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Abstract

This research project aims to enhance the performance of a series of chemical-based sensor devices.
In particular, metal oxide gas sensors. These materials are well known and primarily employed in
several applications, thanks to their characteristic of interacting with volatile compounds, giving a
response in terms of reversible change in the electrical resistance. Another exciting feature of metal
oxide semiconductors, in particular rare earth-dope ones, is represented by their cataluminescence
(a type of light emission when they interact with certain volatile compounds). We attempt to register
simultaneously and combine the two different sensor responses (electrical resistance and light
emission) to enhance sensor sensitivity and selectivity. This mode of operation can be defined as

"dual-modality", and it represents a novel approach to sensor technology.

For this purpose, the first part of the research project involved the synthesis and the characterisation
of metal oxide nanoparticles to be employed in the sensing experiments. Afterwards, the materials
obtained were used as sensing elements in in-house made equipment, recording the electrical
resistance and the cataluminescence simultaneously. We tested each material under investigation
with the following volatile compounds: acetone, ethanol, hydrogen peroxide, nitroglycerine, ethylene
glycol dinitrate, 2,3-dimethyl-2,3-dinitrobutane, 2,4-dinitrotoluene and triacetone triperoxide. The
experiments were repeated at different sensor temperatures in the range of 150-400°C. These ensured
a full screening of the operating conditions and, consequently, the possibility of identifying the best

parameters to ensure optimal sensor performance.

The results obtained are encouraging in terms of sensor performances. In particular, the europium-
doping of the zirconium oxide gas sensor allowed achieving a higher cataluminescence production,
especially in the temperature range 250-275°C, and consequently a better sensor sensitivity.
Recording the light emission simultaneously with the resistance response was shown to be very
promising in terms of selectivity. If two given compounds showed a similar response in terms of
resistance, discrimination is still possible thanks to their different cataluminescence response

profiles.

This thesis work showed for the first time and promisingly the possibility of combining more than one
response from a single sensor to enhance its performance. We found out that the dual-modality can
increase the sensor's possibility to distinguish among different volatiles. Especially the doping with
rare earth metals, such as europium, increased the general response and consequently, they represent

a promising material for the employment of dual-modality sensing.



Acronyms and Abbreviations

Abbreviation Definition

BBR black-body radiation

CFCs chlorofluorocarbons

CTL cataluminescence

DM Dual-modality
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Chapter 1 - Introduction and aims of the work

1.1 Introduction

The research question which forms the basis of this MPhil is as follows: is it possible to enhance the
sensor performance by combining the resistance and the light emission response, recorded
simultaneously, from the same sensor, i.e. multi-modal sensing? There is a demand for practical,
inexpensive, portable and user-friendly detection systems to detect volatile organic compounds
(VOCs), and this research aims to fulfil that need. The detection of VOCs is important in areas such
as environmental monitoring [1,2], medical diagnosis [3-5] and safety applications [6,7]. Therefore,
several different analytical techniques and sensors found application in the detection of VOCs. In
particular, sensor systems based on metal oxides have found a number of applications in the detection
of VOCs [8-13] since they were first employed in the 1960s. Metal oxide sensor technology has made
great advances since its inception, and recently this has involved the incorporation of nanomaterials
to increase sensitivity and reduce the temperature of operation [14-16]. However, their fulfilment in
real-life applications still presents a number of drawbacks, including a lack of selectivity and

environmental sensitivity to changes in temperature and humidity [17,18].

This thesis looks to address this issue by increasing the sensitivity and the selectivity of metal oxide
sensors by recording more than one physical quantity from the same device: i.e. the electrical
resistance and the light emission (cataluminescence). A fundamental part of this thesis work was
consequently the synthesis of several metal oxides and their characterisation. In particular, the focus
was on doping with rare earth metals to increase the light emission response of these materials.
Therefore, the metal oxide produced and tested during this project were ZrO,:Eu®*, and these were

compared to undoped ZrO2 and the conventional metal oxide-based materials WO3 and ZnO.



In the case of the zinc oxide sensor, the UV-light activation at room temperature was explored instead
of heating to elevated temperatures. Previous work had shown that this type of sensor as well as

operating at room temperature, exhibited a higher selectivity to certain VOCs [19].

The resistance and the light emission response was measured following the interaction with different
volatiles for all the sensor materials under test. The signals were recorded simultaneously and
combined to obtain the dual-modality response of each sensor. The experiments were repeated at
different sensor operating temperatures (150-400°C) and at a range of target compound
concentrations. By analysing this large data set, the following questions were addressed. Firstly,
which temperature was optimal for each sensor in terms of sensitivity and selectivity. Secondly,
which sensor gave a better cataluminescence response to assess if doping with rare earth metals has
a significant effect on the metal oxides light emission response. Finally, we assessed combining these
responses to increase sensor sensitivity and selectivity under optimal operating conditions. The details

of the dual-modality response are reported in section 1.6 of this thesis.

1.2 Volatile organic compounds (VOCs): definition and importance

Volatile organic compounds (VOCs)are a class of carbon-based chemical compounds that possess
high volatility: the tendency of a solid to sublimate or of a liquid to evaporate. This characteristic is
typical of compounds with high vapour pressure so that those chemicals that tends to evaporate in
certain conditions of temperature and pressure. A standard definition of VOC is as follows: a
compound that at 293.15 K (20°C) presents a vapour pressure of 0.01 kPa. Also, they present a Reid

vapour pressure of over 10.3 Pa again at 293.15 K of temperature and 101.325 kPa [20].

Volatile Organic Compounds, are an inseparable part of human life: anthropogenic and natural

sources emit a large number of volatiles into the atmosphere and it is challenging to find a single



human activity that does not lead to a volatile emission: just to mention a few, driving a car, making
a fire, painting a house, cutting the grass, building materials, using pesticides and even exhaling [21].
VOCs and their detection have a crucial role in different areas, such as environmental and air quality
monitoring, medical diagnosis and safety applications [2]. These different fields of application are a

matter of discussion in this section.

1.2.1 Importance of VOCs in environmental monitoring

Regarding the first aspect, environmental monitoring, we mainly refer to controlling the level of air
pollution. A general definition of pollution is the one given in the Tenth Report of the Royal

Commission on Environmental Pollution[22]:

"The introduction by man into the environment of substances or energy liable to cause a hazard to
human health, harm to a living system, damage to structure or amenity or interference with legitimate

use of the environment".

Nowadays, air pollution is inevitably a pillar of the environmental issue, and, as reported by Colls
[23], each year, half a million people prematurely die because of exposure to air pollution (including
volatile compounds). 30’000 in 2019 just referring to the United Kingdom, as estimated by the World
Health Organization (WHO). In this context, VOCs play an important role, particularly the ones
generated by anthropogenic sources, such as industries and refineries (bulk and fine chemicals),
agriculture, vehicle emissions etc. Some critical aspects regarding the role of volatiles in air pollution

are:

- their contributions in the ozone layer depletion
- their role as greenhouse gases

- their role as harmful compounds for the environment and human health.



Derived from both outdoor and indoor sources, VOCs in the atmosphere have a specific impact on
human health and air quality [24,25]. In particular, indoor VOCs are a growing concern for public
health. Schlink et al. reported the presence of 30 different compounds belonging to the classes of
alkanes, cycloalkanes, aromatics, volatile halogenated hydrocarbons, and terpenes [26]. The
problematic aspect is that their indoor concentration may be up to ten times higher when compared
to the outdoor levels. As a matter of example, Lemer et al. reported an average level of benzene
indoor of 12.837 ug m, almost twice the outdoor benzene concentration [27]. Among the other
categories of compounds, aldehydes represent a class of harmful VOCs that is at higher
concentrations indoors compared to outdoors [28]. Venn et al. underlined the dependence between
indoor formaldehyde exposure and worsening of asthmatic children's wheezing symptoms [29], while
long-term exposure can cause a number of health conditions, including cancer [30]. Other examples
of indoor air pollutants are alcohols such as ethanol, ketones such as acetone, methacrylates (methyl
or ethyl) and ethyl acetate. Acetone, in particular, is present in large concentrations in the indoor
environment, with levels reported to be around 43.8 pg m™[31,32]. A study conducted in Mexico City
reported that formaldehyde and acetone mean indoor air concentrations were the highest of the series
of compounds analysed, reaching values of 97 pg m™ and 89 ug m™ respectively. These values are
significantly higher if compared with the outdoor level, which ranges from 4 to 32 ug m™ for

formaldehyde and from 12 to 60 ug m™ for acetone [33].

1.2.2 Importance of VOCs in medical diagnosis

Other than their importance in an environmental context, volatile organic compounds have a critical
role as indicators of human health. More specifically, they have a potential role in the non-invasive
early detection and diagnosis of several diseases. A vast number of biomarkers and metabolites are,
in fact, volatile organic compounds. A review from de Lacy Costello et al. [34] of healthy human

subjects and their associated VOCs showed that different VOC profiles were associated with different

10



bodily fluids. The combination of these profiles represents the current human volatilome. For
example, in human breath, it was possible to identify 1488 different volatiles due to the body
metabolic processes, and it is easy to imagine how the detection of these molecules is relevant for

medical diagnosis [4].

Not least, altered acetone levels have a central role in diabetes-affected subjects, as do the other
central ketone bodies acetoacetic acid and B-hydroxybutyric acid. These compounds presence derives
from fatty acid utilisation (and then of ketone bodies as metabolites) instead of glucose as an energy
source. Early-stage detection and monitoring can lower medical diagnostic costs and improve the
quality of life of affected subjects [35]. Acetone detection in human breath, with a view to diabetes
diagnosis and blood glucose monitoring, is a significant area of research [36-39]. Another strong
correlation between volatiles and human health is diagnosing the second highest cause of death in
men after heart disease, prostate cancer (PCa) [40]. The detection and analysis of volatiles to make an
accurate diagnosis can help find an alternative to avoid the present biomarker test of prostate-specific
antigen (PSA). The PSA test lacks accuracy, and this can lead to unnecessary prostate biopsies [41].
For example, the analysis of VOCs by a gas chromatography-mass spectrometry (GC-MS) system
can represent a non-invasive, patient-friendly and more accurate option [42]. The detection of
volatiles biomarkers collected from clinical samples represents a promising diagnostic tool. In fact,
it Is a non-invasive and, in most cases, inexpensive alternative in detecting altered metabolic
conditions [43,44]. VOC detection has the potential to play a crucial role in diagnosing infectious
diseases[45], metabolic disorders [46], poisoning[47], and other diseases, among which it is worth
noting diabetes and diabetic ketoacidosis [48,49]and tumours, in particular lung [50-53] and colorectal

cancer [54,55].
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1.2.3 Importance of VOCs in safety applications: explosives detection

Many explosives are volatile or contain volatile marking agents or volatile by-products from their
synthesis. Terrorism involving the use of explosives has increased due to the ease of manufacture of
some improvised explosive devices, ease of deployment and the widespread damage and disruption
caused by these explosive-based weapons [56]. Another concern is the location of landmines in
current and former warzones [57]. Different analytical techniques can detect nitroaromatic
compounds (NOCs), such as those using supramolecular ligands[58], micelles [59,60] and fluorescent
conjugated polymers[61-63]. Nitroglycerine (NG), cyclotrimethylenetrinitramine (RDX), octahydro-
1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), and 2,4,6-trinitrotoluene (TNT, one of the main
components in landmines) are nitroaromatic compounds. 2,4-dinitrotoluene (DNT), an impurity
present in TNT, has a headspace concentration of 148 parts-per-billion (ppb) compared to 6 ppb for
TNT at room temperature, making 2,4-DNT a more realistic target for volatile detection methods

[64].

Regarding plastic explosives, these commonly have a very low vapour pressure, but all commercially
manufactured explosives have a more volatile taggant added to aid in detection via headspace
sampling. One of these taggant compounds is 2,3-dimethyl-2,3-dinitrobutane (DMNB), which
presents a vapour pressure of 2700 pg m= (2.7 ppm). This compound is a convenient compound since
it allows the detection of the explosive to whom it is associated without affecting the shelf life and

explosives stability [65].

Another challenge is the detection of explosives that do not contain nitro groups, most notably
triacetone triperoxide (TATP). TATP and hexamethylene triperoxide diamine (HMTD) fall into the
category of home-made improvised explosives (HMEs) and have considerable vapour pressure at
room temperature and also contain volatile by-products such as acetone and hydrogen peroxide,

which are constituents used in their synthesis.
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1.3 Existing methods in VOCs detection

Against the background underlined in section 1.2, there is a high demand for effective methods to
monitor VOCs for atmospheric environmental measurement and human diseases diagnosis and safety
applications. Also, there is a current need to improve security screening methods for explosive

detection.

Different techniques have been used for the accurate quantification of VOCs. One of these methods
is spectrophotometry, definable as the quantitative measurement of a material's reflection or
transmission properties as a wavelength function. Spectrophotometry can be utilised to detect VOCs,
and an example is the one given by Khan et al., which describes the detection of airborne toluene

with good sensitivity by a deep-ultraviolet (UV) absorption spectrophotometer [66].

Gas Chromatography-Mass Spectrometry (GC-MS) is another vastly studied and well-established
technique in detecting volatiles, especially in medical diagnosis, for example, in the case of Woollam
et al., which used a quadrupole time-of-flight (QTOF) gas spectrometer to study compounds related

to breast cancer [67].

Ratiu et al. employed an aspiration-type ion mobility spectrometer (a-IMS) to analyse volatiles from
microorganism strains. They could detect compounds such as the marker ortho-nitrophenol (ONP)
produced by an enzyme-substrate reaction [68]. Gas chromatography-ion mobility spectroscopy has

also been shown to be promising in VOCs detection for routine diagnosis applications [69].

Selected-ion flow tube mass spectrometry (SIFT-MS) was used to measure BTEX compounds
(benzene, toluene, ethylbenzene, and the xylenes) in soil, water and air. One of the advantages of

SIFT-MS is the faster analysis time when compared with the classical GC-MS systems [70].

Proton-transfer-reaction mass spectrometry (PTR-MS) has been used in VOC detection, especially in

applications that require trace level detection in complex gaseous matrices [71].

13



All these analytical techniques present high precision and accuracy, but at the same time, are
characterised by high power demand, most are not portable and are expensive. As a consequence of
these factors, they are usually not suitable for field detection. Hence, over the last decades, sensor
systems have been a possible answer to the considerable and unfulfilled need for compact,
inexpensive and portable devices for infield use that enables quick detection of volatile organic
compounds. Consequently, a wide variety of VOCs sensor systems have been developed, and among
those, the ones based on metal oxide semiconductor materials are one of the most promising. They
combine good sensitivity, a rapid response time [72] and a detection limit at ppb level [73], with small

dimensions, compact size, and ease of use [74].

1.4 Metal Oxide Semiconductors (MOS) Gas Sensors

This section introduces the metal oxide semiconductors (MOS) materials studied during this research

project concerning their feature as sensing substrates: ZrO, ZrO2:Eu*, W03, and ZnO.

The theoretical aspects behind the MOS sensing mechanism and a possible explanation of the
phenomena occurring on their surface following the interaction with a given volatile are presented.
Following this, the two different conductivity types (n-type and p-type) are described, and a possible
sensing mechanism is proposed for the two cases. Finally, this section presents how an n-type and a

p-type MOS respond to oxidising and reducing volatile compounds.
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1.4.1 Gas sensors: definition and classification

As seen in Section 1.3, sensors systems represent a promising area of interest in VOCs detection. On
a general note, it is possible to define a sensor as a device that converts a physical or chemical
phenomenon into an electrical signal [75]. Different categories of sensors exist: acoustic, biological,

chemical, electrochemical, magnetic, mechanical, optical, radiation (particle), and thermal [76].

Herein we focus on chemical sensors, which can be defined as devices that transform chemical
information into an analytically valuable signal [77]. In other words, chemical sensors present a
material (i.e. metal oxides) as a receptor, which is a material that can change its chemical-physical
properties following the interaction with a volatile. A possible classification of chemical sensors is
the one reported in Fig.1 proposed by Wang [78]. We focused on gas sensors and, in particular, the
one based on metal oxide semiconductors (MOS). The materials herein presented are zirconium oxide

(ZrO), Europium-doped zirconium oxide (ZrO,:Eu®"), tungsten oxide (WQ3) and zinc oxide (ZnO).

Liquid film ion sensor

lon sensor lon selective FET
I Resistance sensor

Solid film ion
Sensor

Chemical sensor —Humidity sensor Capacitive sensor
Semiconductor \

Others
gas sensor
Gas sensor biosensor
Electrochemical
gas sensor
Contact combustion| | Polymer gas | | Optical gas Microbial Enzyme Immuno
gas sensor sensor sensor Sensor sensor sensor

Fig. 1 Possible classification of chemical sensors. The materials herein presented are
semiconductor gas sensors
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1.4.2 Zirconium Oxide (ZrO>)

The decision to study zirconium oxide as sensing support lies in the fact that it is a convenient
candidate to be employed in multi-modal applications. In fact, it is widely used in sensing applications
both as resistance and light emission sensors. A recurring theme in the various studies on pure ZrO;
as a sensor is the notable increase in performance when employed as a nanomaterial [79-81]. Whereas
bulk ZrO; used as a thick film has shown to be less sensitive to different gases [82-84]. Lobo et al.
successfully used ZrO2 nanotubes to detect a series of greenhouse gases (CFClz, CO2 and CHa) [85].
Husain et al. recently reported the possibility to employ zirconium oxide nanocomposites for the
selective detection of ethane [80], while Zhou et al. incorporated ZrO; in a graphene-like nanofiber
for sensing applications[86]. In general, applying zirconium oxide as a thin film in sensing devices is

of pivotal importance [86-88].

Zirconium oxide is a white crystalline oxide, also known as zirconia. The pure material, at room
temperature, presents a monoclinic crystalline phase, which has a transition to a tetragonal and cubic
phase at higher temperatures[82,89-91]. In particular, the tetragonal phase is stable for temperatures
in the range 1170-2370°C, while the cubic for temperatures above 2370°C [92]. Since the first studies
on solid electrolytes based on stabilised zirconia by Nernst at the end of the XIX century [93] and the
first applications of zirconium oxide as a gas sensor in the 1980s [94], this material has attracted
interest due to its features: hardness, refractive index, optical transparency, chemical stability, high
coefficient of thermal expansion, and high resistance to corrosion [95-97]. Thus, it finds application
in different fields such as fuel cell membranes [98], catalyst support [99] and, over the last thirty years,

as a sensing substrate.
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1.4.3 Europium-doped Zirconium Oxide (ZrO2:Eus*)

Pure zirconium oxide thin films produce luminescence [100-102] and also cataluminescence (CTL)
[103,104]. However, it is possible to enhance the light emission of ZrO; by including in its structure
rare earth metal ions such as Y3* [84], Er®* [105], and Sm®* [106]. The Europium-doping is also of
great interest since Eu®* complexes are characterised by narrow light emission bands and long
lifetimes [95]. These aspects are possible thanks to the introduction of f-electrons in a zirconia-based
material [107]. In addition, these light emission characteristics make ZrO2:Eu®* a likely candidate as
a highly sensitive gas sensor. Rosa et al. showed the potential of this material in oxygen detection
[95]. Zhang et al. underlined the promising characteristic of the europium-doped zirconia sensor,
particularly as regards CTL: high selectivity, high stability and simplicity of apparatus [108]. In
addition to sensing applications, the europium-doped zirconium oxide is currently employed in

optical thermometers [109], and photonic applications such as optical communication [110,111]

1.4.4 Tungsten Oxide (WQO3)

Tungsten oxide is a widely studied n-type MOS, largely employed as a resistance-based sensor. In
addition, it is a heavily used commercial sensing material. Consequently, it was included in this

research work as reference material for the resistance measurement.

Tungsten oxide is a yellow/bronze-like powder whose crystals can be found primarily in the
monoclinic crystalline phase (stable in the temperature range 17-330°C) and triclinic, orthorhombic,
tetragonal, and cubic phases [112]. Among the different possible applications, WOz has been
profoundly studied as a resistive gas sensor substrate. In recent years, Yu et al. reported a highly

sensitive and selective WO3 sensor for H2S in the temperature range 20-160°C [113]. Lei et al. also
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reported the possibility of detecting NO., H2> and NH alongside hydrogen sulphide. Currently, WO3

is a heavily used commercial sensing material.

As regards VOCs, an ultra-high selective tungsten oxide-based sensor for the detection of acetone
was recently presented by Zhang et al. [114]. At the same time, Ramanavicius et al. underlined the
possibility to detect a series of alcohol-based VOCs (methanol, ethanol, isopropanol) by a
WO3/WOs-«-based sensing surface [115]. Tungsten oxide sensors have been reported to have
performance improvement when constructed from nanomaterials. [103,104]. Consequently, different
WOs3 nanostructures are used in sensing applications: a WOz hollow-sphere gas sensor was fabricated
by Li et al. to detect with good sensitivity alcohol, acetone, CS», and other organic gases [116]. A p-
type sub-tungsten-oxide based urchin-like nanostructure was presented by Yao et al. for the detection

of ethanol [117,118].

1.4.5 Zinc Oxide (ZnO)

Zinc oxide nanostructures (nanowires, nanoparticles, nanorods, thin films, etc.) have been widely
studied. They find applications in different areas such as optoelectronics, sensors, transducers and
biomedical sciences such as microbiology, toxicology and virology [119-122]. This material,
commonly found as a white powder, usually presents tetrahedral coordination almost exclusively in
the wurtzite type structure [123]. ZnO is also characterised by a wide bandgap (3.37 eV), large exciton
binding energy (60 meV), and excellent thermal and chemical stability [124]. ZnO is also a widely
established gas sensing material [125-127]. Devices based on ZnO nanostructures play an essential
role due to their simplicity of the detection method [128], energy-saving, accessible auxiliary

materials and unsophisticated equipment [129].
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1.4.6 MOS nanoparticles gas sensors: working principles

MOS can be employed in sensing applications as nanoparticles since the nanoscale presents a series
of advantages: high stability, easy surface functionalization and potentially low operating temperature
[130]. In addition, nanoparticles exhibit excellent optical and electrical properties due to electron and
phonon confinement, high surface-to-volume ratios, modified surface work function, high surface

reaction activity, high catalytic efficiency and strong adsorption ability [131].

A key parameter in sensing applications is sensitivity. It is well known that if the particle size is
comparable to double the thickness of the space charge layer, the sensitivity will be considerably
enhanced [132]. In addition, the sensor sensitivity is directly proportional to the sensor surface area
exposed since a higher surface area can enable more contact with analytes [133]. Thus, nanomaterials
are often considered the best solution for gas sensor applications compared to bulk materials since
the specific surface area increases with decreasing particle size. As an example, a commercial-grade
zinc oxide shows surface areas between 2.5 and 12 m?/g, while ZnO nanoparticles can show surface

areas of 54 m?/g [134]

In the same way as the Silicon based semiconductors, it is possible to identify both MOS nanoparticles
in which the majority charge carriers are electrons (n-type) or holes (p-type). The origin of the two
different types of conductivities can be traced back either to doping aliovalent cations or oxygen non-
stoichiometry. An example of an n-type material is ZrO.. The n-type conductivity corresponds to a
surplus of electrons representing the majority charge carriers. According to Batzil et al., this type of
material present an excess of electrons due to the generation of electrons following the formation of

oxygen vacancies [135].

On the other hand, an example of p-type material is NiO, whose conductivity can be explained due
to the introduction of Ni?* vacancies occurring in conditions of oxygen excess [136]. Both p-type and
n-type metal oxides present different sensing mechanisms. Analogously, they give a different and

diametrically opposite sensing response in the presence of reducing and oxidising gases. Devices
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based on n-type MOS present are the most used in sensing applications, due to their relatively high
sensitivity, even though they present environmental sensitivity to changes in temperature and
humidity[136]. Regarding p-type materials, the main advantageous aspect underlined in the literature
is the possibility to reduce the dependence of the gas-sensing characteristics on humidity [136-138].
Nevertheless, p-type sensors showed an overall lower response when compared to n-type. Hibner et
al. suggested that when the morphological configurations of both sensor materials were identical, the

p-type showed a response equal to the square root of the n-type[139].

The adsorption and desorption of gases on a semiconductor materials' surface, causing a change in
the conductivity, has been well known for sixty years [140]. In clean air conditions, at a temperature
150°C<T<450°C, molecular oxygen adsorbs on the metal oxide surface as negatively charged ions:
0%, O, O2-, since it traps electrons from the metal oxide bulk at the surface layer. A description of

the phenomena occurring on the material surface is presented in Equation 1.

DE{Q] +e Df{adsl
Oz +2€ 2 O'(aas)
O +4 € ~ 2 'Dz':ads}

Equation 1

At the typical sensor operating temperatures above 150°C, O is the prevalent species. This
phenomenon occurs for both n-type and p-type metal oxides, resulting in an increase in the sensor
resistance (n-type) or a decrease (p-type). The sensor signal corresponds to a change in the electrical

resistance results from the interaction between these oxygen ions and an incident gas [74].

With reference to MOS nanoparticles, the core-shell model is a satisfactory way to describe the

response of a MOS nanoparticle when exposed to a compound in the gaseous state [136]. Thus, for
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both n-type and p-type materials, the ionosorption of oxygen forms a core-shell configuration in the
MOS nanoparticles. In particular, for n-type materials, the formation of an electron depletion layer
(EDL) occurs, representing the nanoparticle shell. This EDL is characterised by high electrical
resistance since the oxygen ions have captured the electrons. In contrast, the core of the nanoparticle
is characterised by a comparatively low electrical resistance, as shown in Fig. 2(a). On the other hand,
in p-type materials, we see the depletion of electrons by oxygen ions results in a hole accumulation
layer (HAL). In this case, the nanoparticles' shell is characterised by a comparatively low electrical
resistance. Whereas the core presents a high electrical resistance: the holes have moved to the shell,

shown in Fig. 2(b).

(a) n-type oxide
semiconductors Qﬁ.

Semiconducting core
(low resistance)

(b) p-type oxide
semiconductors

Insulating core
(high resistance)

Hole accumluation layer
(low resistance)

Fig. 2 Both in n-type (a) and p-type (b) semiconductors nanoparticles, the interaction with oxygen
brings to a core-shell configuration

In quantistic terms, O™ adsorption on the metal oxide surface brings about the formation of a space

charge region, to which is associated a surface band bending qVs, described in Equation 2.
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q* Nj
2eg9 np

qVs =

Equation 2

In the above equation, No is the surface density of oxygen ions, np is the donor density, q is the
elementary charge, € and o represent the absolute and the relative value of the dielectric constant. In
general terms, surface band bending magnitude under gas exposure is a measure of surface reactivity.

Changes of qVs can be measured by the Kelvin probe method.

1.4.7 Sensing mechanism for the n-type materials

From what has been said so far, it must be understood that n-type and p-type materials give
diametrically opposed responses to oxidising and reducing gases. Let us start with the case of an
n-type material, such as the well-studied SnO or the materials analysed in this work, such as ZnO
and WOs. When a reducing gas like CO approaches the surface of the MOS, it reacts with the

ionosorbed oxygen (Equation 3).

COgas + 0~ = CO, + HyO + e~

Equation 3

A combustion reaction occurs involving the reducing gas and the oxygen and producing H20 and
CO., which are desorbed to the gas phase. Consequently, the electron formally trapped by the
surface oxygen ions is now released back to the bulk. In quantistic terms, this process causes the

space charge layer to shrink.
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The macroscopic consequence is a decrease in the sensor's electrical resistance. The change in
resistance (the sensor's response) indicated the presence of a reducing gas on its surface, in this
case, CO. On the other hand, this aspect can represent a drawback in terms of selectivity since
most reducing gases react on the sensor surface, giving approximatively the same effect. This
phenomenon is even more relevant when the gases reacting on the surface have different

concentrations[17].

On the other hand, an oxidising gas (NO2) can also be defined as an acceptor since it subtracts
further electrons from the MOS surface. This results in an increase in sensor resistance (fewer
electrons are available for the conduction). As an example, Equation 4 describes the electrons

transfers occurring when NO: reacts with the metal oxide.

NOZ(gas) T e (surface) NOZ_(adsorbed)

Equation 4

1.4.8 Sensing mechanism for the p-type materials

In p-type materials, as discussed above, the conduction is via holes, positively charged pseudo-
particles representing the vacancy of an electron. Consequently, the interactions with oxidising
and reducing gases bring opposite results if compared with those of n-type materials. As we have
seen, a reducing gas (such as H) has the apparent ability to inject an electron into the hole
accumulation layer (HAL), causing an increase in sensor resistance. In contrast, an oxidising gas
that is able to subtract further electrons from the HAL corresponding to the formation of new
holes and to a reduction in resistance. The behaviours described in this section can be summarised

in Table 1.
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Table 1 Overview of the sensing behaviour (in terms of electrical conductivity) of n-type and p-type
semiconductors when exposed to oxidising and reducing gases

Interaction with:

Sensing material Oxidising Gases Reducing Gases

(NOz, ozone, N20) (H2, CO, H2S, NO, CHa)

n-type
(SnOz, In203, WO3, ZnO, | Resistance INCREASE Resistance DECREASE

Zr0Oy)

p-type
Resistance DECREASE Resistance INCREASE
(CuO, C0304)

1.5 Cataluminescence (CTL)

1.5.1 CTL: definition and overview

The cataluminescence (CTL) is a specific type of luminescence produced when a molecule is oxidised
through a catalytic process [141]. The term cataluminescence was first presented by Breysse, which
observed that the catalytic oxidation of carbon dioxide (CO2) on a thoria (ThO2) surface could
produce light emission [142]. It is possible to treat the light emission production process as an
adsorption-reaction-desorption process, as shown in Fig. 3 [143]. In more detail, the oxygen (O2) and
a reactant (R) diffuse from the gaseous phase to the surface of the catalyst resulting in the production
of chemisorbed reactant (Rag) and chemisorbed oxygen (O2aq). Following the catalytic reaction, the

desorbing process generates the chemisorbed product ROaq, which desorbs into the gaseous phase.
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Fig. 3 Schematic diagram of the basic principle of CTL as modelled by Hu et al., 2019 [143]

The exact mechanism is still under investigation, but up to this point, three different pathways have
been identified to explain how the generation of CTL occurs [144], including recombination radiation,
radiation from the excited species [145], and energy transfer emission[108]. In particular, for the rare-
earth ion-doped MOS, the energy transfer occurs between the excited intermediates and these doped
rare-earth ions, such as Eu®* or Th® leading to excitation of the rare-earth ions and release of

luminescence.

It is possible to explain the last case by studying the emission spectrum of acetaldehyde: indicating
an energy transfer process due to the overlap of the CTL emission spectrum of CH3CHO™* and the

absorption spectrum of the rare-earth ions. A schematic description of the process is as follows:
(1) CH3CH2OH catalytically oxidises into CH3CHO* on the surface of the catalyst;

(2) the energy transfer process between CH3CHO* and Eu®" takes place to form CHsCHO,

and Eu*”
(3) Eu®*" returns to the ground state (Eu®*) accompanied by the emission of light, as shown in

Equation 5. Thus, the rare-earth ion presence leads to higher light emission.
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Catalytic oxidation
CH;CH,0H -  CH3CHO"

Energy transfer 34y
CH3CH,0* + Eu®* =  CH3CHO +Eu

Eu¥* —— = Eu®+hy

Equation 5

1.5.2 CTL-based gas sensors: an overview

The light emission produced in the catalytic process described above can be employed for high
sensitivity gas sensor systems. Even though the electrical-based gas sensors (i.e. conductometric) are
the most studied worldwide, sensing devices based on cataluminescence can present different
advantages such as tolerance from electronic noise and independence from the electrical properties
of the material [146]. In addition, CTL-based sensors are characterised by rapid response [147], high
portability [148], and low detection limit and the instrument employed are usually user-friendly [149].
Nevertheless, cataluminescence sensors present several limitations. In the first place the lack of
selectivity when exposed to complex mixture of volatiles. At present, different CTL-based MOX
sensors have been developed for the detection of VOCs such as formaldehyde [150,151]. Hu et al.
reported a ratiometric CTL sensor for the detection of different volatiles [152], while Li et al. reported
the successful detection of carbon monoxide through an energy-transfer CTL process [153] Another
interesting outlook is the use of metal-organic framework (as highly effective adsorbents in the gas

capture and preconcentration) in combination with a sensing substrate able to produce CTL to achieve
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a high sensitivity response [149,154]. It is possible to obtain the CTL sensing also from metal-free

material, such as the porous boron nitride (p-BN) presented by Bian et al. [155].

1.6. Multimodal sensing

In the sensor technology, when two (or more) responses from a single sensor are combined to improve
the performance, we are talking about multimodal sensing. The critical advantage of multimodal
sensing is the possibility of achieving the needed selectivity through a single sensor device. This

option is consequently a portable, user-friendly, relatively low cost, and energy-saving solution.

Over the last few years, different multimodal sensing techniques have been developed to enhance
selectivity in detecting volatiles from a single sensor substrate. Wong et al. employed a
nanocomposite fiber within a quartz tuning fork, obtaining a sensor capable of detecting H>
selectively, combining chemo-mechanical sensing for sensitivity and electrochemical sensing for
selectivity. [156]. Another possibility is the one introduced by Bouvet et al., which included the

combination of conductivity and the reflected microwave measurement [157].

The combination of the resistance and the cataluminescence signal from a single sensor substrate,
which is the main object of this thesis work, represents another suitable possibility to obtain highly
sensitive and selective multimodal detection of volatiles. Even though sensors based on the resistance
and on the cataluminescence singularly have been widely studied (as underlined in the sections above,
their combination is a novel approach, firstly published as a patent by de Lacy Costello (P123791GB)

[158]. The work presented in the patent has been successively implemented and published [159].
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1.7 . Aims of the work

The need for highly responsive devices arises because sensors are not always capable of guaranteeing
a high degree of efficiency in real-life applications (i.e. mixed gas environment) [160]. Several
methods exist in the MOS gas sensors field to detect a specific target compound within a homogenous
mixture of volatiles. In the first place, the introduction in the MOS structure of metal particles may
increase the selectivity to a target gas. As an example, Gong et al. reported that the Cu doping of ZnO
nanoparticles enhanced the selectivity to CO [161]. However, this type of doping has been found to
guarantee only in part an enhancement in selectivity [132]. Selective gas detection can also be
achieved by the gas mixture pretreatment, i.e. using catalytic filters to remove interferants from the
mixture of gas containing the target compound before reaching the sensor device [162,163]. In
addition, another common possibility is to combine a series of different sensors (different materials)

in an array [164-166]. As outlined in Chapter 6, multimodal sensing presents several advantages.

This research project mainly intends to look into the possibility of combining the electrical resistance
and the cataluminescence responses from a single sensor to achieve better performance (i.e.
selectivity and sensitivity). To achieve this outcome, the following steps will be taken: Synthesis and
characterisation of a series of metal oxide semiconductors.

e Test of the synthesised material recording simultaneously the resistance and the light emission
with different volatiles. The experiments are repeated at different concentrations of the tested
compounds and in a range of operating temperatures, to identify the best operating conditions
for each of the materials under investigation.

e Combination of the resistance and the light emission response to achieve the multimodal
sensing and evaluate the possible advantages in terms of sensor performance (particularly

sensitivity and selectivity).
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Chapter 2 - Materials and Methods

2.1. Synthesis of zirconium oxide-based nanoparticles

The route followed for the synthesis of the metal oxides was a wet chemical method analogous to the
one reported by Zhang et al. [108].The materials synthesised for use in the fabrication of the sensing
devices were as follows: ZrO,:Eu®*, ZrO,:Y®, ZrO.:Tbh*" and ZrO.:Er**. Fig. 4 shows the

nanopowders obtained.

Fig. 4 The metal oxide nanopowder synthesised: from left to right ZrO2:Eu*, ZrO2:Y**, ZrO,:Th**
and ZrOz:Er®*

2.1.1 Synthesis of ZrOz:Eu*(5%)
The chemicals utilised in the synthesis of the mixed metal-oxide ZrO,:Eu®",(Europium five atomic

per cent of molar fraction in respect to Zirconium) were of analytical grade and used as received from

the suppliers: ZrO(NQOs)2 (Aldrich); Eu(NOs)s(aq); NH4sOH (aqg) (5M) (Fluka).

The preparation method involved the addition of 2.5 mL of a 0.02M Eu(NOs)s(aq) solution to 10 mL
of a 0.1 M ZrO(NOz3)2(aq) solution with rapid stirring. Different concentrations of the Eu(NO3)z(aq)
solution led to different atomic percentages of Europium in the final material. Analogously, using
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different rare earth precursor solutions, the other doped materials were obtained. Subsequently, a
0.1M NH4OH (aq) solution was added dropwise until the reaction mixture reached pH 8. The pH was
constantly monitored through a pH meter. The precipitate formed was filtered and washed three times
with deionised water. The precipitate was first dried in an oven at 60°C for 1 hour, and finally calcined

in a muffle furnace for 3 hours at 600°C.

2.2. Volatile organic compounds (VOCs) and interferants

All the chemicals utilised for the preparation of the VOC sensor testing standards were of analytical
grade and used as received from the suppliers; NG and EGDN were supplied by the MOD as 10% by
weight immobilised and phlegmatized on Kieselguhr (diatomaceous earth). The concentration range

utilised for acetone ranged between tens of ppb (29.6) up to approximately three hundred ppm.

Table 2 Volatile organic compounds (VOCs) tested and relative
sample vapour concentration (ppm)

Sample Concentrations (ppm)
Acetone 0.0296 — 296
Ethanol 0.05871 — 58.71
Water 312

Hydrogen Peroxide 1.92

Ethylene Glycol Dinitrate (EGDN) 75°C 0.63

Nitroglycerine (NG) 75°C 0.64
2,4-Dinitrotoluene (DNT) 75°C 0.50
2,3-Dimethyl-2,3-Dinitrobutane (DMNB) 75°C 2.76

Triacetone Triperoxide (TATP) 0.55-55
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2.3. Volatiles concentration validation using Selected-ion mass spectroscopy (SIFT-
MS)

In the sensing experiments, different volatile concentrations were obtained using a 10 mL gas-tight
syringe and undertaking serial dilutions of the test VOC headspace within the syringe. The
concentrations reported were validated by selected ion flow tube (SIFT) mass spectrometry to check

the method's accuracy.

The SIFT-MS used for all the experiments is a VVoice 200 (Syft technologies, New Zealand). The
sample inlet was set to the default flow rate of 30 mL/min, with the inlet capillary and operating at
120°C. The dwell time for each mass was set to 1000ms or 100,000 counts depending on which was
achieved first. The selected compound for this method was acetone. The detection limit was of 50

pptv and the accuracy +/- 10% in ppbv range.

Serial dilutions were carried out using a 10 mL gas-tight glass syringe. For example, 1 mL of acetone
headspace was taken from the vial and to obtain a dilution of 1/10, this 1 mL headspace sample was
diluted with lab air to 10 mL in the syringe and returned to 1 mL. By repeating this operation, a
second time this allowed a concentration of 1/100 of the headspace concentration of acetone,
repeating three times gave a concentration 1/1000 of the headspace concentration of acetone and so
on. The 1 mL sample was then interfaced with the SIFT-MS sampling head and analysed to obtain

the concentration in ppm.

2.4 Nanoparticle characterisation

2.4.1 Microscopy Techniques

Transmission electron microscope (TEM) images were captured using a Philips CM10 TEM, 100kV,

with a Gatan Orius SC100 (model 832) digital camera.
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The metal-oxide nanoparticles were also characterised using a scanning electron microscope (SEM),
operating at 30kV, combined with EDX using a FEI. Quanta 650 field emission SEM Three different
detectors were used: Large Field Detector (LFD), Gaseous Secondary Electron Detector (GSED) and

Gaseous Back Scattered Electron Detector (GBSD).

The nanoparticle materials' composition was determined using Energy Dispersive X-Ray
Microanalysis (EDX), using an Oxford Instruments AZtec Energy EDX system. The voltage used

was between 7.5-20 kV.

2.4.2 X-Ray Diffraction

X-Ray Powder Diffraction (XRD) patterns were recorded on a Bruker D2 Phaser in theta-theta
geometry using Cu (Kal/Ka2 A =0.15418 nm) radiation and a Ni K filter (detector side). Additional
beam optics and settings: primary and secondary axial Soller slits (2.5°), fixed 0.6 mm divergence
slit, Imm anti-scatter-screen, Detector: 1D LYNXEYE with a 5° window, Generator: 30kV, 10mA.
The software used for data analysis was DIFFRAC.SUITE COMMANDER, Bruker A.X.S.

DIFFRAC.EVA 2.1, Bruker AXS (2010-2012).

2.4.3 Spectroscopical techniques

Vibrational Raman spectra and photoluminescence spectra of sensor surfaces were recorded using a
Horiba LabRAM HR Evolution Raman Microscope using an Olympus M Plan x5, NA 0.15 objective
lens. For Raman scattering measurements, a 785nm laser, ~30mW, was used. For the

photoluminescence spectra, excitation was with a 532nm laser, ~0.3mW.
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For Cataluminescence and Photoluminescence measurements, the sensor was packaged in a dye cast
box with an optical window; vapour samples were input to the sensor chamber to obtain

cataluminescence spectra.

Cataluminescence spectra were recorded using an EG&G 1460 OMA system including a 0.25m
Jarrell Ash 82-497 polychromator, 300 lines/mm grating, and 1254 intensified silicon detector cooled
to -20°C and an accumulation time of 20 seconds. The sensor was placed immediately in front of the
polychromator entrance slit. The experimentally determined black body radiation (BBR) from the
heated sensor was subtracted from the total emission spectrum to yield the cataluminescence

spectrum.

2.5 Sensor Preparation

The sensor substrate was a 3 mm x 3mm square alumina tile. On the front face of the sensor, two gold
interdigitated electrodes (four pairs of interpenetrating bars, electrode gap 100 um) were screen
printed. Screen printing was undertaken at ESL Europe (8 Commercial Road, Reading, Berkshire,
RG2 0QZ), with John Whitmarsh and Karen Jones Williams. A Dec 1202 screen printing machine
was used for all screen-printing work. On the reverse face, a platinum heater track was screen printed
which also served as a temperature sensor. The sensor/heater assembly was wire bonded to a TO39
transistor can. The platinum heater's resistance at different temperatures (150-400°C) was determined
by placing the sensor in an oven whose temperature could be varied. The temperature was calculated
from the temperature coefficient of resistance (TCR) and the Ro value. In operation, a feedback
control loop was used to maintain the sensor at the required preset temperature.

All the sensors were fabricated using a drop-coating method to apply the sensor material to the
interdigitated electrodes: a small amount (0.2g) of the metal oxide was placed in a glass vial, and

sufficient water (0.4 g) was added to produce a thick slurry by stirring. The sensor was prepared by
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drop coating the oxide paste onto the sensor substrate's top surface (3 x 3 mm alumina tile) to
completely cover the interdigitated gold electrodes. The sensor was then allowed to dry at room
temperature for 12 hours before use. Fig. 5(a) shows the sensor uncoated, while Fig. 5(b) the sensor

coated with ZrO, and ready to be employed in the sensor system.

(b)

Fig. 5 Sensor uncoated: it is possible to observe the gold wires and the interdigitated electrodes (a).
The sensor used during the experiments; it was drop-coated with ZrO, nanopowder (b).

2.6 Experimental

Two different sensor system embodiments were used during the project: the heated sensor and the
UV-activated sensor. Regarding the first type, the critical aspect was testing three different
semiconductor metal oxides: ZrO,, ZrO,:Eu®" and WOs. Each of these sensors was tested for the
target compounds at an increasing concentration to explore which compounds a given sensor has the
best sensitivity and selectivity. Each experiment consists of the simultaneous recording of both the
resistance and the light emission sensor response following the interaction with a particular target
VOC. In this way, it is possible to have a complete screening in terms of resistance and
cataluminescence response and study these materials in dual-modality. The sensor substrate is
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temperature-activated. Consequently, all the experiments were repeated at different temperatures, in

the range 180-400°C.

Regarding the UV-activated sensor, the material studied was ZnO. In this case, the changes in
resistance following the interaction with a volatile was registered. The sensor was activated using a
UV-LED, and the incident light intensity was varied by adjusting the voltage supplied to the LED.
This enabled the selectivity of the sensor to be tuned compared to operating at maximum UV

intensity.

2.6.1 Heated metal oxide sensors

The sensor substrate is an alumina tile 3mmx3mm, which has interdigitated gold electrodes on the
obverse side, as in Fig. 6(a), and a platinum resistance heater on the reverse reported in Fig 6(b).
There are gold wires bonded to the electrodes and heater pads, and the whole structure is mounted
onto a transistor can to produce a stable sensor substrate. The sensor comprises a thick film paste of

the metal oxide, which is coated onto sensor substrates, Fig. 6(c)

nanoparticle

Ceramic substrate metal oxide film
(a) (~3x3 mm) (b) (C]
MO film

~0.2mm thick ¢

\\,
\

"y

Resistance
Heater:
Temperature (T)
interdigitated I —
electrodes
surface is heated
by integral heater

Fig. 6 Schematic representation of the sensors substrate: details of the ceramic substrate and the
interdigitated gold electrodes(a), the platinum resistance heater(b), the sensor system (c)
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The sensor is generally heated in the range of 180-400°C using a platinum resistance heater on the

sensor substrate's reverse. A schematic representation of the sensor system is reported in Fig. 7.

Housing
Measure
light emission
out
Ex in =
_—
Electronics
Temp set
Measure R

Fig. 7 Schematic representation of the temperature-activated sensor system

The sensor is located inside a chamber, 100 mL volume approximately, and inside a light-tight box
that eliminates background light which would interfere with the measurement of cataluminescence.
Air is drawn consistently through the chamber and across the sensor at a rate of 100 mL/min using a
micro diaphragm pump (K.N.F. Neuberger). The volatile compounds of interest are diluted from
headspace concentrations and injected using a 10mL gas-tight syringe via a silicone rubber septum
attached to the sensor chamber's inlet tubing. The constant flow rate mixes and transports the volatiles
to the sensor chamber within a few seconds. The final concentration in the chamber is calculated, and
the dual-modality response is measured. Several controls are run, such as injecting air or water
headspace to ensure that the response is due to the target and not just due to humidity, background
volatiles, syringe contamination or oxygen partial pressure, et cetera.

As previously mentioned, the tests on a given sensor are conducted at different temperatures (180°C

to 450°C, for example) and different concentrations of the target volatile compound (low ppb to high

ppm).
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2.6.2 CTL measurements

The light (cataluminescence) produced following the reaction occurring on the sensor's surface is
detected by a Hamamatsu photomultiplier with a photon-counting mode. The photomultiplier gives
a signal related to the number of photons emitted by the sensor, and it is detected by an ASCEL
Electronic AE20401 5.8 GHz Frequency Counter. Then, the light emission, expressed in photons per
second, was plotted against time to obtain a cataluminescent response profile. Regarding the
resistance, the sensor is linked to a voltage source (1V applied), and the change in current in response
to the presence of a volatile compound is monitored via a Keithley Electrometer model 617 and

connected through a suitable Picolog analogue to digital converter interface to a computer.

2.6.3 UV-activated sensor

An alternative approach developed at UWE and more widely in the literature [19]is replacing the
substrate's heating with UV illumination, which photoexcites the oxide material, having a similar

effect and giving sensitivity at room temperature. A diagram of this embodiment is shown in Fig. 8.

UV LED
MO film
~0.2mm thick y
G .
y —"Y
Substrate

(®

Fig. 8 Diagram of the UV-activated resistance sensor
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The sensor system was analogous to the one described above for the temperature-activated sensor,
but in this case, external heating was not required. Since, in this case, the cataluminescence produced
by the sensor was not registered, this embodiment did not include a photomultiplier. At the same
time, UV-light emitting diodes (LEDs, RS Components, Corby, Northants, NN17 9RS) were utilised
as the UV source in all the experiments. They had a quoted peak wavelength of 400 nm and a
measured maximum intensity of 30 mW/cm?2. This value was selected based on the material
properties. In fact, this value was selected based on the material properties. In fact, zinc oxide shows
a band gap of 3.44 eV. The wavelength of 400 nm as the UV absorption maximum is close to this
band gap value. The LED incorporated a lens to give a focussed source of light. These were
incorporated into the rig so that they were Imm above the sensor surface, and the UV light was

focused directly onto the oxide surface. The UV level was adjusted and not operated at peak intensity.
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Chapter 3 - Results

3.1. Material Characterisation

3.1.1 X-Ray diffraction (XRD)

The powder X-Ray Diffraction experiments were performed on the ZrOz and ZrOz:Eu**(5%)

nanoparticles (NPS). Fig. 9 shows the diffraction pattern for the undoped zirconium oxide.
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Fig. 9 X-Ray Diffraction (XRD) pattern of the undoped zirconium oxide

The data are reported as 2 theta (two times the incidence angle) value vs the signal intensity, registered
as an absolute value by reference with the most intense peak. The software Match3! was used to fit
the experimental data to a library diffraction pattern and to attribute the crystalline phase. The same

pattern with the corresponding fit is shown in Fig. 10.
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Fig. 10 XRD pattern of the undoped zirconium oxide and relative phase attribution fitting. The blue
trace refers to the experimental data, while the red trace corresponds with the library diffraction
pattern.

The XRD pattern is well fitted, and a monoclinic phase was attributed to the ZrO,. Analogously, in
Fig. 11, the ZrO2:Eu3*(5%) diffraction pattern is shown, while Fig. 12 presents the fit-pattern that

allowed the crystalline phase attribution.
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Fig. 11 X-Ray Diffraction (XRD) pattern of the ZrO:Eu®*(5%)
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Fig. 12 XRD pattern of the ZrO,:Eu®*(5%) and relative tetragonal phase attribution. The blue trace
refers to the experimental data, while the red trace corresponds with the library pattern

It was also possible to calculate the average particle size through the Debye-Scherrer formula
(Equation 6):

KA
¢ Bcosb

Equation 6

Where Dc is the average particle size, K is the Scherrer constant taken to be equal to 0.94; the X-Ray
source wavelength is 0.15418 nm, and f is the full-width half-maximum of the peak at a diffraction
angle of 6. The average particle size calculated for the undoped oxide was 17 nm, and that for the

Europium-doped was 21 nm.

3.1.2 Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM)

The transmission electron microscopy experiments were performed on ZrO; and the ZrO2:Eu®* (5%)
nanoparticles. The ZrO, nanoparticles image is reported in Fig. 13, where it is possible to observe a
uniform distribution in terms of particle size, that the nanoparticles are monodispersed and have a

spherical shape. The particle size distribution calculated by the software ImageJ was 22 nm which
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agrees well with the theoretical calculation based on the Debye-Scherrer equation. Fig. 14 refers to

the ZrO,:Eu®* synthesised in the laboratory.

200 nm

Fig. 13 Transmission Electron Microscopy (TEM) image for ZrO;

200 nlifl
| —

Fig. 14 Transmission Electron Microscopy (TEM) images for ZrOz:Eu®*(5%)
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In this case, the first aspect that it is possible to underline is the formation of different clusters. The
particles seem to have maintained the spherical shape, even if the size reduced considerably. This
aspect is also confirmed by the average particle size of 15 nm, also calculated with ImageJ. Again,

this is in good agreement with the theoretical calculations based on the Debye-Scherrer equation.

The same nanoparticles were also investigated with scanning electron microscopy (SEM). This
technique has previously been employed for the characterisation of zirconium oxide nanoparticles
[167-169]. In our case, it was possible to make an imaging study both for the undoped and for the

Europium-doped zirconium oxide. Fig. 15 shows the ZrO,, while Fig. 16 refers to ZrO2:Eu*(5%).

Fig. 15 Scanning Electron Microscopy (SEM) images for the) ZrO. nanoparticles
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Fig. 16 Scanning Electron Microscopy (SEM) images for ZrO,:Eu*(5%) nanoparticles

3.1.3 Energy Dispersive X-ray Analysis (EDX.)

The elemental composition of ZrO, and the ZrO2:Eu **(5%) was studied and confirmed by energy
dispersive X-ray analysis, and the spectra are reported in Fig. 17 and Fig. 18, respectively. In
particular, Fig. 18 shows three prominent peaks attributable to the presence of europium in the

material. The experiment utilised a beam acceleration voltage of 20 kV.
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Fig. 17 EDX spectrum for undoped ZrO> material. The peak positions for zirconium and oxygen are
marked.
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Fig. 18 EDX spectrum for ZrO2:Eu®*(5%). The peak positions for zirconium, oxygen, and europium
are marked
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3.1.4 Raman Spectroscopy, Photoluminescence and Cataluminescence

The Raman spectra are shown in Fig. 19 for the undoped ZrO> and the europium doped ZrO, materials
for an excitation wavelength of 785 nm. The ZrO> (blue trace) was attributed to a monoclinic phase
(m), while the ZrO2:Eu®" (red trace), to a tetragonal phase (t). The peaks' positions are marked

following Hui et al.[170]: monoclinic at 179 and 190 cm™ and tetragonal at 147, 264, 319, 462 and

642 cm™.
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Fig. 19 Raman spectrum of the undoped ZrO- nanoparticles (upper trace) and ZrOz:Eu*
nanoparticles (lower trace).

The photoluminescence (PL) spectrum for the ZrO,:Eu* material is shown in Fig. 20(c), recorded at
a sensor temperature of 450°C. The two major PL peaks are at 592 and 607 nm. Hui et al. recorded
PL spectra for ZrO, doped with Eu®* with concentrations in the range of 0.5 to 5%. Reference to Fig.
19 of Hui et al.[170] shows that, for PL excitation at 254 nm, they observed principal PL peaks at
similar positions, i.e. 593 and 608 nm. When their material was doped with at least 3% Eu®*, their PL

line shapes were similar to those we found for our europium doped zirconium dioxide.
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Cataluminescence spectra shown in Fig. 20 regarding the interaction of acetone vapour (2 parts per
thousand) with (a) undoped ZrO and (b) ZrO2:Eu®* also at a sensor temperature of 450°C. The
cataluminescence spectrum from ZrO,:Eu®" is similar to that of the corresponding photoluminescence
spectrum recorded at the same temperature (Fig. 20(c)). The cataluminescence spectrum from the

undoped ZrO; is a broad featureless response over the 400 — 700 nm region.
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Fig. 20 Photoluminescence and cataluminescence spectra at 450°C: (a) cataluminescence from
undoped ZrO: for acetone at 2 parts per thousand (ppth). The blue dotted line indicates the
calculated form of black body radiation (BBR). (b) cataluminescence from ZrO,:Eu* for acetone at
2 ppth and (c) photoluminescence from ZrO,:Eu®* with 532 nm excitation.

3.2 Concentration test: SIFT-MS

This section presents the Selected lon Flow Tube - Mass Spectrometry performed to validate the
syringe dilution method. Fig. 21 shows that diluting the acetone's headspace concentration by a factor
of ten using the syringe corresponds to a drop-in concentration in the SIFT response and that this
drop-in concentration corresponds to a circa 10-fold decrease in the measured concentration of
acetone in ppm.
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Fig. 21 Different dilution levels, starting from acetone's headspace concentration, were registered
by selected ion flow tube (SIFT) mass spectrometry

It is also possible to compare the expected values of acetone concentration for a given dilution and
the concentration effectively registered by the SIFT-MS. The slope obtained by linear regression of
the SIFT-MS measured data vs the theoretical values of acetone concentration is reported in Fig. 22.
Four dilutions have been considered. The data measured by the SIFT-MS gives a good correlation

with the theoretical values calculated.
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Fig. 22 Theoretical acetone concentration as a function of the concentration measured by SIFT-MS
when using the glass syringe-dilution method.

3.3. Sensing experiment: an overview

The following sections (3.4-3.7) present the results in terms of electrical resistance and CTL for the
four sensing materials included in this research project: ZrO,, ZrO2:Eu®*(5%), WOs and ZnO.
Regarding the ZnO sensor, the cataluminescence experiments were not carried out, and these
measurements will be the object of future studies. A series of volatile organic compounds (VOCs)
and interferants were analysed with the sensing apparatus described in the Materials and Methods
section: acetone, ethanol, water, hydrogen peroxide, ethylene glycol dinitrate (EGDN), nitroglycerine
(NG), 24-dinitrotoluene (2,4-DNT) and 2,3-dimethyl-2,3-dinitrobutane (DMNB). All the
experiments were conducted at room temperature and humidity conditions (RH = 40-60%). Each

sensor was tested at the temperatures 150°C, 180°C, 200°C, 250°C, 275°C, 300°C, 350°C and 400°C.
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Regarding the electrical resistance, the response was measured in Ohms as a function of the time
(seconds). The sensor performances were characterised in terms of percentage response, as defined

in Equation 7.

R% ::gfilfi::_fkﬂﬁl x 100
Rair

Equation 7

In Equation 7, Rair is the sensor resistance value in the presence of laboratory air, while Rgas refers to
the sensor response when a target gas (for example, ethanol) is injected into the system. In particular,

the Rgas Value corresponds with the maximum of the response peak.

The light emission signal is expressed in photons per second as a function of time (second). The CTL
response is determined by subtracting the baseline (black body radiation, BBR) from the peak value.
In fact, the baseline is associated with the black body radiation, and consequently, it increases with
temperature, as it is possible to see in Fig. 23. It is possible that the increase in the BBR with
temperature masks the cataluminescence response, and additional filters could be used to reduce the

BBR and observe the true CTL response at higher temperatures.
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Fig. 23 Increase of the background (black body radiation) as a function of the temperature

To assess the multimodal sensing characteristics of the synthesised materials, the resistance and the
cataluminescence were measured simultaneously. As an example, Fig. 24 shows the dual-modality
profile of the europium-doped zirconium oxide at a sensor operating temperature of 300°C. The
device was tested with three consecutive injections of acetone at a concentration of 296 ppm. The
figure shows a peak in the light emission (cataluminescence) which corresponds with an increase in

the electrical resistance of the sensor when exposed to acetone vapour.
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Fig. 24 Dual-modality profile for the ZrO2:Eu®*(5%) at the operating temperature of 300°C,
following three subsequent injections of acetone (296 ppm), It is possible to notice the high
repeatability of the resistance (black trace) and CTL (red trace) responses. Both responses occur
simultaneously (multimodal response) but with different kinetics.

The above graph shows the raw data of the dual-modality experiments: the light emission (CTL)
response expressed in Hertz (photons per second) and the resistance in Ohms versus the time
displayed in seconds. The first aspect to point out is that the Europium-doped zirconium oxide gave
a p-type response (the resistance increase following the interaction with acetone), while the undoped

ZrO» showed an n-type behaviour in the experiments with acetone.

In addition, the graph allows us to underline several characteristics of the dual-modality experiment.
First and foremost, the simultaneity of the resistance and the CTL response, without which it would
be meaningless to talk of dual-modality. Secondly, the high reproducibility of the response signal for
both the modalities (£5%). Thirdly the response time for the injected pulse is analogous for both the
modalities (~10s); on the other hand, the recovery time is significantly different: in the experiment
reported in Fig. 23, the average recovery time for the resistance was ~1400 seconds (23 minutes)

versus ~180 seconds (3 minutes) in the case of the cataluminescence response. The definition used
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for the recovery time was the time required for the signal to recover fully to the pre-exposure

background level.

The dual-modality response was expressed with a ratio between the light emission (cataluminescence)

and the percentage resistance response (Equation 8).

Light Emission

Dual — dality =
ua moaality Resistance response (%)

Equation 8

The error computation in the following sections was calculated as in Equation 9, so that as the ratio

(e) between the standard deviation (o) and the square root of the number of repeated measures (n).

o
e=—

Vn
Equation 9

3.4 Zirconium oxide sensor (ZrO>)
3.4.1 ZrO3 - Resistance experiments

The volatiles analysed during the research project were tested at a range of concentrations. In
acetone's case, the range investigated was from 29.6 ppb up to 296 ppm Fig. 25 shows the sensor
response following the interaction with three consecutive acetone injections at an operating
temperature of 150°C. Even at this temperature, the lowest investigated, the sensor showed a
significant response to acetone. The mean response to acetone was circa 75%. Also, Fig. 26 shows a
concentration reduced by a factor of ten when compared with Fig.25, still at 150°C (resistance

response of 30%).
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Fig. 25 Zirconium oxide resistance response to acetone (296 ppm). Temperature set to 150°C
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Fig. 26 Zirconium oxide response to acetone, for a concentration of 29.6 ppm and a sensor
temperature of 150°C
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Analogous results were found for higher operating temperatures. Fig. 27 shows a similar pattern of
response following the interaction with acetone, at 300°C. In this case, the acetone concentration was

296 ppm, and the volatile was injected three times into the sensor system.
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Fig. 27 ZrO response to three injections of acetone (296 ppm). In this case, the operating
temperature was set at 300°C

An overview of the sensor percentage resistance response to acetone (still at 296 ppm) as a function
of the temperature is reported in Fig. 28. The error bars reported in this figure (as well as the one in

the following sections) refer to the error value calculated according to Equation 9.
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Fig. 28The resistance response showed a great dependence to the temperature. The resistance
behaviour as a function of the operating temperature showed that the best sensor performances, in
terms of sensitivity, corresponded with 200°C. The graph refers to 296 ppm of acetone.

This graph is of particular importance since it allows us to estimate the ideal operating temperature;
in other words, to establish at which temperature the sensor gave the best response to acetone. In the
undoped zirconium oxide case, this temperature (Tmax) was 200°C. The zirconium oxide sensor
showed an analogous behaviour towards acetone at lower concentrations. Fig.29 shows the sensor

response as a function of the temperature when testing to a concentration of 2.96 ppm.
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Fig. 29 Temperature dependence of the ZrO> response following the interaction with acetone. In
this case, the concentration was lower (2.96 ppm).

Although the magnitude of response is small as expected, we can observe that the Tmax was reached
in the range 200-250°C, in agreement with the results presented in Fig. 28. Similar comparisons were
made for ethanol. The sensor response to ethanol as a function of the temperature is shown in Fig.

30.

57



o
o
|

-~
o

A

(%)) [=2]
o o
/

1Y
o
|

Zro

2

Ethanol

58.7 ppm '
pp ; _—

(23]
o
|

Resistance response (%)

-
o

U 1
125 150 175 200 225 250 275 300 325 350 375

Temperature (°C)

Fig. 30 ZrO; response to 58.7 ppm at the different operating temperatures at which the sensor was
tested

Also, zirconium oxide showed a higher response to ethanol than acetone in terms of resistance change.
Fig. 31 makes a comparison between the temperature profile of the response for acetone (29.6 ppm,
black trace), ethanol (58.7 ppm, red trace), and water (31.2 ppm, blue trace). These specific dilutions
of acetone and ethanol were obtained from headspace concentrations of these volatiles. This values

are relatively close dilutions of the same magnitude.
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Fig. 31Comparison of the temperature dependence of the sensor response when tested to acetone,
ethanol, and water.

The series of volatiles related to explosives were also tested, and their response at various
temperatures (range 150-250°C) is shown in Fig. 32. In this case, the sign of the resistance response
was also reported. In particular, the interaction of the zirconium oxide sensor with nitroglycerine
(0.63 ppm, reported in yellow in the graphic) and ethylene glycol dinitrate (0.63 ppm, grey) was
followed by an increase in the sensor resistance. On the other hand, 2,4-dinitrotoluene (0.54 ppm,
orange) and 2,3-dimethyl-2,3-dinitrobutane (blue) both caused a decrease in the resistance response.
The best overall performances corresponded with the temperature range of 180°C, while the sensor

did not show significant changes of resistances for T>250°C for these four compounds.
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Fig. 32 Zirconium oxide response to some explosive linked compounds at different operating
temperatures. ZrO2 showed the best response to 2,4-DNT at 180°C

3.4.2 ZrO; - Cataluminescence (CTL) experiments

Fig. 33 shows the sensor response to acetone at the operating temperature of 150°C: The graph shows
the fast response time and the high repeatability of the response. These characteristics are regular
features of the cataluminescence experiments. Similarly, to the resistance experiments, the CTL

signal increases with an increase in the analyte concentration, as Fig. 34 shows
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Fig. 33 ZrO, CTL signal when interacting with 296 ppm of acetone. This volatile was injected three
times in the system, leading to the characteristic three peaks that we can observe above

17500 - -
15000 _' Acetons 1
— o |EG+C -—
[ |
T 12500
E 10000 =
IE 4
0 7500
E 4 -
L 5000 -
E 4
oy 2500 7]
3 .
0 L] L] =
Pt e 1o
0.0 0.1 10 100

Concentration (ppm)

Fig. 34 Concentration dependence of the CTL from the zirconium oxide with a linear fit. The signal
increases with the concentration rise.
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The same pattern recurred for the higher temperature investigated. As an example, Fig. 35 shows the

concentration dependence of the CTL response at the operating temperature of 300°C.
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Fig. 35 Concentration dependence of the ZrO; light emission (acetone) and linear fit. The operating
temperature, in this case, was 300°C

It is interesting to establish whether it is possible to identify a Tmax for the light emission, which is
to say, a temperature giving the best CTL response. Fig. 36 shows the light emission signal for acetone

as a function of the temperature at the fixed value of the concentration of 296 ppm.
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Fig. 36 Temperature dependence of the CTL response to acetone (296 ppm) for the undoped
zirconium oxide. The best sensitivity is achieved in the range 275-300°C

From the above plot, it is possible to observe that the best sensor performances, in terms of response,
increased with the increasing operating temperature, and reached a broad peak at a temperature range
spanning 275-300°C and then decreased again at higher temperatures. Thus, the optimum CTL
response is reached at 275°C. This is also the case when considering lower concentrations of acetone.
In particular, Fig. 37 shows the light emission response as a function of the temperature at an acetone

concentration of 2.96 ppm.
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Fig. 37 In the case of lower concentrations (2.96 ppm), ZrO, showed the best cataluminescent
response at 275°C

A similar behaviour was found for ethanol (58.7 ppm), which is reported in Fig. 38. Although for

ethanol the Tmax for the cataluminescent response at this concentration is lower 250°C.
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Fig. 38 CTL signal produced by the zirconium oxide sensor when exposed to ethanol (58.7 ppm) as
a function of the temperature. The best response was at 250°C

A series of other compounds were tested against the ZrO> sensor. In particular, Fig. 39 shows the
temperature dependence of the sensor response following the interaction with 2,4-dinitrotoluene (2,4-
DNT). The concentration of this compound was 0.54 ppm. The reduction of response to zero after
275°C is likely to be a function of the BBR increasing and the low overall response to 2,4-DNT. The
low response to 2,4-DNT is in part due to the lower concentrations used for the experiments due to

the use of headspace concentrations which are limited by the low vapour pressure of 2,4-DNT.
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Fig. 39 Temperature profile of the light emission response to 2,4-dinitrotoluene (Twmax at 175°C)

The temperature value giving the best performance in terms of CTL was observed at 175°C. Also, it
is possible to affirm that explosives gave a lower CTL response in general if compared with the one
from ethanol even when considering the differences in concentration. This characteristic is confirmed
by Fig. 40, showing the light emission from comparable concentrations of 2,4-DNT (0.54 ppm, black
trace) and ethanol (0.587 ppm, red trace). Fig. 41 shows the experiments conducted on another

explosive compound, DMNB (2.76 ppm).
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Fig. 40 Comparisonbetween the CTL response to ethanol (red trace) and 2,4-dinitrotoluene (black
trace), as a function of the operating temperature.
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Fig. 41 Zirconium oxide response to 2,3-Dimethyl-2,3-dinitrobutane (DMNB) at different
temperatures. The best performances corresponded to 180°C
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Analogous with what was observed for 2,4-DNT, the Tmax for DMNB occurred at 175°C.
Nytroglicerine (0.63 ppm) was also tested, exhibiting a CTL response with temperature profile shown

in Fig. 42.
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Fig. 42 ZrO light emission response to nytroglicerine (NG) at all the temperature tested. The best
performances corresponded to 150°C.

Interestingly, NG displayed the best response at the lowest temperature tested, which is to say at
150°C, while in conditions of higher operating temperature, the signal decreases. Again, this might
be partly attributed to the increase in the BBR vs. the low overall response to the explosive linked
compounds partly based on their low vapour pressure. It should be noted that testing to NG at lower

temperatures may elucidate an actual T-max value.

Therefore, it is helpful to show (Fig. 43) an overall comparison of the CTL responses from different
volatiles. The graph shows that the sensor did not produce any significant light when exposed to water
headspace (blue trace) for all the temperatures tested. Regarding 5.87 ppm of ethanol, the light

emission response increased alongside the temperature increase, reaching a peak at 250°C (which can
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be identified as the Tmax) and then decreasing for T>250°C. In the acetone case, an analogue pattern
was observed (2.96 ppm, black trace), and the maximum response value corresponded with the

275°C.
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Fig. 43 Comparison of the undoped zirconium oxide response to acetone, ethanol and water as a
function of the temperature.

69



3.5 Europium-doped zirconium oxide sensor (ZrO2:Eu®*(5%0))

3.5.1 ZrOz:Eu**(5%) - Resistance experiments
The concentration dependence of the resistance response was also observed for the europium-doped

zirconium oxide. In particular, Fig. 44 shows the resistance response to acetone as a function of the
volatile concentration (from 0.296 ppm to 296 ppm). The operating temperature to which the graph

refers was 300°C.
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Fig. 44 Resistance dependence of acetone concentrations at 300°C. The concentration is reported
in a logarithmic scale

The experimental design for the ZrO2:Eu®*(5%) was the same employed for the undoped-oxide.
Nevertheless, the first aspect that we have to underline when considering the ZrO,:Eu®*(5%) sensor
is the positive resistance response to the volatiles investigated, in line with the behaviour of a p-type
material. For example, Fig. 45 shows three subsequent injections of acetone (296 ppm) at the

operating temperature of 300°C. To be noticed that the interaction with acetone caused an increase
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of the material resistance (p-type material). This behaviour is opposite to the response of the undoped

ZrO2 sensor.
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Fig. 45 ZrO2:Eu®" resistance following three subsequent injection of acetone (296 ppm, the highest
concentration investigated). Operating temperature of 300°C.

As with the undoped sensor the doped sensor was tested at a range of temperatures. Therefore, it is
possible to display the temperature profile of the resistance response for a given volatile
concentration. Fig. 46 shows the temperature dependence of the sensor response when exposed to

29.6 ppm of acetone.
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Fig. 46 Temperature dependence of the resistance response to acetone (29.6 ppm) in the europium-
doped zirconium oxide case.

We can observe the expected pattern for the resistance experiment as a function of the temperature.
The low increase of the signal at a temperature slightly above 100°C, the reaching of a Tmax and the

successive decrease for T> Tmax. The Tmax observed was 250°C for the doped sensor.

Ethanol was also tested, and Fig. 47 shows the raw data (resistance change as a function of time)
relative to three injections of 58.7 ppm at the given temperature of 250°C. Fig. 48 describes the
resistance response profile of the doped sensor when exposed to ethanol vapour over a range of

temperatures
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Fig. 47 Europium-doped ZrO; resistance response following three consecutive injections of ethanol
(58.7 ppm).
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Fig. 48 ZrO,:Eu®*(5%) Resistance response to ethanol (58.7 ppm) at different temperatures
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In this case, the best sensor performance in terms of response to ethanol was reached at 200°C. It is
interesting to compare the response for different volatiles. Specifically, Fig. 49 shows the response
of the europium-doped zirconium oxide over the temperature range studied when exposed to acetone

(29.6 ppm), ethanol (58.7 ppm), and water (31.2 ppm)
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Fig. 49 Comparison of the resistance response displayed by the europium-doped zirconium oxide
sensor at different temperatures

Acetone showed the best overall response in the sensor under investigation, except at a temperature
of 200°C, which corresponds to the Tmax for the ethanol response. The sensor did not give any

significant response to water at any of the temperatures investigated.
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3.5.2 ZrOz:Eu*(5%) - Cataluminescence (CTL) experiments

This section contains the light emission experiments for the europium-doped zirconium oxide. As
was observed for the resistance change, the light emission signal is dependent on the concentration.
Fig. 50 shows the CTL response profile at various acetone concentrations, starting from 0.296 ppm

up to 296 ppm, at the operating temperature of 250°C
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Fig. 50 Light emission as a function of the acetone concentration. The substrate temperature was
275°C

Analogous to the resistance, the light emission is repeated in the temperature range 150°C-400°C. As
a matter of example, Fig. 51 reports the sensor response to three injections of acetone (296 ppm) at

300°C.
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Fig. 51 ZrO2:Eu®*(5%) response to three following injections of acetone (296 ppm) at 300°C. Note
the good sensor performances under these conditions: sharp shape of the peak, meaning a good
sensor sensitivity, a relatively fast response and recovery time

We can observe the high repeatability of the CTL signal. The signal dependence of the temperature

is reported in Fig.52, showing the profile from acetone (29.6 ppm), ethanol (58.7 ppm), water (31.2

ppm).
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Fig. 52 ZrO,:Eu®*(5%) light emission response to different volatiles at the temperature
investigated. This sensor showed the best performances when exposed to acetone, especially at
300°C.

We can notice an overall better sensor response following the interaction with acetone, which showed
the best response (Tmax) at 300°C. Ethanol reached the best responses at 350°C although it is possible
that Tmax has not been identified in the temperature range studied. The sensor did not respond to
water, as expected from previous CTL experiments. Also, the explosive linked compounds were
tested with ZrO,:Eu®*(5%). The CTL response for Nitroglycerine and 2,3-dimethyl-2,3-dinitrobutane
against the temperature are reported in Fig. 53(a) and Fig. 53(b) respectively. Nytroglicerine showed

the best response at a temperature of 300°C, while for DMNB the best response was at 350°C.
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Fig. 53 ZrO,:Eu®*(5%) light emission response as a function of the operating temperature. In particular to (a)
nytroglicerine and (b) 2,3-dimethyl-2,3-dinitrobutane
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3.6 Tungsten oxide sensor (WO3)

3.6.1 WO3 - Resistance experiments
The tungsten oxide resistance response for acetone (29.6 ppm) at a sensor temperature of 350°C is

shown in Fig. 54. As a well-known n-type semiconductor, tungsten oxide gave a decrease in the

resistance due to the interaction with acetone.
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Fig. 54 WOs resistance response to acetone (29.6 ppm) at 350°C

The experiments were repeated in the temperature range 150°C-400°C for the WOz sensor. The
resistance profile as a function of the temperature is reported in Fig. 55 for acetone (29.6 ppm),
ethanol (58.7 ppm), and water (31.2 ppm). The WOs3 sensor showed the best performances when
exposed to acetone. The Tmax to acetone was 350°C for the WO3s sensor. The sensor response to
ethanol as a function of the temperature, in this case, does not follow the expected bell-shaped pattern.
This seems to be a not-expected behaviour, either when compared to the literature and the other
experimental data present in this thesis work.
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The WOs3 sensor showed a significant response for DMNB, as shown in Fig. 56. The sensor, in this
case, reached its Tmax at 275°C. This follows the trend observed previously of lower Tmax values for
explosive linked compounds. This means that the operating temperature can be selected to accentuate

the response to target compounds vs. potential interferents.
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Fig. 55 Resistance response showed by the tungsten oxide sensor at different operating
temperatures. The graph emphasises the comparatively large response to acetone (black trace in

the graph) when compared with ethanol (red trace) and water (blue trace) to which the sensor did
not respond
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Fig. 56 WOs response to 2,3-dimethyl-2,3-dinitrobutane in terms of electrical conductivity. The best
response is identifiable at 275°C

3.6.2 WO3 - Cataluminescence (CTL) Experiments
It was possible to obtain CTL responses for the tungsten oxide sensor. As a matter of example, Fig.

57 shows the sensor response following three injections of 296 ppm of acetone at the operating
temperature of 300°C. It should be noted that although there is a light emission response this is
comparatively much lower than the CTL response for the zirconium-based sensors (doped and
undoped). For example, at the operating temperature of 300°C, the light emission value (following
the interaction with 296 ppm of acetone) for the ZrO2 was 1.34x10° Hz, while for WO3 was 2302.23

Hz. The light emission against temperature is reported in Fig. 58, for an acetone concentration of 296

ppm.

81



2600 wo B

3

300°C

’h‘l* 2400 Acetone .
I : 296 ppm |

Z 2200 - ‘| J
(o) .

g 2000 || L \I o
o — 4 ‘ | i
E ool | | | ]
g o —W MW(“‘\WM‘MW)M{W,“WM“‘ WW%WMMWmwww Wil
: 1l | | |

1400—P

! LI = y T ! L I |—
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time (sec)

Fig. 57 Light emission produced by WOz when exposed to 296 ppm of acetone (three injections) at
300°C
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Fig. 58 Light emission showed by the tungsten oxide sensor at different temperatures.

The central aspect that we can underline is that, even at an acetone concentration of 296 ppm (the
highest investigated in this project), it was possible to register the CTL only for T>250°C. Moreover,
the Tmax corresponded to 400°C although the sensor may not have reached Twmax as this was the
highest temperature studied. A complete profile of the sensor response as a function of the acetone

concentration is reported in Fig. 59. In this case, the operating temperature was 350°C.

83



6000 : : , l - l . 1

s500.] Acetone

350°C

WO, ; -

Light Emission (Hz)

| |
’I
LN B B S s S B S B S S S B S B S B S N S S S S

T T
0 25 50 75 100 125 150 175 200 225 250 275 300 325 350

Concentration (ppm)

Fig. 59 Concentration dependence of the cataluminescence response in the case of the tungsten
oxide sensor at the operating temperature of 350°C

The other volatile compounds and interferants were also tested. At a temperature of 400°C, the sensor
responded to ethanol at the highest concentration tested (58.7 ppm). This response’s intensity was
954.85 (+38.44) Hz, and the response pattern is reported in Fig. 60. We can notice the significant
background noise level due to the high black body radiation (BBR) at 400°C. Also, the CTL response

for the tungsten oxide sensor is relatively low compared to zirconium-based sensors.
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Fig. 60 Three injections of ethanol (58.7 ppm) at 400°C in the case of the WO3 sensor
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3.7 Zinc oxide sensor (ZnO)

3.7.1 ZnO - Temperature activated resistance experiments
The experiment fulfilled with the ZnO sensor activated by heating the material (temperature-

activation) concerned three target compounds: acetone, hydrogen peroxide and triacetone triperoxide
(TATP). The investigation also concerned a range of temperatures from 200°C to 300°C, whereby

the temperature range is narrower than the other sensor tests.

It is possible to overview the zinc oxide sensor's behaviour following the interaction with the volatiles

listed above by looking at the graph in Fig. 61.
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Fig. 61 Resistance signal (Ohms) of the zinc oxide sensor following injections of: TATP (55 ppm),
causing an increase in resistance (positive response); acetone (29.6 ppm) which corresponded to a
decrease of the resistance (negative response); hydrogen peroxide (20 ppm) which exhibited a
positive response.

This experiment refers to an operating temperature of 250°C and, in essence, ZnO gave a positive

response to TATP, a negative response to acetone and a positive response to hydrogen peroxide.
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These trends are confirmed by the other experiments on the same target compounds at the different
temperatures tested. This is desirable from a selectivity perspective: different volatiles' behaviour can
theoretically distinguish among individual compounds. Fig. 62 shows the zinc oxide response when

exposed to three following TATP injections (55 ppm) at an operating temperature of 250°C.
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Fig. 62 Resistance response of the ZnO sensor following three injections of TATP (55 ppm) at

250°C

It is possible to observe that the sensor response decreases with decreasing concentration, as shown
in Fig. 63, which reports the ZnO sensor response at different TATP concentrations. The operating

temperature was again at 250°C.
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Fig. 63 Resistance response as a function of the concentration (triacetone triperoxide, sensor
temperature = 250°C)

On the other hand, it is possible to observe a negative response when exposed to acetone: the electrical
resistance decreases following this volatile interaction. A typical acetone (296 ppm) response in these

conditions is shown in Fig. 64.
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Fig. 64 ZnO response to acetone (negative signal); concentration of 296 ppm and operating
temperature of 250°C

Different operating temperatures were tested, and the sensor showed an analogous behaviour at
different temperatures. Similarly, to Fig 64, when exposed again to acetone but at 200°C, the sensor
showed a negative response. This behaviour can be observed in Fig. 65 which shows three

consecutive injections of acetone (296 ppm).
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Fig. 65 ZnO response to 296 ppm of acetone at the operating temperature of 200°C

It is necessary to make some consideration also in terms of repeatability. With this in mind, the same
experiment was performed after one month from the one reported in Fig 65. above (in the same
conditions of activation temperature and target concentration). The result is shown in Fig. 66. The
two plots do not present substantial differences in terms of magnitude of the resistance response.
Nevertheless, there is a change in the baseline: frm 2.05 x 10° Ohm in Fig.65 to 3.5 x 10° Ohm in
Fig.66. Also, it is possible to observe a modification of the peaks shape, with the ones in Fig.66

slightly widened if compared with the peaks in Fig.65

Lower concentrations of acetone were tested to test the ZnO sensor in terms of sensitivity. Fig. 67,

shows an overview of the resistance response as a function of the acetone concentration at 200°C.
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Fig. 66 ZnO responding to three following injections of acetone (296 ppm) at 200°C. The
experiment was performed after one month from the one showed in Fig. 64.
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Fig. 67 Relative resistance response as a function of acetone concentration.
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3.7.2 Zn0O - UV-Light activated resistance experiments
The ZnO UV-activated sensor was tested with H202. In particular, the sensor sensitivity was

investigated, and the response following the interaction of hydrogen peroxide is shown in Fig. 68.
Different concentrations were injected, and the sensor showed a response down to levels of 2 ppb of
volatile. The sensor selectivity was also tested: acetone (2960 ppm) and H20- (2 ppm) were injected,
and Fig. 69 shows the sensor response. The sensor responded to hydrogen peroxide but not to acetone,

even though the acetone concentration was one thousand times greater.
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Fig. 68 Sensor sensitivity test in the case of the UV-activated ZnO sensor. The device responded to
H20:> in the range 2 ppb-2 ppm
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Fig. 69 Selectivity test on the UV-activated ZnO sensor. The data shows that the sensor responded
selectively to hydrogen peroxide (2 ppm), and not to acetone, even at 2960 ppm

93



Chapter 4 — Discussion

4.1 Introduction

The hypothesis of this thesis work, underlined in the introduction, was the possibility to obtain better
sensor performance, especially sensitivity and selectivity, combining more than one response from
the same sensor substrate. Compared to the case when just one response mode is recorded, the dual-
modality will allow detecting a lower concentration of a target compound (sensitivity) and distinguish
better between more than one volatile (selectivity).
The best way to test the above hypothesis was to simultaneously record the light emission and the
resistance from the same sensor during the interaction with a given volatile. As we saw in the results,
different compounds were tested with three different main materials: ZrO2, ZrO2:Eu*(5%), and WOs.
We repeated the experiments for each of these materials for different activation temperatures. All this
data-set allowed us to make the following considerations:
1. Which operating temperature grants (for each one of the materials tested) the higher response
in terms of resistance and cataluminescence, for a given volatile compound.
2. For which material were registered the highest changes in term of resistance
3. Which material gave the higher light emission response, and in particular, if the rare earth
metals doping increased the light emission production
4. In the best conditions examined above, whether it is advantageous or not to combine the
resistance and the cataluminescence response
Against this background and given the experiments displayed in the Results part of the present

research work, it is helpful to make several comparisons between the sensors investigated.
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4.2. Resistance

Regarding the resistance experiments, the best temperature range varies significantly with the
compound investigated, as expected. Therefore, this research work also aimed to map the sensors'
response to a series of volatiles at different temperatures. For all the compounds analysed, the

response profile obtained is in agreement with what is reported in previous literature [171].

1. The sensor shows a slight response for temperatures above 100°C.
2. The response increases with the temperature rise to a specific peak (Tmax) Value
corresponding to the highest sensor sensitivity.

3. The slight decrease of the sensor response for T> Twax.
This aspect allowed establishing the best working conditions for each one of the materials
investigated. In particular, ZrO, showed the best resistance response in the range 200-250°C.
As regard explosives compound, the Tmax could be identified at180°C, especially for 2,4-DNT and
NG. In the range of conditions investigated, ZrO. did not give any change in its conductivity
properties following the interaction with hydrogen peroxide and water.
The europium doping did not modify the sensing characteristic of zirconium oxide markedly in terms
of resistance response intensity, with the best performances reached again in the range 200-250°C.
It is interesting to notice that the ZrO2:Eu®* signal (an increase of the sensor resistance when exposed
to reducing gases) was opposite to that of the undoped sensor. Zirconium oxide in the literature, is
reported to have the possibility to behave as a p-type MOS [172,173]. In our case, this shift in the
behaviour for the Europium-doped sensor could be explained by a structural modification. Previously,
Ehrhart et al. reported the incorporation of large amounts of Eu3™ causes a modification in the ZrO;
matrix [174]. Nevertheless, this feature requires further investigation, and it will be the subject of
future work.
Tungsten oxide differed from the other sensors, showing a better response to the volatiles studied in
the temperature range 275-350°C. The response of this sensor was a classical n-type behaviour
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(resistance decreases following the interaction with a reducing gas), in the same way as the undoped
zirconium oxide. The n-type conductivity for this material is widely reported [175-178]. We can also
affirm that WOs showed a considerably better response in terms of resistance change than the
zirconium-based sensors. This point is particularly evident by considering Fig.70, where the
resistance response to different concentrations of acetone is reported for ZrO, (black trace),
ZrO2:Eu*(5%) (red trace) and WOs (blue trace). The operating temperature was 250°C, i.e. in the

best working range identified.
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Fig. 70 Comparison between the resistance response from ZrO,, ZrOz:Eu®* and WO3 when
exposed to different concentrations of acetone (0.296 ppm up to 296 ppm) at the operating

temperature of 250°C. The graph emphasises the better performances showed by tungsten oxide if
compared with the zirconium-based materials
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For a given concentration of acetone, tungsten oxide gave a higher response than the zirconium-based
sensors. On the other hand, the europium-doped zirconium oxide gave a lower response than the
undoped one; this consideration can be underlined by considering Fig.71, reporting only the ZrO; and

ZrO,:Eu*(5%) response to acetone at 250°C.
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Fig. 71 Resistance response of the ZrO and the ZrO,:Eu* sensor as a function of the acetone
concentration at 250°C.

When considering the response to ethanol, the zirconium oxide gave the best response, as can be seen
from Fig.72. The graphs reports the response at different temperatures to 58.7 ppm of ethanol by the
zirconium oxide sensors (black trace in the graph), ZrO2:Eu®* (reported in red), and WOs. The ethanol

concentration investigated was 58.7 ppm
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Fig. 72 Comparison of the response of ZrO2, ZrO,:Eu®*(5%) and WO3 when exposed to ethanol
(58.7 ppm) in the temperature range 150-350°C

For all the temperature values at which the sensors were tested, the ZrO2:Eu®*(5%) gave the lowest
response. In the range, 150-275°C, the undoped zirconium oxide performed better than tungsten
oxide. There are not many studies on ZrO; regarding the ideal response conditions (in terms of
temperature). A higher response consisting of a drop in the resistance (an increase in the number as
well as mobility of charge carriers) for the range of temperatures 200-250°C has been recently
reported in literature for a ZrO> sensor [82]. Nevertheless, other authors underlined higher operating
temperatures (above 400°C) as ideal for ZrO [144-146]. Also, the Tungsten oxide sensor showed a
Tmax at 250°C when exposed to ethanol. Nevertheless, for temperatures higher than 275°C the trend
increased uleriorly. In literature, this material showed a better response at 300°C and 350°C. Other
studies identified this as the ideal operating range for WO3 [179-183]. A slightly higher response at
250°C could underline either the possibility to have a double value for Tmax (not underlined in the

previous literature) or a false trend.
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4.3 Cataluminescence (CTL)

A comparison among the different sensors studied, analogous to the one made for the resistance, is
also valuable for the CTL studies. In the first place, we observed that the light emission increased
linearly with the concentration, as it is also reported in the previous literature [184]. We reported that
europium doping was crucial in enhancing the light emission properties of the zirconium oxide sensor.
This aspect can be observed in Fig.73, reporting the CTL from ZrO- (black trace), ZrO2:Eu®*(5%)

(red trace) and WOs (blue trace) as a function of the acetone concentration. The operating temperature

was 275°C.
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Fig. 73 CTL response of the three sensors of ZrOz, ZrO:Eu**(5%) and WOs following the
interaction with different concentrations of acetone (substrate temperature= 275°C)
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At the temperature investigated, the tungsten oxide gave a far lower response. To our knowledge
there are not comprehensive studies at the present moment on the CTL properties of pure WOs.
Different  nanostructures, such as Nano dots are employed for ultrasensitive
electrochemiluminescence (ECL) sensing[185]. It is interesting to focus only on the zirconium-based
materials and to report the light emission on a logarithmic scale as well as the acetone concentration.
This way (Fig. 74), it is possible to underline better how the doping with Eu®* (red trace) increased

the light emission compared to the ZrO; case (black trace).
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Fig. 74 Log of the CTL produced by the zirconium-based sensors when exposed to acetone
(concentration on a Log scale, sensor temperature of 275°C)

These results are in line with what has been previously reported regarding the MOS doping with rare
earth metals, which were found to enhance the light emission response when compared with the pure

material [108,145,186,187].

In addition, we can notice that at the lowest concentration (0.296 ppm), the response from the two

sensors is approximately zero. This may be related to the fact that the sensors reached the detection
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limit. Regarding CTL sensors, other authors reported a detection limit slightly higher: Shi et al.
reported a limit of 4 ppm [188], while the value reported by Tang et al. was of 0.7 ppm [189]. In the
range of 3-30 ppm, the gap is more pronounced. Moreover, the signal appears to be similar at 296
ppm, representing probably a value close to the saturation for the sensor. This point can be justified
by the depletion of adsorption sites on the material surface. Zhang et al. reported a saturation value
of 550 ppm, for ethanol detection by a ZrO2:Eu®*(5%) sensor, slightly higher than the one herein

reported.

A common aspect that can be underlined for the three materials studied in terms of light emission is
that with the temperature increase, the CTL signal reaches a peak (identifiable in the range 200-
275°C) and then decreases quantitatively. This diminution in the light emission emitted from the
material corresponds to the well-known increase of black body radiation (BBR). The competing
process of heat dissipation released as black body radiation was also underlined by Borgschulte et al.
[190], and may represent a problem, considering that the europium doping, even if it increased the
material's CTL production, shifted the best sensor performance to higher temperatures. Therefore,

selective wavelength filtering can represent a possible solution.

4.4. Dual-modality

The experiments carried out during this research project showed the possibility to increase the
selectivity of detection through multi-modal sensing. This point was the central hypothesis of the
present thesis work. First it should be noted that for each material tested we obtained a multimodal
response i.e. each sensor gave a concurrent cataluminescence and resistance response. This was true
when exposed to an appropriate concentration of a target volatile at a specific operating temperature.
However, it should be noted that the absence of a cataluminescent response could also be used in a

minimal sensor array to differentiate VOC type or concentration. It should also be noted that where
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materials have opposite p-type and n-type resistance-based responses but the same cataluminsecent

based responses this could be utilised to enhance selectivity.

One of the main advantages of the dual modality sensor is the possibility to identify a single target
volatile through two different sensor parameters measured in parallel. It is, in fact, possible to
calculate a ratio between the light emission and the resistance (Equation 8). This ratio will be well-
defined for a given compound at a certain temperature. For example, let us take the europium-doped
zirconium oxide, which showed the best light emission characteristics. Fig. 75 reports the ratio

between the light emission and the resistance response at different temperatures.
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Fig. 75 Dual-modality response (ratio light emission(resistance) of the ZrO2:Eu**(5%) sensor
respectively to acetone (29.6 ppm) and ethanol (58.7 ppm)

The graph refers to comparable concentrations of acetone (2.96 ppm) and ethanol (5.87 ppm). Thus,
we can underline the massive difference in the CTL/resistance ratio. On a practical level, this feature
could guarantee a lower possibility to have a false positive in the presence of both acetone (i.e. the
target) and ethanol (the interferant). This graph also makes it possible to establish at which operating
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temperature the ratio is maximised. Consequently, it is more convenient to set the sensor at that

specific value to ensure the best performance. In this case, the best range was 250-300°C.
In fact, at 275°C, both acetone (2.96 ppm) and ethanol (5.87 ppm) gave a similar resistance response,
as shown in Fig. 76. Combining the resistance signal with the cataluminescence one, allows then to

detect selectively acetone, in the case it is the target compound (as it is possible to see in Fig. 75).
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Fig. 76 Comparison between the relative resistance response for acetone (2.96 ppm, black trace)
and ethanol (5.87 ppm, red trace). At each one of the temperatures reported, the resistance signal
of the two compounds is relatively similar.

Another possibility is to have two or more sensors operating at different temperatures and use the
response ratios to calculate the concentration of a binary mixture of volatiles. Having multimodal
sensors may allow the design of a minimal sensor array with fewer sensors than conventional heated

metal oxide sensors or cataluminescent sensors alone.

Another promising outcome from the results is applying dual-modality sensing for explosive

detection, for example, ZrO: in the operating temperature range 150-250°C. Fig. 77 summarises the
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resistance response % (a), the cataluminescence (b), and the ratio CTL/resistance response % (c) of
the zirconium oxide when exposed to 2,4-dinitrotoluene (0.54 ppm), DMNB (2.76 ppm), EGDN (0.63
ppm), and Nitroglycerine (0.63 ppm). The temperature was set at 180°C. As regards the resistance
response (77.a), DMNB and 2,4-DNT gave a relatively similar response (-20% and -30%,
respectively). A better distinction between DMNB and 2,4-DNT could consequently be obtained,
considering their light emission response (77.b) and calculating a ratio (77.c). Their ratio is, in fact,

-107 for DMNB and -12 for 2,4-DNT.

Analogously, the ZrO, sensor gave a comparable light emission response following the interaction
with 2,4 DNT (367 Hz) and nitroglycerine (511 Hz). Taking into consideration the resistance response
for 2,4 DNT (-30%) and nitroglycerine (23%) can improve the selectivity between these molecules.
In this case, in fact, the two compounds also gave a resistance response of different signs, allowing

us to calculate a ratio CTL/resistance of -12 for the 2,4-DNT and 21 for the nitroglycerine.
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Fig. 77 Resistance response % (a), cataluminescence (b) and ratio CTL/resistance (c) for the ZrO>
sensor (180°C operating temperature) when exposed to four different explosive compounds: 2,3-
dimethyl-2,3-dinitrobutane, 2,4-dinitrotoluene, ethylene glycol dinitrate, and nitroglycerine.
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Chapter 5 - Conclusion

The thesis behind this research work was to combine resistance and cataluminescence measurements
simultaneously on a single heated metal oxide sensor. Effectively, the cataluminescence and
resistance measurements can be combined to enhance the sensors’ selectivity to various targets
compared to the single-mode sensors. The roadmap to test this proposition was to screen the
resistance and the light emission response of several sensing materials: ZrOz, ZrO2:Eu**, WO3 and
ZnO. These experiments and the following data processing showed that it is possible to create a sensor
system with increased selectivity using dual-modality. Thus, it is possible to distinguish between
different targets that, even if they gave a similar response under one of the sensing modalities, could
provide a different response to the other sensing modality. It is possible to exploit dual modality for
enhanced sensitivity to a target’s presence as one of the modalities could be optimised for sensitivity
to that target. In particular, the europium-doped zirconia sensor has shown a better response in terms
of CTL even at a relatively low operating temperature, whilst the resistance response is similar to that
of the undoped zirconia. The WOz sensor exhibited the best resistance response even with low
concentrations of the target compounds but gave limited light emission, which was only detected at
high target concentrations. Therefore, it may be considered unsuitable as a multimodal sensor. This
thesis work represents the first study on the electrical resistance combined with the cataluminescence
signal. Part of the results have been recently published as a peer-reviewed journal paper [159], while

the concepts and ideas were previously patented [158].
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Chapter 6 Future Work

The outcomes from this thesis project were promising from the viewpoint of exploiting dual-modality
sensing to detect volatile compounds. Nevertheless, this work can be considered the first step, and
further steps can be undertaken and are detailed below.Firstly, there are a series of materials that have
been synthesised but are yet to be fully characterised and tested: ZrO2:Y**, ZrO2:Th*" and ZrOz:Er®*.
In fact, an exciting perspective is the possible light emission characteristics of these materials, given
the presence of a rare earth metal and, consequently, the possibility to have the production of
enhanced cataluminescence in addition to electrical resistance changess. The aim is to produce
sensors that have different levels of resistance and cataluminescent response and selectivity to certain
specific target molecules. In addition, it is possible to synthesise new analogue materials which have
shown the potential to produce luminescence and be employed in sensing applications. An example
is TiO2:Sm®* [146]. Additionally, the zinc oxide sensor in this work was not characterised in terms of
cataluminescence response, but all materials tested so far have given some cataluminescent response

e.g. tungsten oxide.

Secondly, further experiments have to be conducted on the materials presented in this thesis. The
experiments were undertaken in laboratory air to mimic real life conditions for detecting explosives
in the field. Consequently, a general improvement in response and stability could be achieved by
repeating the screening herein presented using a compressed dry synthetic air cylinder. The sensor
response could be characeterised at a range of controlled humidities to ascertain the sensor

performance under a range of environmental conditions.

In addition, better vapour generation and to run tests with certified gas standards and a mass flow
controller are other possible steps in the achievement of better repeatability of the results. Further
experiments to test the volatileconcentration via SIFT-MS for those molecules that are unlikely to

have gas standards are also required.
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As regards the cataluminescence experiment, the results underlined that at higher temperatures, the
sensor sensitivity is limited by increased black body radiation (BBR). An enhanced BBR filtering

could make it possible to register cataluminescence at higher temperatures.

An area left unexplored throughout this MPhil is the possibility of combining sensors into arrays.
This option is promising since different sensors can give different responses to a given volatile
compound. In addition, each one of the sensors in the array can be set at a different temperature. What
can be produced this way is a fingerprint of the compound, increasing the selectivity of the sensing

system considerably.

Finally, another fascinating horizon is the employment of dual-modality sensor devices in real-life
applications. This aspect can be achieved by projecting and building prototypes for detecting volatiles
in the field. Furthermore, the interfacing of the sensor systems with separative methods (i.e. GC
columns) paves the way to several applications in areas like disease-related compounds detection (i.e.
volatiles from human breath) or explosive detection in public places. A dual-modality sensor can be
advantageous in combination with a GC equipment. In fact, the multimodal sensor is usually
employed to detect low molecular weight molecules not detectable with the gas chromatographer
itself. The fast response and recovery kinetics of the cataluminescent sensors may lend themselves to
being interfaced with a GC where other sensors with slower recovery kinetics are not able to resolve

all the peaks.
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