure 5.38 – Resistance against time plot for the control and overlaid WO3 sensors exposed to 50 ppm
ethene in dry air at 400 °C. Ferrierite, ZSM-5, mordenite, ! and Y overlaid sensors gave the expected ntype response.
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Figure 5.39 – Response transients of the control and overlaid WO3 sensors exposed to 100 ppm ethene in
dry air at 400 °C.

The mechanism of alkene adsorption on zeolites involves protonation from a Bronsted acid site to
form the corresponding carbenium ion, which for ethene is represented by equation 5.12 [148].
C2H4 (gas) + H+ ! C2H5+

(5.12)

The unstable ethyl ion can further decompose to ethene and hydrogen or react with oxygen to
create acetaldehyde (CH3CHO), alkane products have also been found [148]. Only the ethene
response was anomalous as exposures to 50 ppm propene and butene gave the expected n-type
responses (figures 5.40, 5.41 and 5.42). However, since alkenes are unsaturated and therefore
more reactive than alkanes as evidenced by the comparative increase in magnitudes of response
(figure 5.41), the opposite response of the control sensor can be attributed to the presence of an
alkane product.
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Figure 5.40 – Response (conductive response) transients of the control and overlaid WO3 sensors
exposed to 50 ppm butene in dry air at 400 °C. The zeolite and fumed silica overlayers enhanced the
response of WO3 with mordenite having the highest magnitude.
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Figure 5.41 – Bar chart comparing response magnitudes of the control and overlaid WO3 sensors exposed
to 50 ppm concentrations of ethene, propene and butene in dry air at 400 °C.
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Figure 5.42 – Bar chart comparing response magnitudes of the control and overlaid WO3 sensors exposed
to 100 ppm concentrations of ethene, propene and butene in dry air at 400 °C.

In the case of CTO, the control and overlaid sensors gave expected p-type responses on
exposure to alkene gases (figures 5.43 and 5.44). Here the butene responses, with the exception
of ferrierite and fumed silica overlaid sensors, suggest the presence of cracking products to which
CTO is insensitive. Again, the acidic fumed silica overlaid sensor responses indicate acid
catalysis and promotion of products to which CTO is more sensitive.
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Figure 5.43 – Response transients of the control and overlaid CTO sensors exposed to 50 ppm butene in
dry air at 400 °C. Only ferrierite and fumed silica overlayers enhanced CTO response to butene.
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Figure 5.44 – Bar chart comparing response magnitudes of the control and overlaid CTO sensors exposed
to 50 ppm concentrations of ethene, propene and butene in dry air at 400 °C.
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Alcohol – Both WO3 and CTO control and overlaid sensors gave the expected decrease and
increase in resistance to the concentrations of C2 – C4 alcohols under test respectively, as shown
in the example plots of figures 5.45 and 5.46 for WO3 exposure to ethanol and butanol, and figure
5.47 for CTO exposure to IPA.
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Figure 5.45 – Resistance against time plot for the control and overlaid WO3 sensors exposed to 50 ppm
ethanol in dry air at 400 °C.
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Figure 5.46 – Response (conductive response) transients of the control and overlaid WO3 sensors
exposed to 50 ppm butanol in dry air at 400 °C.
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Figure 5.47 – Resistance against time plot for the control and overlaid CTO sensors exposed to 50 ppm
IPA in dry air at 400 °C. The control sensor exhibited a slower response to the overlaid sensors.

In the case of WO3 sensor set, the responses to 50 ppm ethanol, IPA and butanol were fast and
typically achieved steady state (figure 5.46). Additional exposure to the alcohol gases at 100 ppm
concentration exhibited the same trend (figures 5.48 and 5.49).
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Figure 5.48 – Bar chart comparing response (conductive) magnitudes of the control and overlaid WO3
sensors exposed to 50 ppm concentrations of ethanol, IPA and butanol in dry air at 400 °C.
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Figure 5.49 – Bar chart comparing response (conductive) magnitudes of the control and overlaid WO3
sensors exposed to 100 ppm concentrations of ethanol, IPA and butanol in dry air at 400 °C.

All WO3 sensors with zeolite overlayers showed enhanced responses to IPA and butanol, with
ZSM-5 and mordenite overlaid sensors exhibiting comparable higher magnitudes. The ethanol
response was moderately enhanced by ZSM-5, mordenite and !. Conversely on CTO, moderate
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enhancement was achieved by all zeolite overlayers (figure 5.50) with the exception of ZSM-5
overlaid sensor’s response to butanol. Ferrierite overlaid sensor gave the highest CTO response
to the alcohols under test.

CSEW5
CSEW5+A
CSEW5+F
CSEW5+Z
CSEW5+M
CSEW5+B
CSEW5+Y
CSEW5+FS

6

Response (R/R0)

5
4
3
2
1
0
EtOH

IPA
Concentration - 50 ppm

Butanol

Figure 5.50 - Bar chart comparing response magnitudes of the control and overlaid CTO sensors exposed
to 100 ppm concentrations of ethanol, IPA and butanol in dry air at 400 °C.

Given that low and intermediate Si/Al zeolites preferentially adsorb polar molecules, such as
ethanol, fast conversion reactions from zeolites A, mordenite and Y overlaid sensors was
anticipated and observed in the response transients (figures 5.46 and 5.47). However, catalytic
conversion of ethanol is known to produce C2H4, acetaldehyde (CH3CHO) and other hydrocarbon
intermediates [130,136], the presence of which influences the sensors responses.

5.3.2 Control and Admixed Sensors Responses to C2 – C4 Alkanes, Alkenes and Alcohols

8 sensors comprising WO3 and CTO control sensors with ZSM-5, mordenite and ! admixtures at
30% by weight loading were exposed to 50 ppm concentrations of C2 – C4 alkanes, alkenes and
alcohols.
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Similarly to the overlaid sensors, the control and admixed CTO sensor responses was increased
resistance, whilst the WO3 sensors exhibited opposite responses to 50 ppm concentrations of
ethane, propane and butane as shown in the example plot for butane (figure 5.51) and
comparison charts (figures 5.52 and 5.53).
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Figure 5.51 – Response transients of the control, ZSM-5, mordenite and ! admixed CTO and WO3 sensors
exposed to 50 ppm butane in dry air at 400 °C.
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Figure 5.52 – Bar chart comparing response magnitudes of the control and admixed WO3 sensors
exposed to 50 ppm concentrations of ethane, propane and butane in dry air at 400 °C.
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Figure 5.53 – Bar chart comparing response magnitudes of the control and admixed CTO sensors
exposed to 50 ppm concentrations of ethane, propane and butane in dry air at 400 °C.

The admixed and overlaid sensors responses are complementary with regards to ethane and
propane conversion on the zeolites for both metal oxides. However, the WO3 butane responses
differ in the direction of change in resistance between the overlaid (figure 5.33) and admixed
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sensors (figure 5.52). This suggests that the concentration of alkenes in the alkane + alkene
mixture that was found to be the products of butane catalysis [142] and supposed to be the
products seen by the WO3 sensing surface is quite significant, on account of the increase in
conductivity.

Alkene responses for admixed WO3 sensors complemented the results obtained for the overlaid
variants with the exception of the control sensor’s response to ethene (figures 5.54 and 5.55),
where the direction of change in resistance is opposite to previous result obtained from the
overlaid sensors batch (figure 5.39).
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Figure 5.54 – Response transients of the control and admixed CTO and WO3 sensors exposed to 50 ppm
ethene in dry air at 400 °C.
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Figure 5.55 – Bar chart comparing response (conductive) magnitudes of the control and admixed WO3
sensors exposed to 50 ppm concentrations of ethene, propene and butene in dry air at 400 °C.

In the case of CTO, whilst the admixed sensors responses to ethene and propene complement
the corresponding overlaid sensors results, it is again the C4 hydrocarbon (butene) response that
does not follow the trend (figure 5.56).
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Figure 5.56 – Bar chart comparing response magnitudes of the control and admixed CTO sensors
exposed to 50 ppm concentrations of ethene, propene and butene in dry air at 400 °C.

As overlayers, ZSM-5, mordenite and ! transformed butene into products to which CTO was less
sensitive (figure 5.44), whilst as admixtures, the butene CTO response had ~70% enhancement
with ZSM-5 admixtures even though it had the lowest magnitude of response as an overlayer.
This is suspected to be due to competing reactions between adsorbed butane on the oxide
surface and products of zeolite transformation.

The admixed sensors responses to the alcohols under test showed considerable enhancements
for both WO3 (figures 5.57 and 5.58) and CTO (figures 5.59 and 5.60) with the exception of WO3
ethanol response where the zeolite inclusions diminished the response.
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Figure 5.57 – Response (conductive response) transients of the control and admixed WO3 sensors
exposed to 50 ppm IPA in dry air at 400 °C.
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Figure 5.58 – Bar chart comparing the response (conductive) magnitudes of control and admixed WO3
sensors exposed to 50 ppm concentrations of ethanol, IPA and butanol in dry air at 400 °C.

Since WO3 ethene response (figure 5.55) is quite modest, ethanol conversion to ethene and other
intermediate products is suspected to be what impinges on the sensing element.
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Figure 5.59 – Response transients of the control and admixed CTO sensors exposed to 50 ppm IPA in dry
air at 400 °C.
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Figure 5.60 – Bar chart comparing response magnitudes of the control and admixed CTO sensors
exposed to 50 ppm concentrations of ethanol, IPA and butanol in dry air at 400 °C.

The admixed CTO sensors exhibited enhanced responses, with the mordenite and ZSM-5
variants giving the highest response for IPA and butanol respectively. The results show that the
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admixed sensors provide the best route to achieving discrimination in the responses of both WO3
and CTO sensor devices.

5.4

Discussion and Discriminating Sensor Array Selection

In general, the results show that the introduction of zeolites as overlayers on and admixtures
within the WO3 and CTO thick films have modified their responses. Whilst attempts have been
made in the previous section to elucidate the possible surface reactions and suggest probable
zeolite transformation products that impinge upon the sensing element, the main objective of the
work carried out in this thesis is to explore the level of discrimination achievable in an array of
zeolite modified sensors in order to distinguish specific gases. To achieve this, the contributory
effects of the zeolites used were examined as a precursor to the identification of sensor device
candidates for an array that demonstrates CO or NO2 selectivity in a gas mixture, somewhat
showing degree of variance in sensor array responses to simple organic gases.

The choice of WO3 and CTO materials for this study was the initial step in ensuring difference in
responses from an array of sensors fabricated using both materials due to their different
conductivities. The addition of zeolites as overlayers and admixtures was the next step in
ensuring differences in response. Hence, from the wide variety of fabricated sensors as listed in
table 5.1, it is possible to select an array of sensors with diverse responses to effect
discrimination. The selection criterion for discriminating sensor array was based on response
characteristics, stability of baseline resistance in air and sensitivity (R/R0 or R0/R), which the
results in the preceding sections show that WO3 and CTO WG devices with zeolites ZSM-5,
mordenite and ! as overlayers and admixed constituents are the selectable sensors.
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5.4.1 Array Selection for CO, NH3 and NO2 Discrimination

The results and sensitivity values presented in table 5.5 shows that for the concentrations of the
simple inorganic gases tested, the WO3 sensor set provided the best route to achieving
discrimination. Hence, by using an array of composite zeolite-WO3 sensors, it is possible to
distinguish between CO, NH3 and NO2, based on the reproducible and repeatable ‘fingerprint’ of
the array as shown in figure 5.61.

Sensor Device
WEW5
WEW5+A
WEW5+F
WEW5+Z
WEW5+M
WEW5+!
WEW5+Y
WEW5+FS
MWE4
MWE4*30%-Z
MWE4*30%-M
MWE4*30%-!
CSEW5
CSEW5+A
CSEW5+F
CSEW5+Z
CSEW5+M
CSEW5+!
CSEW5+Y
CSEW5+FS
MCSE4
MCSE4*30%-Z
MCSE4*30%-M
MCSE4*30%-!

CO
1.11
1.12
1.06
1.15
1.17
1.12
1.11
1.12
-1.10
-1.12
-1.12
-1.12
1.11
1.12
1.17
1.09
1.08
1.15
1.12
1.23
1.28
1.30
1.27
1.27

NH3
-1.30
-1.13
-1.66
-2.58
-1.75
-1.98
-1.78
-1.49
-1.20
-3.76
-2.46
-1.90
1.56
1.49
2.01
1.41
1.35
1.57
1.54
2.19
2.30
2.52
2.66
2.58

NO2
2.53
2.36
5.34
5.41
3.78
6.60
3.42
2.35
3.51
8.67
4.86
7.02

Table 5.5 – Response magnitudes (R/R0) of WO3 and CTO sensor sets to 30 ppm CO, 25 ppm NH3 and 0.5
ppm NO2. The negative values in green represent conductive responses (R0/R).
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Figure 5.61 – Graphical representation of the ‘pattern’ showing degree of variance in the composite
zeolite-WO3 sensors responses on exposure to 30 ppm CO, 25 ppm NH3 and 0.5 ppm NO2 in dry air and at
400 °C.

The sensors chosen for this array has two control sensors (WEW5 and MWE4) from the layered
and admixed ink batch. This is such that the opposing conductivities they display to CO can be
correlated with the zeolite modified variants and also used as a distinguishing feature.

Whilst there are no published data available for direct comparison with these results, there are
numerous reports of increased sensitivity to NO2 achieved through diverse methods of improving
WO3 selectivity [71-77,150-151]. Vallejos et al. [151] reported sensitivities of 3.8 for 0.5 ppm NO2
and 1.0 for 30 ppm CO at 450 °C obtained from micro-machined WO3 thin film with optimised
grain size. Hence, the results presented here offer higher sensitivity values of ~8.7 (MWE4*30%Z) and 1.2 (WEW5+M) for 0.5 ppm NO2 and 30 ppm CO operated at 400 °C respectively.
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5.4.2 Array Selection for Saturated and Unsaturated Hydrocarbon Discrimination

Both WO3 and CTO sensor sets showed some variation as well as enhanced sensitivity in the
case of CTO sensors, in their responses to alkanes and alkenes. The response magnitudes are
presented in table 5.6.

Sensor Device
WEW5
WEW5+A
WEW5+F
WEW5+Z
WEW5+M
WEW5+!
WEW5+Y
WEW5+FS
MWE4
MWE4*30%-Z
MWE4*30%-M
MWE4*30%-!
CSEW5
CSEW5+A
CSEW5+F
CSEW5+Z
CSEW5+M
CSEW5+!
CSEW5+Y
CSEW5+FS
MCSE4
MCSE4*30%-Z
MCSE4*30%-M
MCSE4*30%-!

Ethane
1.37
1.36
1.34
1.31
1.42
1.35
1.39
1.38
1.24
1.19
1.26
1.29
1.70
2.05
2.36
1.92
2.20
2.06
1.88
1.93
1.45
2.00
2.05
1.28

Propane
1.36
1.35
1.28
1.18
1.28
1.28
1.35
1.36
1.50
1.28
1.53
1.51
2.58
3.00
3.95
2.72
3.63
3.10
2.82
3.26
1.77
2.76
3.16
1.63

Butane
1.34
1.30
1.02
-1.45
-1.23
-1.09
1.17
1.30
1.50
1.03
1.39
1.48
3.04
3.41
5.01
2.96
4.38
3.58
3.19
4.39
2.30
4.30
4.82
2.21

Ethene
1.18
1.04
-1.50
-1.72
-1.89
-1.55
-1.15
1.04
-1.27
-2.87
-1.66
-1.33
2.50
2.95
3.92
2.64
3.58
3.08
2.74
3.23
2.16
3.63
4.19
3.26

Propene
-1.67
-2.15
-4.09
-6.17
-6.31
-4.78
-3.20
-2.23
-3.34
-7.58
-10.22
-6.30
3.02
2.91
5.30
2.46
3.59
3.10
2.91
5.43
3.66
8.74
8.15
4.24

Butene
-3.26
-4.52
-11.07
-19.66
-20.90
-14.19
-8.33
-4.72
-5.51
-23.36
-27.38
-19.14
2.64
2.19
3.17
1.55
1.84
1.80
1.83
5.21
4.39
12.88
8.12
4.87

Table – 5.6 Response magnitudes (R/R0) of composite zeolite-WO3/CTO sensors to 50 ppm C2 – C4 alkanes
and alkenes. The negative values in green represent conductive responses (R0/R).

The results show lack of distinction in the WO3 sensors responses to alkanes with the exception
of overlaid sensors response to butane (figure 5.33). However, the CTO sensors offered some
degree of variance albeit with little discrimination between ethane, propane and butane
responses as evident in the response pattern of the composite zeolite-CTO sensor array (figure
5.62).
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Figure 5.62 - Graphical representation of the ‘pattern’ showing variation in the composite zeolite-CTO
sensors responses on exposure to 50 ppm concentrations of ethane, propane and butane in dry air and at
400 °C.

In the case of exposure to alkenes, both WO3 and CTO sensor sets showed variation in their
responses as shown in figures 5.63 and 5.64. However, only the WO3 sensor set showed
distinctive selectivity towards a specific gas, butene. The CTO sensors set exhibited variation in
their responses across the array but with little discrimination. Interestingly, mordenite layered
sensor gave similar responses to ethene and propene whilst for the admixed sensor there was no
discrimination between its propene and butene responses.
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Figure 5.63 – Graphical representation of the ‘pattern’ showing variation and discrimination in the
composite zeolite-WO3 sensors responses (conductive) on exposure to 50 ppm concentrations of ethene,
propene and butene in dry air and at 400 °C.
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Figure 5.64 – Graphical representation of the ‘pattern’ showing variation in the composite zeolite-CTO
sensors responses on exposure to 50 ppm concentrations of ethene, propene and butene in dry air and at
400 °C.

The results show that the candidates for alkane/alkene discrimination from an array 16 sensors
comprising CTO and WO3 sensors with zeolite overlayers and admixtures should consist mainly
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of the admixed variants of ZSM-5 and mordenite for both metal oxides with a ! overlaid WO3
sensor for further discrimination. ZSM-5 admixed CTO sensors have superior propane/propene
sensitivity values at 50 ppm than that reported by Sahner et al. [152] for 500 ppm concentrations
on p-type iron substituted strontium titanate (SrTi1-xFexO3-δ) with platinum exchanged H-ZSM-5
overlayer operated at 400 °C in dry air.

5.4.3 Array Selection for C2 - C4 Alcohol Discrimination

There was a clear discrimination towards butanol in the responses of both WO3 and CTO sensor
sets with ZSM-5 admixed variant exhibiting the highest response (figures 5.65 and 5.66).
However, the enhanced ethanol response of the ZSM-5 overlaid WO3 sensor is comparable to
reported sensitivity of micromachined WO3 sensor [151]. Curiously, a trend identical to the
response of composite CTO-mordenite alkene responses was observed (figure 5.64), where
there appears to be no discrimination between IPA and butanol on the admixed sensor.
Conversely, for the overlaid sensor the lack of discrimination was between ethanol and IPA
(figure 5.66). The response magnitudes are presented in table 5.7.
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Figure 5.65 - Graphical representation of the ‘pattern’ showing variation in the composite zeolite-WO3
sensors responses (conductive) on exposure to 50 ppm concentrations of ethanol, IPA and butanol in dry
air and at 400 °C.
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Figure 5.66 - Graphical representation of the ‘pattern’ showing variation in the composite zeolite-CTO
sensors responses on exposure to 50 ppm concentrations of ethanol, IPA and butanol in dry air and at
400 °C.

These results also reveal discrimination between primary (ethanol and butanol) and secondary
(IPA) alcohols.
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Sensor Device
WEW5
WEW5+A
WEW5+F
WEW5+Z
WEW5+M
WEW5+!
WEW5+Y
WEW5+FS
MWE4
MWE4*30%-Z
MWE4*30%-M
MWE4*30%-!
CSEW5
CSEW5+A
CSEW5+F
CSEW5+Z
CSEW5+M
CSEW5+!
CSEW5+Y
CSEW5+FS
MCSE4
MCSE4*30%-Z
MCSE4*30%-M
MCSE4*30%-!

EtOH
-3.04
-2.73
-2.55
-3.84
-3.34
-3.63
-2.87
-2.96
-6.21
-5.29
-3.52
-3.48
1.50
2.03
3.30
2.53
3.22
2.49
2.47
2.06
2.68
5.08
4.98
3.89

IPA
-3.09
-3.30
-4.74
-6.73
-7.48
-5.50
-4.22
-3.56
-8.58
-18.82
-13.15
-10.24
2.02
2.73
5.00
2.28
3.42
2.83
2.80
3.66
3.19
8.66
14.77
6.48

Butanol
-5.48
-6.37
-12.29
-21.36
-22.74
-15.20
-9.31
-6.59
-15.38
-38.19
-29.38
-23.91
1.66
1.94
3.26
1.60
2.09
1.93
1.98
2.83
3.34
23.06
14.78
7.84

Table 5.7 – Response magnitudes (R/R0) of composite zeolite-WO3 /CTO sensors to 50 ppm ethanol, IPA
and butanol. The negative values in green represent conductive responses (R0/R).

5.4.3 Array Selection for Binary Mixture Discrimination

The array of sensors selected for binary mixture discrimination comprised ZSM-5 and mordenite
admixed WO3 and CTO sensors with corresponding control devices. These sensors were
selected to distinguish between 30 ppm CO and 500 ppb NO2 in a binary mixture. Results from
previous sections have shown the sensitivity of WO3 to NO2 and minimum response to CO albeit
with change in conductivity direction, whilst CTO have shown negligible response to NO2. Hence,
an array comprising these sensors is expected to show a pattern where WO3 sensors respond to
NO2 with CTO showing the already encountered unremarkable response. The results as shown in
figure 5.67 reveal a clear discriminatory effect by the array. Interestingly, when compared to
previous NO2 responses the CO constituent in the gas mixture appear to have no effect. This
result is comparable to previous work for higher concentrations of NO2 and CO mixtures [153].
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Figure 5.67 – Bar chart comparing the response magnitudes of composite zeolite-WO3/CTO sensors
exposed to 30 ppm CO and 500 ppm NO2 in dry air at 400 °C.

In general, these results have demonstrated the level of discrimination achievable from an array
of similar sensors with zeolites as analyte transformation inclusions.
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6.0 Conclusions
6.1

Analysis of Project Objectives

A brief overview of semiconducting metal oxides and their sensing mechanism was presented in
the introductory chapter in order to highlight the current issues and approaches targeted towards
improving their sensitivity and discriminating power when employed in monitoring environmental
gases. Having selected metal oxides with opposite intrinsic conductivities (n- and p-type), the
capability of a discriminating array of sensors fabricated using tungsten trioxide (WO3) and
titanium doped chromium oxide (CTO) as the gas sensing element was explored. Since the
ultimate goal at the onset of this study was to produce an array of composite zeolitesemiconducting metal oxide sensors capable of discriminating between different gases, the
deliverables were identified as follows:
•

Production of an array of metal oxide sensors with a selection of zeolites incorporated as
overlayers and admixtures.

•

Design and commissioning of a new test rig to accommodate array of sensors.

•

Sensitivity to low concentrations of target gases with minimum humidity interference.

•

Evidence of discrimination within the array that are repeatable.

•

Capability to distinguish specific analyte in a gas mixture.

The results presented in the previous sections attest to the achievement of these goals, which are
outlined here.

A large number of WO3 and CTO chemiresistive sensors were successfully fabricated using
standard screen printing techniques. Amongst the batches of WO3 and CTO sensors produced,
several were in unmodified form and these were used as controls. The remaining sensors were
fabricated with acid forms of zeolites A, ferrierite, ZSM-5, mordenite, ! and Y as overlayers
(overlaid sensors) whilst ZSM-5, mordenite and ! were incorporated into the oxide matrix
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(admixed sensors). Only the control and zeolite overlaid sensors were screen printed on both
narrow (NG) and wide gap (WG) interdigitated electrode alumina substrates. All of the materials
used were characterised using standard analysis techniques (XRD, XPS, EDAX and SEM) to
verify their composition prior to and post sensor fabrication. A series of preliminary experiments
revealed that WO3 and sol-gel CTO sensors made using ESL 400 organic binder with film
thickness based on 4 (NG) or 5 (WG) metal oxide layers and operated at 400 °C exhibited stable
and repeatable responses on exposure to low concentrations of simple inorganic gases and
VOCs.

A gas sensing rig (AA Rig) with capability for exposing eight sensors simultaneously to humid and
dry gaseous atmosphere was designed and built. Each sensor is housed in a dedicated port via
which current proportional to the required operating temperature is supplied and corresponding
conductivity measured. Delivery of air/test gas mixtures via flow controllers, including the
sequence and duration of delivery, is controlled by bespoke LabVIEW program that also logs
measured data and provide real time graphical display of dynamic responses for the sensor in
each channel. The AA Rig was successfully used to demonstrate reproducibility of the sensors
responses to test gases by corroborating results obtained from the existing Speed Rig. Its
modular design is intended to facilitate future upgrades thereby increasing functionality and
lifetime.

The dynamic responses of the overlaid and admixed sensors on exposure to specific
concentrations of NO2, NH3, CO and C2 – C4 alkanes, alkenes and alcohols was evaluated. The
results have demonstrated that the zeolite inclusions did not hinder diffusion, evidenced by the
correlation between the NG and WG overlaid sensor responses to simple inorganic gases. In
general, the zeolite inclusions have transformed the gaseous species into products that the
sensing element was either sensitive or insensitive concurrent to their unique properties.
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•

The H-A overlayer was found to be a passive filter often mimicking the behaviour of the
control WO3 and CTO sensors.

•

H-Ferrierite overlaid sensors was found to exhibit slow response and return to baseline in
accordance with its ‘shard’ like surface morphology. However, it enhanced the response of
WO3 on exposure to 500 ppb NO2 and showed immunity to humidity interference.

•

As an overlayer, H-ZSM-5 enhanced the response of WO3 to 25 ppm NH3 and 0.5 ppm NO2
quite substantially by a factor of 2 and exhibited immunity to humid NO2 ambient. The results
also show enhanced responses to 50 ppm C2 – C4 alkenes and alcohols from the WO3
overlaid sensors whilst the corresponding CTO sensor only showed enhanced response on
exposure to 50 ppm ethanol. The admixed WO3 sensor exhibited even greater response
magnitudes than the overlaid sensor in similar concentrations of NH3, NO2, C2 – C4 alkenes,
IPA and butanol, its CTO counterpart showed enhanced responses to 50 ppm C2 – C4
alkanes, alkenes and alcohols. These results confirmed as expected that the inclusion of
zeolites in the oxide matrix allowed access to gas sensitive reaction sites that would not
have otherwise contributed to the overall sensitivity of the sensor.

•

The H-Mordenite overlaid WO3 sensor was found to exhibit an interesting p-type to n-type
switch during the 300 second duration of NH3 injection. The results show an initial increase
in resistance upon gas injection lasting ~80 seconds prior to the expected resistance
decrease associated with n-type sensor response to reducing gases. This feature was
corroborated by the NG equivalent and attributed to the 1-D dimensionality of mordenite
channel structure, which introduced a change in O2 partial pressure and is responsible for
the slow response and return to baseline evidenced on both WO3 and CTO sensing
elements. The sensitivity of overlaid WO3 sensor to NO2 was enhanced in dry air whilst
significantly diminished in humid air, hinting at presence of reaction products to which WO3
is insensitive. Generally, WO3 and CTO overlaid sensors exhibited increased sensitivity
towards organic gases with the WO3 sensor favouring propene, butene and C2 – C4 alcohols
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whilst its CTO counterpart favoured ethene, propene, C2 – C4 alkanes and alcohols.
Furthermore, admixed WO3 and CTO sensors complimented the overlaid sensors results.
•

The H-! overlaid and admixed WO3 and CTO sensors were found to consistently exhibit gas
sensitivity and behaviour similar to H-ZSM-5 and H-Mordenite.

•

The behaviour of WO3 and CTO sensors overlaid with H-Y offered no distinguishing
characteristics that merited consideration for inclusion in a discriminating array of sensors.

In general, the 8 admixed sensors (WO3*30%-Z/M/! and CTO*30%-Z/M/!) including 2
unmodified control sensors (WO3 and CTO) exhibited enhanced responses and variance within
the array, whereas the 8 overlaid sensors (2 control, WO3+Z/M/! and CTO+Z/M/!) were found to
possess repeatable and gas specific graphical patterns of response that lends itself as useable
‘fingerprint’ of the gas under test.
•

Selection of a discriminating array of sensors for 30 ppm CO proved to be quite a challenge
due to lack of sensitivity by the sensing element. However, the pattern of response across
an array of 8 WO3 sensors comprising 3 overlaid (WO3+Z/M/!), 3 admixed (WO3*30%Z/M/!) and 2 control sensors (4/5 layer film thickness) was found to be repeatable and
hence, the CO fingerprint. These set of sensors were also found to adequately provide
fingerprints for 25 ppm NH3 and 0.5 ppm NO2.

•

Similarly to CO, there was little discrimination between the 50 ppm ethane, propane and
butane responses of the 16 sensors. However, the CTO sensor set comprising 3 overlaid
(CTO+Z/M/!), 3 admixed (CTO*30%-Z/M/!) and 2 control sensors (4/5 layer film thickness)
offered some degree of variance within the array for distinctive ethane, propane and butane
fingerprints.

•

Both WO3 and CTO overlaid and admixed array of sensors exhibited good variation in their
responses to 50 ppm C2 – C4 alkenes and alcohols. The WO3 array in particular, exhibited
distinctive selectivity towards butene and butanol, resulting in good ethene, propene, butene,
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ethanol, IPA and butanol fingerprints. Additionally, the WO3 array also demonstrates primary
(ethanol and butanol) and secondary (IPA) alcohol discrimination.
•

Array of 8 sensors comprising H-ZSM-5 and mordenite WO3 and CTO admixed sensors
(WO3*30%-Z/M and CTO*30%-Z/M) including 4 control (WO3 and CTO with 4/5 layer film
thickness) sensors, successfully demonstrated selectivity towards NO2 in a binary mixture of
500 ppb NO2 and 30 ppm CO. The NO2 response magnitude was concurrent with previous
results obtained in the absence of CO.

The results have demonstrated the level of discrimination achievable from an array of zeolite
modified screen printed gas sensors and highlighted practical candidates for complex gas mixture
analysis in an electronic nose. Whilst the current trend in solid state sensor technology is towards
functionally optimized nanomaterials, the results presented here show that rugged inexpensive
sensors fabricated from commercially sourced materials are stable and offer repeatable,
reproducible and selective discrimination.

6.2

Suggestions for Future Work

A further exercise involving the use of the gas specific sensitivity values (R/R0 and R0/R) obtained
from the array of sensors as input data for pattern recognition statistical software will enhance the
discriminatory power of the array. Additionally, since both metal oxides and all the zeolites used
had comparatively bigger grain sizes to the theoretical optimum grain size for improved
sensitivity, reduction of grain size by milling prior to sensor fabrication will improve the electrical
properties of the sensor array. Finally, the introduction of specific catalysts into the framework of
the zeolites can be used to tune chemical activity with the target gases in order to favour desired
reaction products seen by the sensing element.
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Appendix A – Test Rig Design
A1 – Test Cell Design Options
The design of the test cell where the sensor devices are housed and test gases delivered had
three requirements:
1.

Capability for multiple sensing devices.

2.

Small internal volume to enable instantaneous measurements.

3.

Chemically inert airtight enclosure.

A

B

Figure A1 – Technical diagram of cylindrical 12 channel test cell showing all dimensions.
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A

B

Figure A2 – Technical diagram of cylindrical 8 channel test cell showing all dimensions.
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Figure A3 – 3-D solid model of octagonal 8 channel test cell.

The internal volumes of the channels are cylindrical and idealised as 2 tubes labelled A (red) and
B (green) in diagrams A1, A2 and A3. Hence, using the cylinder volume formula – !r2h, the
wetted volume can be determined.
12 channel cylindrical test cell
A
12 x [! x (8)2 x 20] = 48254.86 mm3
B
12 x [! x (3)2 x 35] = 11875.22 mm3
Total wetted volume
~ 60 cm3
8 channel cylindrical and octagonal test cells
A
8 x [! x (8)2 x 18.1] = 29113.77 mm3
B
8 x [! x (3)2 x 20] = 4523.89 mm3
Total wetted volume
~ 34 cm3
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A2 – Flow Control Connections
•

MKS Model 1179A MFC cable connections
Pin
Number
2
3
4
5
6
7
8
12
15

Assignment
Flow Signal Output (0 to +5 VDC)
Valve Close (TTL Low)
Valve Open (TTL Low)
Power Supply Common
-15 VDC
+15 VDC
Set Point Input (0 to +5 VDC)
Signal Common
Chassis Ground

Colour
Black
Brown
Red
Orange
Yellow
Green
Blue
Violet
Grey

Other
Connection
NI USB 6008
NI USB 6008
NI PXI 6722
MFC Power Unit
MFC Power Unit
MFC Power Unit
NI PXI 6722

8

15

1

9

NI PXI 2503

Table A1 – MKS 1179A MFC 15-Pin Type D Connector Pinouts.

•

Takasago Solenoid Valve Model NRV-4E2N-7 with Darlington array to switch valve state

SV-1

SV-1

SV-2

SV-2

SV-3

SV-3

SV Power Leads

NI PXI 6722 (TTL DIO)

(ULN2803).

+ 24 VDC

Figure A4 – Darlington array connections for switching solenoid valve states.
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•

Data Acquisition (DAQ) card for flow metering (NI PXI 6722)

4

SV-3
3
SV-2
2
SV-1
1
5

4

5

2
1

3
Figure A5 – NI PXI 6722 DAQ card channel connections. The 5 MFC Set Point Inputs (Pin 8, blue cable –
table A1) are connected to the AO channels (blue). MFC Valve Open (TTL Low) connects to the DIO
channels (Pin 4, red cable) and the Solenoid Valves are connected to DIO 5-7 (green) to switch the valve
state.
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MFC-1

MFC-5

MFC-2

MFC-3

MFC-4

Figure A6 – NI USB 6008 DAQ channel connections for the 5 MFC Flow Signal Output (Pin 2, black cable –
Table A1).
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MFC-1
MFC-2
MFC-3
MFC-4
MFC-5

Figure A7 – NI USB 6008 DAQ channel connections for MFC Valve Close (TTL Low, Pin 3, brown cable –
Table A1).
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A3 – Sensor Response Measurement
The eight channel test cell connections for sensor conductivity measurements using NI PXI 4071
(DMM) and NI PXI 2503 (MUX) via terminal block TB 2605.

Figure A8 – NI TB 2605 Terminal block connections for 8 sensing channels measured by DMM/MUX unit.

A4 – Test Rig Control Software
The two VIs created for sensing rig operation are AA-Chip Firing and AA-Gas Test using
LabVIEW graphical programming application. The dataflow source codes (LabVIEW block
diagrams) are presented below.
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Figure A9 – Block diagram of AA-Chip Firing VI showing control and delivery of gas through the MFCs and
solenoid valves with the aid of a while loop.
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Figure A10 – Block diagram of AA-Gas Test VI, showing gas flow sequence loop in part 1 and DMM/MUX
measurement sequence loop in Part 2.
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