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Abstract

In this research, UV-LED-activated metal-oxide gas sensors were studied, where the
electrochemical properties of the sensing material were enhanced by manipulation of sensor
operating parameters as well as material structure and composition.

In the first phase, the sensing characteristics of several favorable metal oxide semiconductors
were investigated under different wavelengths, irradiances, and pulsation frequencies. The results
showed that UVA-LEDs (i.e. 365 nm) could result in better responses due to resonant absorption.
At a constant photon energy (i.e. 3.4 eV), increasing irradiance enhanced the photo-desorption of
adsorbed components and reduced the response. Pulsed UV irradiation could significantly enhance
the response as a result of increased residence time of adsorbates.

Also, a set of strategies were applied to investigate and modify the sensing layer structure and
composition. Firstly, Ag was incorporated into ZnO nanoparticle structure which resulted in an
increase in sensor response toward 5 ppm NO2 (AR/R = 0.98), compared to pristine ZnO (0.5)
potentially due to layer charge carrier enhancement. Secondly, a sensing material structure was
designed based on ZnO nanowires decorated with Pt nanoparticles, as metallic co-catalytic sites.
The ZnO nanowires showed an increased response (1.6) compared to nanoparticles due to their
higher surface area. Furthermore, decorating the surface of ZnO nanowires with Pt nanoparticles
remarkably enhanced the sensing performance, whereas 0.1 wt% Pt decorated ZnO nanowires
sensor exhibited nearly 4-times higher and 50s faster response compared to ZnO nanoparticles, in
identical photo-activation settings. Thirdly, ZnO nanowires were used as a core for a thin layer of
a secondary semiconductor to develop ZnO-In20z and ZnO-SnO: core-shell gas sensors. The
relative responses of the ZnO-In,03 (2.49) and ZnO-SnO- (2.21) sensors were higher than that of
pristine ZnO NWs (1.6), possibly due to the improved photon absorption, and increased active
sites on the surface of the nanowires.

Lastly, carbon mesoporous materials (CMMs) with various ZnO loading concentrations were
tested against NO2 and NHs, where the sensors responded 1.91 (NO2) and 1.35 (NHs) in optimal
loading concentrations. This improvement in response could be attributed to the high surface area,
extended separation, and more oxygen vacancies (Ovac) induced by C-dopant in ZnO,/CMM

Sensors.



Lay Summary

Detecting and monitoring hazardous gases and gas pollutants in industrial and urban settings is
of increasing importance. Chemical gas sensors are one of the most promising devices for gas
detection. However, a drawback of conventional chemical-resistive gas sensors is the high
operating temperature (200°C to 500°C), which results in high cost and high power consumption,
and most importantly limits their technical applicability in the detection of flammable gases. UV-
LED activated gas sensing is a new technological field that can address these challenges and
provide significant cost, energy, and space savings.

In this research, we studied UV-LED activated metal oxide semiconductor gas sensors, where
the electrochemical properties of the sensing material were significantly enhanced by the
manipulation of material structure and composition, as well as the optimization of operating

parameters and identification of suitable design features.
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Glossary

e Detection Limit: The lowest concentration of the analyte that can be detected at any given
condition.

e Dynamic Range: Total range changeable parameter in a sensor from the smallest possible
values to the largest quantity.

e Intensity: The quantity of light that is emitted in unit time per unit solid angle.

e Irradiance: The rate of light actually striking the surface of objects per unit area. It
depends upon the intensity and distance of the light source.

e Response Time: The time that it takes for sensor to respond to ambient gas going from
10% to 90% of the maximum resistance variation.

e Recovery Time: The time that it takes for the sensor signal to return from 90% to 10% of
its maximum value.

e Resolution: The smallest change in concentration that can be distinguished by sensor.

e Response: The change in output resistance signal per background resistance in pure air.

e Sensitivity: The change in sensor response per measured gas concentrations.

e Selectivity: The ability of the sensor to discriminate between various components of a gas
mixture and provide signal for the component of interest.

e Sensing Range: The specified range which sensor is designed to work over.

e Stability: The reproducibility of the sensor measurements for a certain period of time. This
includes retaining the sensitivity, selectivity, response, and recovery time.

e Working Temperature/irradiance: The temperature/irradiance at which the sensor can

operate in fully efficient mode.
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Chapter 1: Introduction

The increasing amount of atmospheric pollutants is one of the main problems that the world is facing
today, specifically in urban and industrial areas. Air pollutants can come from both natural sources such
as forest fires, volcanoes, bacteria, or chemicals released by plants and animals, and pollutants attributed
to the sources made by humans [1]. The latter is mainly related to industrial activities and enormous
injurious smoke emissions by cars, trucks, trains, and factories.

Several methods have been proposed for detecting hazardous gases. Gas chromatography (GC) and mass
spectrometry (MS) are the most commonly used systems developed for gas analysis. Although GC and MS
provide high accuracy and reliability, they are bulky, expensive, and time-consuming, and require highly
skilled personnel. Thus, the need for miniaturized gas sensor devices has been increased significantly,
motivating researchers to manufacture gas sensors with high performance and reliable stability.

The schematic of different parts of a gas sensor device is depicted in Figure 1-1. Four components
of the gas detection instrument are as follow:

1) Delivering the target gas to be detected to the chamber where the sensor array is located

2) The reaction of the gas molecules with the sensing material, resulting in electrical signals

3) Amplification and recording of the electrical signals using an interface circuit

4) Analyzing the data, extracting the features from the signals, and recognizing the pattern of each

signal (using different pattern recognition techniques), resulting in gas mixture detection



——————————

Sensing layer N

A‘./

\

4. The patterns are analyzed

for gas identification s
& 7 Interdlgltated \
7’
s electrodes
I,, ||
4
3. The signals/patterns // !
are conditioned using H
an interface signal K
: = /
¢ 2 /
/
A .
B A 2. Interaction of gas molecules
with the sensor surface
1. Gas molecules are generates an electrical signal
delivered to the
sensor network

Figure 1-1: The components in different stages of smell detection using e-nose devices

1.1 Demand-controlled ventilation

Air pollutants may enter the building with outside air or may be generated internally. According to
the Health Canada Organization, indoor air pollutants can lead to the onset/worsening of lung cancer,
asthma, allergies, heart attacks, strokes, and various breathing problems [2]. Ventilation is one method
to maintain good indoor air quality. Buildings without proper ventilation will have high indoor pollutant
concentrations, which can cause adverse health effects (resulting in broad impacts, such as ‘sick building’
syndrome, in some cases).

Currently, in many commercial spaces such as offices, retail stores, and institutional departments, the
buildings are continuously ventilated based on the assumption that they are always at peak pollutant

concentrations (including significant safety factors). This will ensure to keep the indoor air quality (IAQ)



within acceptable limits for both the health and comfort of the occupants. However, most buildings never
even get above standard concentrations. Over-ventilation increases heating and cooling loads, as well as
fan usage, all of which contribute to increased energy consumption, especially in cities where humidity
is high. It has been noticed that over 30% of the annual heating and cooling cost is spent in handling the
fresh air in a typical office building [3], and 40-100% energy savings can be achieved, versus a fixed
ventilation strategy, depending on climate and building type [4]. Therefore, the use of operationally cost-
effective ventilation control systems, known as demand-controlled ventilation (DCV), is essential in
buildings to estimate the concentration of the pollutant gases and adjust the ventilation rate accordingly.

In recent years, CO2 concentration has been widely used to measure the building occupancy as it is
an excellent surrogate gas for the levels of occupant-related contaminants [5,6]. Based on the actual
occupancy, the outdoor air supply rate per person recommended in the industry standards such as
American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) volume 62-
1999 [7] can be met, and over-ventilation can be avoided.

However, the CO; based DCV can only guarantee that the fresh air intake is enough to dilute the
occupant-related pollutants, and it does not take into account the non-occupant-related pollutants.
ASHRAE 62-1999 points out that using CO: as the indicator of bio-effluents does not eliminate the need
to consider other contaminants, several of which have received increasing attention in recent years such
as NOx, SOx and VOCs. Common residential indoor pollutants have been shown in Figure 1-2.
Therefore, there is a need for a new demand-controlled ventilation strategy that takes some of the
occupant-related and non-occupant-related indoor air pollutants into consideration. The new approach
must rely on novel micro-gas sensing networks that can detect low concentrations of several pollutant

gases.
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Figure 1-2: Indoor air monitoring and smart demand control ventilation based on gas sensor networks

1.2 Hazardous gases

Increasing amounts of atmospheric pollutants, specifically in urban and industrial areas, has been a
major concern recently. Hazardous gases in the atmosphere include toxic materials such as H.S, CO, and
NHs, greenhouse gases such as CH4 and CO, and some special gases such as NO2 and NO, which are
both toxic and greenhouse gases and may emanate from both natural and human sources. Among the
released atmospheric pollutant gases, Nitrogen Dioxide which is produced substantially through
chemical combustion plants and automobiles, significantly contributes to human and environmental

problems.



1.2.1 Nitrogen dioxide (NO)

Nitrogen dioxide, a reddish-brown gas, is part of a highly reactive family known as “oxides of
nitrogen” that includes several gases that are composed of oxygen and nitrogen.

Fuel combustion for energy production, home, and industrial use, accounts for approximately 94% of
the emissions of nitrogen oxides produced by human activities in Canada (Health Canada, 2015). It
causes severe respiratory infection diseases through irritating and impairing lung function. In the
atmosphere, it contributes to the formation of ground-level ozone and turns into nitric acid that is the
main component of acid rain.

Exposure to NO2 from outdoor sources strongly depends on the proximity to the source. Given that
mobile sources (i.e. automobiles) are the main contributors to ambient NO., the NO> levels may vary
considerably between buildings. As discussed earlier, these emissions may become significant in indoor
environments if the area is poorly vented.

The threshold limit value (TLV) is considered as the maximum concentration of a chemical allowed
for long time exposure without making health problems. The TLV of NOx compounds is 5 ppm; thus,
exposure to higher levels must be avoided.

Exposure to 50 ppm NO: results in pulmonary edema, and it is fatal if being inhaled at concentrations
above 100 ppm. Recently, epidemiological scientists revealed that the development of chronic lung
disease and respiratory symptoms are related to exposure to NO2. Although the effects of short-term
exposure are still unclear, long term exposure to concentrations that are higher than those generally found
in the ambient may cause an increased incidence of acute respiratory illness in children [9]. Therefore,

NO- continuous monitoring provides indices of exposure over time.



1.3 Overview of gas sensing technologies

Gas sensors perform based on a change in a physical characteristic (such as mass, conductivity,
transmittance, or capacitance) upon exposure to gas. Depending on the sensing mechanism, gas sensors
are divided into several categories, optical sensors, piezoelectric sensors, electrochemical sensors, and
solid-state resistive gas sensors are four of the commonly utilized classes [10,11]. Figure 1-3 shows
various types of available gas sensors. Every sensor has some pros and cons, so depending on the sort of
the facility, the appropriate gas detection system must be selected. Among all, solid-state chemical gas
sensors have some distinct advantages such as simplicity, fast response, and low cost. They have shown

promise in detecting a broad range of gases including toxic and combustible vapors.

Gas Sensors
Optical Sensors Chemical Resistive Electrochemical Catalytic Mechanical (Piezoelectric) Field Effect Transistor
Sensors Sensors Sensors Sensors
Conducting Polymers and Metal Oxide Cantilever-Based Quartz Crystal Surface Acoustic
Polymer Composites Semiconductors Devices Microbalance (QCM) Wave (SAW)
High Temperature Room Temperature
Sensors UV- based Sensors

Figure 1-3: Various types of gas sensors available in the market [12]



1.3.1 Metal oxide semiconductor (MOS) gas sensors

Solid-state chemical resistive gas sensors typically consist of semiconductors as the sensing material
to detect gases. The interactions of the surrounding gas to be identified with the sensing layer in resistive
sensors result in resistance variations of the thin film layer due to the difference in the flow of electrons
involved in the sensing reactions.

The beginning of metal oxide semiconductor (MOS) gas sensors production backs to 1957, following
to a vital work triggered by Bielanski et al. [13] that showed a relation between the electrical conductivity
and catalyst activity of semiconductors. Seiyama et al. [14] revealed that the gas-semiconductor
interactions cause a marked change in electrical conductivity and suggested the idea of having a thin film
gas chromatographic detector instead of the ordinary thermal conductivity cells.

The first commercial MOS gas sensor was manufactured by Taguchi, in 1962 (Figure 1-4), capable

of detecting low concentrations of combustible and reducing gases based on thick films of SnO [15].
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Figure 1-4: A schematic illustration of the first manufactured MOS gas sensor [12]



In developing resistive gas sensors, the efforts were mainly directed to reversible oxidation/reduction
reactions in which excited electrons induced by thermal activations played a crucial role in the sensing
process. The mechanism of these sensors is based on the reaction of the generated electrons within the
sensing layer with the ambient oxygen or surrounding gas. Adsorption of oxygen molecules on the
surface of metal oxides is accompanied by an electron extraction from the conduction band, leading to
the formation of an electron-depleted region and band bending. Removing oxygen ions by their reaction
with the surrounding gases or replacement of the adsorbed oxygens by other molecules can reverse the
band bending, resulting in an increased conductivity that could indicate the amount and type of the gas

to be detected [16].

1.3.2 Basics of semiconductor electron structure

Based on the Bohr model, the electrons of a single, isolated atom travel in circular orbits around the
nucleus. These orbits, also known as energy shells or energy levels, are associated with definite energies
(quantum rule). However, the electrons in a molecule are not only affected by their own nucleus, but also
by other atom’s nuclei (attraction) and electrons (repulsion). Band theory, explains the physical
properties of solid-state devices, such as electron arrangements, electrical resistivity, and optical
absorption. Based on the band theory, as atoms are brought together to form a molecule, their atomic
orbitals combine and form molecular orbitals, each of which forms at a discrete energy level. A molecular
orbital can specify the electron configuration of a molecule, the spatial distribution, and the energy of
one (or one pair of) electron(s). Like single atoms, the orbitals are filled starting with the lowest energy.
The states and the difference of the energies of the two highest orbitals play a determining role in the
solid physical behavior. The valence band (Ev) in a molecule is the highest occupied band level by

electrons, while the conduction band (Ec) is the lowest unoccupied band level. The energy difference
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from the top of the valence band to the bottom of the conduction band is defined as the band-gap energy
(Eg). For an electron to become free to conduct, it must be promoted to an empty available energy state.
For metals, these states are adjacent to the filled states. Thus, a low energy supplied even by an electric
field is enough to stimulate electrons into an empty state. For insulators, the valence band and conduction
band are separated by a large (>4 eV) energy gap, which is extremely far for the electrons to pass.
However, in the semiconductors, the energy gap is 2<Eg<4 eV, which relies somewhere on between
metals and insulators. Therefore, the semiconductors have a resistivity between those of metals and
insulators at room temperature.

When a semiconductor receives energy from an external source (heat, photon), the electrons ascend
to higher levels. Upon electron excitation, a hole is created in the valence band. Holes and excited
electrons are attributed to the electrical conductivity of the semiconductor. Generated electrons then pave
the way for either adsorption or direct gas-phase reactions of the target gas. These subsequent
physical/chemical processes will change the flow of surface electrons, which is measured as film

resistance.



1.4  State of the art of photo-activated gas sensors

As discussed earlier, conventional thermally activated metal oxide semiconductor gas sensors show
sensing responses around the temperature range of 200-500 -C [17,18]. At high temperatures, the
electrons gain adequate energy to jump from the valence band into the conduction band.

The necessity of heating the device to reach a suitable temperature makes some technical limitations
in the application of these gas sensors in the environments containing explosive species since high
temperatures could trigger an explosion. Heating also requires high energy and frequent maintenance
and will affect the stability and economic aspects. Although miniaturization helped to develop efficient
types of sensors recently, the preparation time and cost are still significant concerns. Besides, the drift
issues or contamination which is very likely in high-temperature sensors introduces spurious
measurements and shortens the useful lifetime of the sensor [19].

The aforementioned problems of high-temperature MOS gas sensors and the sophisticated heater
design and fabrication required to maintain accurate temperature control motivated investigators toward
developing sensors that are able to work at lower temperatures. For instance, they capacitively coupled
nanostructures to a nearby gate electrode and applied a high electric field across the sensor terminals
[20]. They also tried to utilize conducting polymer as room temperature sensors, but the materials
reluctance for organic vapours limited their applications [21]. A significant breakthrough occurred in this
way in 1994 by Saura [22], who described the gas sensing properties of UV radiated SnO; films towards
trichloroethylene and acetone.

The main idea of having photo-activated gas sensors was initiated from the fact that irradiating UV to
the surface of the sensor film could generate the same electron-hole pairs that normally were produced
through thermal activation. Indeed, photo-excitation can increase the density of charge carriers

throughout the material and can decrease the intergrain barrier height by changing the intergrain state’s
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charges, leading to an increase in the probability of tunneling by decreasing the depletion layer widths
in the adjacent grains [17,23]. Furthermore, poisoning and deterioration of the sensing layer in harsh
environments such as exposure to SO. or NOy is a challenge for high-temperature resistive gas sensors
[24]. In this regard, UV radiation has shown promise in desorbing surface contaminants and thus can
reduce poisoning and elongate the useful lifetime of the sensor [25].

In 1996, P. Camagni et al. [26] employed Xenon UV lamps to perform photoconductivity
measurements of rheotaxial growth and thermal oxidation (RGTO) SnO: thin films in ambient
temperature. The illuminated SnO- sensor showed remarkable resistant changes for low concentrations
of CO at room temperature compared to dark conditions. In a further study of this group, Comini et al.
[23] observed that the 40 min response time of a SnO2 gas sensor could be decreased to 10 s under UV
illumination, and the sensor can return to 80% of its initial value. They then proposed that increasing
irradiance (i.e. higher power UV lamp attached with optical fibers) may result in higher gas sensitivity
towards NO: [27].

In a parallel work performed by K. Anothainart et al. [28] on sputtered SnO2 samples, they observed
that the desorption depends on the radiation intensity, in which increasing the intensity causes decreasing
time constants for desorption and thus helps to reduce poisoning by an enhancement in desorption
process.

During the last decade, room temperature UV-based gas sensing technology has attracted attention
due to its increasing role in human’s life [18,28-35]. Until recent years, the primary technique for
industrial production of UV relied on energizing mercury vapour with high-voltage electric current.
Electrons in the mercury atoms are excited to a higher energy state and emit energy in the form of UV,
visible light and heat on the way back to the ground level. However, as will be discussed in the following,

using conventional UV lamps for the activation of gas sensors was not the best option.

11



The first drawback of conventional mercury UV lamps was the broad range of emitted wavelengths
that could destroy exposed materials. The high voltage applied in UV lamps could deteriorate electrode
material and as a result, cause darkening or blacking of the lamp near the terminals, which imposes loss
of energy and shortens the useful lifetime of the lamp. The long warm-up time required to reach the
operational condition as well as the time required for internal pressure to return to the initial value were
other issues associated with UV lamps. The drawbacks mentioned above, along with the harmful
environmental effects and severe respiratory problems that may occur by using UV lamps, the need for
smaller, greener, and more efficient replacements became progressively more important.

A key trend expected to influence the gas sensor technology and its market is the use of newly emerged
ultraviolet light-emitting diodes (UV-LEDs). UV LEDs not only provide the opportunity to fully control
operating parameters, but also provide significant cost, energy, and space savings compared to alternate
technologies. Further, UV LEDs do not contain toxic material such as mercury often found in UV sources
and thus provide major environmental benefits.

In an introductory work by Han et al. [36] on UV-LED based catalytic combustion hydrogen sensors
using drop coated TiO. doped with palladium and platinum metals on alumina substrate, it was reported
that the use of UV-LED can facilitate the oxidation of hydrogen on the surface and improve low-
temperature gas sensing characteristics and self-cleaning effects of the developed sensors.

The idea of functionalizing chemical gas sensors at room temperature as well as making them smaller,
greener and more efficient has initiated significant progress in the last few years among scientists
worldwide. There have been several research reports in the literature in the last few years concerning the
photo-activation of sensors by UV-LED. The importance and recent advances in the developments of

UV-LED based chemi-resistive sensors have been discussed in a comprehensive review [12].
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1.5 Gas sensing mechanism of UV illuminated metal oxide semiconductors

It is well-known that the work function of the photo-activated gas sensors is governed by various
electrochemical sensing reactions that involve electrons/holes created by the interactions of photons and
metal oxide surface. Although the overall logic of photo-activated gas sensing principle is generally
identical, some differences exists in different types of oxidizing/reducing reactions and metal oxide
semiconductor layer structures as well as the chemical properties of the gases.

In a gas sensing experiment, when air is introduced to the metal oxide semiconductor at room
temperature, oxygen is adsorbed on the surface. At lower temperatures, oxygen is adsorbed molecularly,
but as the temperature increases, it tends to be adsorbed in the form of 0% and O [37]. Adsorption of
oxygen is accompanied by an electron extraction from the conduction band, forming negative sites on
the surface and positive holes in the conduction band. The separation of charge carriers makes an electric
field and leads to the formation of a stable electron-depleted region. The formed potential barrier is
usually between 0.5 to 1 eV that acts as a barrier for remaining electrons to be excited [16,38-41]. The
negatively charged oxygen ions produce an upward band bending resulting in reducing conductivity [16].
The electrical properties of the sensing layer are determined through the sum of the contributions of the
grains and the grain boundaries of the semiconductor. The height of the energy barrier for the electron
transport between neighboring grains plays a determining role in the sensitivity of the sensing material.

Irradiation of a metal oxide layer by photons emanating from UV-LED with the appropriate energy
changes the occupancy of the defects and thus changes the capacity of adsorption concentration on the
surface by enhancing charge carriers [27]. As illustrated in Figure 1-5a, UV irradiation increases the free
electron concentration on the surface and results in a decrease in the thickness of the depletion layer. This
lowers the energy barrier between adjacent grains, allows the electrons to move easier across the grain

boundaries, and leads to decreased film resistance.
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Upon exposure to air, oxygen reacts with the excited electrons and is adsorbed molecularly at room
temperature. This leads to a slight increase in the layer resistivity. (Figure 1-5b).

Oz(gas) © O2(aa) (1)

0z @a) + € © Ozag (2)

As the photons irradiate to the surface, the photo-induced holes/electrons interact with the adsorbed
oxygen causing to desorb oxygen ion species (photo-desorption) simultaneously along with the
interaction of the photo-induced electron with oxygen in the gas phase. This phenomenon continues to
reach a new equilibrium state in which the rate of arrival of holes and electrons to the surface becomes
equal [42,43]. Interaction and recombination of a hole with a binding electron of the layer could also
break the bond and provide oxygen atom that can diffuse to the crystal surface, react with oxygen ions
and form into Oz and leave an oxygen vacancy behind [44].

Upon exposure to an oxidizing gas, such as NOy, it accepts electron through a reaction with 03, and
a stable chemisorbed NO; state is created, which can only be desorbed by radiation (Figure 1-5c).
Moreover, under continuous irradiation, it also reacts with photo-generated electrons, all of which result
in increasing the layer resistance. The latter restores surface adsorbed O3 concentration and broadens the
depletion region, resulting in a further increase of the resistance. Eventually, the surface adsorption and

desorption processes take place simultaneously to reach an equilibrium state under the constant flow of

photons.
NO, (g + 07 + 2epy) © NO7 4 + 207 (3)
2NOy () + eny) = 2NOgg) + 07 ) 4)
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The time that takes for this process to reach an equilibrium, which is known as the response time,
varies for each sensing material. The sensor identifies the gas by monitoring the layer resistivity over

time, which is a function of the gas concentration.
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Figure 1-5: A schematic illustration of the detection mechanism of UV-LED activated sensors [45]

As the gas molecules adsorb on the surface and follow the previously described reactions, due to the
electron consumption, the resistance of the n-type metal oxide layer increases. In p-type semiconductors,
the resistance decreases upon exposure to the gas, because extracted electrons increase the number of
holes in the valence band. A quasi-linear decrease is observed following by turning off the target gas
exposure. At this step, the equilibrium reactions tend backward to produce more gaseous species. The

time that takes for the sensor to recover entirely to its base value is known as the recovery time.
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In case of exposure of the layer to reducing gases, the gas participates in a reaction with the adsorbed
oxygen releasing and accumulating electrons back to the conduction band and resulting in a decrease of
resistance in n-type semiconductors. This change in resistance is due to charge density enhancement and
increase in p-type semiconductors because of the reduction in hole concentration. Example of the
reactions of a reducing gas, i.e. NHg, is presented in the following [40,46—49]:

4NH; +303,_, = 2N, + 6H,0 + 3¢~ (5)

Due to the strong influence of the structural formation and surface states of sensing layer materials,
the governing mechanism and sensing reactions could be subjected to alter as a result of a change in film
properties such as in the presence of moisture or by addition of any dopant to the structure. For instance,
it has been suggested that the possible mechanism in metal-doped semiconductor layers is different from
that of pristine samples. For metal doped semiconductors, the mechanism could be explained based on
the charge transfer transition of the metal ion by UV illumination, which leads to creating additional

holes that react with chemisorbed oxygen ions and desorb oxygen [50].

1.6 Influencing factors on UV activated gas sensor responses

The work function of the photo-activated gas sensors is governed by various electrochemical sensing
reactions that involve electrons/holes created by the interactions of photons and sensor surface at room
temperature. Therefore, the three main areas that influence the gas sensing reactions, thus the sensor

response, are as follow:

1.6.1 UV source parameters
As discussed earlier, UV-LEDs provide the opportunity to fully control operating parameters. This

makes them a compelling candidate to replace the conventional activation sources in gas sensor devices
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(i.e. heat and UV lamps). UV-LEDs have instant on/off operation and are able to produce an exact
wavelength at a specific intensity.

The efficiency of chemical gas sensing in photo-activation mode is highly dependent on the radiation
source specifications. The energy (i.e. wavelength) of the photons emitting from the UV source must be
adequate to excite electrons within the semiconductor layer. It also has a crucial influence on electron
mobility and layer stability. The intensity of the emitted radiation will affect the flow of the photons (or
the irradiance on the sensor surface), which in turn influence the excitation ratio and sensing
characteristics, due to the change in carriers’ density. The pattern in which the photons reach the surface
can also be adjusted using UV-LEDs. The frequency of the striking photon streams changes the residence
time of the reacting agents and gas molecules on the surface.

While the effect of UV irradiation specifications on surface reaction kinetics has generally been
accepted, the correlation between these parameters and the sensor signal has not been compared.
Therefore, it is necessary to investigate the performance characteristics of commonly used sensors under
various operational conditions to better specify the functionality of any given semiconductor material in

practical applications.

1.6.2 Sensing layer specifications
It is well known that the performances of metal oxide sensors considerably depend on the sensing
layer material and structure. The sensing performance of any metal oxide resistive gas sensor is attributed
to three major independent aspects of the sensitive material: receptor function, transducer function and
utility factor (Figure 1-6) [51]. Receptor function refers to the ability of the solid surface to interact with
target gas, i.e. oxygen adsorption, water vapor adsorption, and acid or basic properties of the surface.

The transducer function in a sensor device belongs to the conversion of the signal produced by chemical
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interaction into an electrical signal and depends on features such as carrier mobility, grain size, and
doping. The utility factor shows the accessibility of inner oxide grains to the target gas and striking
photons (i.e. thickness, pore size, and diffusion path). In the latter, if the rate of the reaction is much
higher than the rate of the diffusion, then the gas molecules cannot utilize the inner grains, thus lowering

the sensor efficiency [51].

Surface Microstructure Layer structure
(Receptor function) (Transducer function) (Utility factor)

Figure 1-6: Schematic diagram of the receptor, transducer and the utility functions of a semiconducting metal-oxide

layer (Reproduced from [52])

Therefore, the properties of semiconductors can be significantly changed by adding impurities
(doping) into their crystal lattice, loading with noble metals, developing core-shells as well as
mesoporous structures. By implementing any of the aforementioned modifications, the electrical
behaviour and reactivity of the surface may vary significantly, which in turn affects the sensor interaction
with the surrounding gas. Generally, medication of the surface properties is through increasing the
concentration of reactants at the surface, lowering the activation energy of the surface reactions, and
enhancing the charge density by reducing the charge recombination rate [16].

The logic of this approach mainly relies on the fact that the synergetic effects of material structure and

composition are promising ways to achieve selective and sensitive gas detection.
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1.6.3 Sensor geometry and design

The geometrical design of the sensor components contribute greatly to the sensor performance as the
whole film must go through a conformal variation in conductivity upon exposure to the photons and the
target gas [53]. Chemi-resistive high-temperature gas sensors typically consist of a thin or thick film
sensing layer deposited over a back-heated substrate. Working under UV irradiation, however, dictates
several important design considerations. A sufficient contact must be ensured among the photons,
sensing layer and gas molecules so that maximum efficiency can be achieved. Another concern,
especially in short wavelength UV, would be the interaction of light and gaseous components in the
medium before reaching the surface. Thus, in order to have a high-performance gas sensor device, the
implementation of a sensitive chemistry must be accompanied by optimization of the design features.

There are only a few studies in the open literature that have investigated the design of UV-LED
activated sensor devices. Casals et al. [54] and Markiewicz et al. [55] recently reported a miniaturized
device, which was a sensor architecture built around a miniaturized custom-made LED. This so-called
micro light plate (LLP) configuration showed a minimum power consumption as low as 30 uW due to
high photon efficiency. Fabrication of custom UV-LED, however, may introduce more complexity to
the sensor preparation process, is time consuming and requires advanced equipment.

Wang et al. [56] reported the first full-stack UV-LED activated sensor as shown in Figure 1-7. They
integrated a thin layer of In,O3 nanoparticle on GalnN/GaN UV-LEDs. The short distance between the
sensor and the light source (several hundreds of microns) may offer a significant improvement in photon

efficiency and power consumption of the sensor.
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Figure 1-7: (a) Schematic cross section of the sensor integrated onto the a GalnN UV-LED chip (b) Images of the actual

sensor inside a ceramic IC package [56]

Similar arrangements to the above sensor were reported by Yu et al. [57] and Hsu et al. [58], whereas
the LED and the sensor films were mounted on top of a commercial LED. Gong et al. [59] also developed
a design based on a hybrid structure of integrated ZnO nanowires on optical fiber surface, attached to a
UV source.

There is still a need for innovative design and fabrication concepts that offer a true solution for large
scale production, with good reproducibility and at a low cost using the methods and tools commonly
available in microelectronic production facilities. A new basic design concept that can be implemented
to improve the sensor performance and fabrication process, and broaden its applicability is the UV-LED
integrated sensor network system (with backside-irradiation) which has been explained in the

recommendations section (Chapter 8, Section 8.2).
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1.7 Thesis objectives

Based on the concepts reviewed in the previous sections, and to meet the increasing need for high-
performance gas sensors operating at ambient temperature, the main objective of this research was set to
develop highly sensitive sensors with appropriate response time and to evaluate their performance using
amodel gas (i.e. NOz). To meet the overall goal, and considering the inspiring works in UV-LED industry
and nanotechnology, the main focus was directed toward influencing areas discussed in the previous
section, and set the following sub-objectives:

1. Explore the effects of UV radiation parameters such as wavelength, irradiance and irradiation
pattern (pulsation) on commonly utilized metal oxide semiconductors (i.e. ZnO, In,O3, SnO>, and
WO0:s)

2. Investigate the possibility of enhancing electron utilization ratio through adding Ag metal into
the lattice of a host semiconductor, such as ZnO.

3. Study the extent to which the sensitivity can be enhanced through utilizing 1D structures and Pt
loading, based on the privileged performances of metal loaded nanowires in gas sensing
applications, reported in the literature.

4. Apply core-shell structures and utilize the synergistic effects of the combined semiconductors on
the sensing performance.

5. Utilize ordered mesoporous materials as supports for metal oxide semiconductors sensors and

study the effect on the sensitivity.
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1.8 Thesis outline

In this introduction chapter, metal oxide gas sensors in general, and the parameters affecting the
performance of a typical gas sensor device have been discussed. A review article has been published in
the Critical Reviews in Solid State and Materials Sciences, outlining the key parameters, recent
advances, and future trends in photo-activated gas sensors.

Chapter 2 demonstrates the experimental setup designed and operated for testing the developed
sensors and explains the fabrication process of sensor system components. Chapter 3 is dedicated to a
parametric study on the effect of UV source specifications on four common semiconducting materials
(Objective 1). The material presented in this chapter was published in the Journal of Photochemistry and
Photobiology A: Chemistry. Chapter 4 introduces a highly sensitive gas sensor developed by the addition
of Ag metal particles to the structural lattice of a ZnO semiconductor (Objective 2). Chapter 5 reports
the preparation routes and photo-induced gas sensing performances of Pt loaded ZnO NWs (Objective
3). The studies presented in Chapters 4 and 5 are published in the Journal of Electrochemical Society.
Chapter 6 discusses two core-shell sensors, ZnO-In,0z and ZnO-SnO, and compares the performances
versus monolithic sensing materials (Objective 4). This study will be submitted to the Journal of Sensors
and Actuators B: Chemical. Chapter 7 describes the application of high surface area carbon mesoporous
material as the support for the active sensing layer (Objective 5). This research work was submitted to
Journal of Sensors and Actuators B: Chemical. In each chapter, different characterization methods have
been used to analyze the physical and chemical properties of the prepared materials. Further, the gas
sensor responses have been investigated and suitable conditions to obtain the optimal response
characteristics have been reported. The main conclusions of this research work, and the recommendations
for further investigations of key areas to improve sensor efficiency have been discussed in Chapter 8;

where a new sensor platform design has also been proposed.
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Chapter 2: Experimental Apparatus

2.1 Gas sensor setup

The sensor response measurements were performed by a laboratory-made experimental setup. A
setup, shown in Figure 2-1 was designed to expose the sensor to the exact concentrations of the target
gas, as well as to adjust the operating parameters involved in the sensing process, i.e. UV source
parameters. In this setup, NO. was introduced to the semiconductor layer, which was enclosed in a
stainless steel chamber, in the dark and under continuous UV irradiation generated by UV-LEDs. The
experimental setup was made of three parts: gas delivery, chamber, and electronic section. Each sensing
experiment was repeated at least two times to make sure that the data are reproducible. Images of the

actual experimental setup have been presented in the Appendix A.1.
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Figure 2-1 : Schematic view of the experimental setup for gas sensing measurements
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2.1.1 Gas delivery

This section consists of several mass flow controllers (MFCs) to precisely measure and control the
flow rates of target gases (Figure 2-2). The board adjusts the flow rates of different gases and mixes them
at specific ratios to obtain the desired concentration. To thoroughly mix gases, a pressurized cylinder is
accommodated just before the chamber, and a needle valve located by the exterior of the cylinder controls
the inside pressure. Three safety pressure gauges are positioned just before the mass flow controllers to
make sure of the flow and that the pressure is not exceeding the maximum allowable operating pressure
of MFCs. The third pressure gauge mounted at the top of the pressurized cylinder determines and controls

the pressure inside the cylinder.
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Figure 2-2: Details of channeling board implemented to produce low concentrations
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2.1.2  Reaction chamber
The chamber where the sensing material, gas molecules, and photons meet is presented in Figure 2-
3. The stainless steel gas-testing chamber is the house of the electrical connectors and wires and needs
to be sealed. Chamber design is also very important to ensure that the whole surface, receives adequate

irradiation from the UV source and is fully exposed to the transient gas.

Gasin Gas out

Sensing Layer

Gold Electrodes % /

MIOS

Figure 2-3: Schematic view of the reaction chamber used for sensing measurements

2.1.3 Data acquisition

The performances of the developed sensors were continuously monitored by a volt-amperometric
technique in which the sensors were biased by 5 V and film resistance was measured over time. The
electrical measurements were carried out using Keithley digital 6487 Voltage source picoameter. The

designated built-in power source in the instrument makes a more accurate and more stable current. A
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LabView program was developed to control the whole process remotely. Due to the small current flow
in the circuit, standard insulate cables were used to connect sensor electrodes to the multimeter. Figure

2-4 shows a schematic illustration of the implemented electrical circuit.

O O O {Keithleyvdtage Source/ Picoameter]

AAA Hy
VVyVv II ]

1
Sensing Layer .
I

Electrodes >

Figure 2-4: Electrical measurements in gas sensor setup

214 UV-LED

The use of recently developed UV-LEDs enables the optimization of the sensor output by controlling
the irradiation parameters. The UV-LEDs that were used in this research have been shown in Table 2-1.
The power of UV-LEDs was adjusted by controlling the operating current. The actual incident
irradiances on the surface of the sensor were measured by Ocean Optics USB2000+ spectrometer
equipped with a Sony ILX511B CCD detector.

The pulsed UV irradiation was generated by using a dual-channel arbitrary function generator (Instek
AFG-2225). Although the temperatures of the UV-LED sources were controlled using a thermo-electric
cooler (TEC) attached to a circular heatsink, they were also mounted outside a quartz window to avoid

any unwanted interference of temperature changes.
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Table 2-1: A summary of specifications of the UV-LEDs used in the research

Total View
Wavelength . Andl
Manufacturer (nm) Lens Radiant ng eo Appearance
Power (W) | 26%()
Dowa .
- . 270 Flat 80 Collimated %<
Electronics A-
y
Seoul R
CUNGAF1B ) 365 Flat 690 110 oL
Semiconductor ”
CUNGAF4A Seoul 365 Flat 2750 116 \\
a (58 -
Semiconductor /‘X(l )
NVSU233A Nichia 385 Flat 1400 120 @
NVSU233A Nichia 405 Flat 1400 120 @

2.2 Gas testing procedure

Before each test, the sensors were blown with dry purified air for 1 h at a constant flow rate of 100
mL/min to stabilize the sensors and to remove moisture or any adsorbed molecules from the surface. The
sensors were then biased by 5V and exposed to the target gas for a limited time (to reach a plateau value
in resistance). They were then recovered by exposure to purified air until the resistance returned to its

initial value. In this report, the sensor response indicates the maximum change in relative resistance of

thin films at different conditions. It is defined asR,,,, = leR_Ral or R, = 'Gg;Gal

, Where Ra/Ga, and Rg/Gq

are the electrical resistance/conductance of the sensor measured in the presence of pure dry air and target
gas, respectively. The response time (t1) and recovery time (t2) are defined as the time that takes for the

sensor resistance to change from 10% to 90% of its total variation.
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2.3 Fabrication process
2.3.1 Electrode deposition

For the electrical measurements, a thin layer of gold was deposited over a ceramic sheet through an
interdigitated comb shape shadow mask. The shadow mask was initially designed in AutoCAD and built
using laser micromachining. Prior to any deposition, the substrates were cleaned by oxygen ion
bombardment using Plasma-Enhanced Chemical Vapor Deposition (PECVD) to improve the adhesion
of the film to the substrate by removing moisture and any organic contaminants on the surface.

For the deposition, E-Beam Physical VVapour Deposition (EBPVD) method was selected. The 2000 e-
beam evaporator system (located in UBC Nano-Micro Fabrication Cleanroom) was used to deposit the
electrode materials. The setup consists of a control cabinet, chamber, electron-beam power supply, cryo-
pump compressor, and mechanical vacuum pump. The control cabinet houses a microprocessor,
operation control panel, thermocouples gauges and controllers, film thickness monitor, CTI cryo-pump
temperature monitor and electron beam control module.

In the physical vapor e-beam deposition method, target anode is bombarded with huge numbers of
high energy electrons given off by a charged tungsten filament under a high vacuum. The electron beam
causes atoms to transfer from the target into the gaseous phase. These atoms precipitate into solid form,
coating everything inside the vacuum chamber with a thin layer of the anode material. Multiple types of
materials can be used simultaneously in a single EBPVD system in designated source areas. Figure 2-5

shows the e-beam process as well as the actual e-beam setup.
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Figure 2-5: A schematic illustration of the electron beam physical vapor deposition technique (left), and the DeeDirectors

electron beam evaporator used in the cleanroom (right)

In this study, a thin layer of titanium with a thickness of 25 nm was firstly deposited to enhance the
stability and adhesion strength of the gold materials. Then, gold thin layer (~400 nm) were deposited
over titanium using a pure gold target source. All thickness measurements were certified by ex-situ
characterization using ALPHA STEP 200 Profilometer. The width, spacing, and length of the deposited

first electrode design are shown in Figure 2-6a. Figure 2-6b shows, a new electrode pattern that was

designed and prepared with a lithography technique for miniaturized applications.
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Figure 2-6: The dimensions of fabricated interdigitated electrodes a) first electrode design for lab experiments with

dimensions (in centimeters) b) second design for miniaturized devices (the dimensions are 5Smmx5mm)

2.3.2 Material deposition

Sensing materials were deposited using spin-coating method or direct growth. Initially, a known
amount of solution (5 ml) was taken by a pipet and poured dropwise over the substrate while rotating at
800 rpm. Then, the rotating speed was set to 2000 rpm to dry the layer in each stage of development.
This process was repeated 10 times, followed by a 3 min heating at 80 °C in the middle of the coating to
let the trapped water evaporate, followed by high-temperature calcination. Figure 2-7 and Figure 2-8

show the deposition and synthesis process of the prepared semiconductor layers, respectively.
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Figure 2-7: The consecutive steps in sensing layer deposition process
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2.4 Characterization

To investigate the morphology, particle size and nano-structure of compounds on the surface,
scanning electron microscopy (SEM) has been performed. The FEI Helios NanoLab 650 dual beam SEM
machine was employed to perform high-resolution imaging and nano-structure analysis.

In order to investigate the surface topography, the composition of the prepared sensor layers and
surface elements, X-ray photoelectron spectroscopy (XPS) was performed. Energy-dispersive X-ray
(EDX) spectroscopy was utilized to characterize the chemical composition as well as to measure
elemental containments. The crystal structure of prepared samples and the atomic structure diffraction
patterns were obtained in X-ray Diffraction (XRD) analysis. The structural properties were investigated
by 20 method of XRD with a Cu Kal (A =10.15406 - A = 0.154439nm) source at 40 kV and 40 mA.

Finally, to certify the UV wavelengths used in the experiments as well as the photo-reduction
behaviour of prepared sensors, UV-Visible spectroscopy was carried out by Ocean Optics USB2000+

spectrometer equipped with a Sony ILX511B CCD detector.

32



Chapter 3: The effect of radiation parameters on the performance of photo-

activated gas sensors

3.1 Introduction

Several studies in the literature have employed photonic energy with different specifications to
promote surface reactions at lower temperatures [23,60,61]. These room temperature sensors are in high
demand for the Internet of Things (1oT) applications. Among the groups of metal oxides, ZnO [62—65],
In203 [66-68], SnO. [69-71], and WOs3 [39,72,73] have been extensively investigated for photo-
activated operation because of their high electron conductivity features.

In terms of activation wavelength, it has been shown that a wavelength-resonant excitation can
maximize the photo-response [22]. In other words, the maximum response corresponds to the photons
with energies close to the bandgap of the sensing material, which is mainly around 3 electron-volts (eV).
Therefore, radiation sources with similar energies, which lie in the ultraviolet region (<400 nm), are the
most promising candidates to activate the aforementioned semiconducting materials. Ultraviolet (UV)
radiation can be produced by using recently emerged ultraviolet light-emitting diodes (UV-LED) that
not only provide the opportunity to fully control operating parameters but also significantly reduce the
energy consumption in photo-activated gas sensors. The developments of UV-LED based chemi-
resistive sensors have been discussed in a comprehensive review [12].

While the effect of UV irradiation specifications on the surface reaction kinetics and sensor responses
have generally been accepted, the correlation between these parameters and the sensor signal has not
been compared. Therefore, it is necessary to investigate the performance characteristics of commonly
used sensors under various operational conditions to better specify the functionality of any given

semiconductor material in practical applications.
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In this study, the sensing performances of four different sensing materials in various irradiation
conditions, such as different irradiation wavelengths, irradiances, and irradiation patterns, at room
temperature were characterized. Moreover, we determined the optimal operating conditions to achieve
the highest sensor response with the shortest response time and complete sensing recovery. The as-
fabricated ZnO, In,0z, SnO2, and WO3 nano-structures were examined to detect low concentrations of
NO: as a model gas contaminant. NO2 was selected because it greatly contributes to environmental and
human health problems, and there are still some challenges associated with its detection using traditional

techniques.

3.2 Material preparation

All chemicals used were of analytical grade and purchased from Sigma-Aldrich Canada Corporation.

Preparation of ZnO: Zinc nitrate hexahydrate (Zn(NO3)..6H20) and 2.0 M ammonia (NHz3) solution
in ethanol (CH3CH2OH) were used as source materials. 0.89 gr of zinc nitrate powder was dissolved in
100 mL of a solution containing 85% ethanol and 15% methanol. The solution was vigorously stirred for
30 min at 50 °C in a water bath under a fume hood. Drops of the ammonia solution were then added to
zinc-containing solutions at a speed of 1 drop/s at the same temperature while measuring the pH value
continuously to reach pH > 9. The solution was then stirred for 4 h and slowly cooled to room
temperature. The resulting precipitates were washed, centrifuged, and calcined at 550 °C for 2 h.

Preparation of In2Oz: Indium nitrate hydrate (In(NOs)3.xH20) and 2.0 M ammonia (NHz) solution in
ethanol (CH3CH.OH) were used as precursors. In a typical synthesis process, 0.9 gr of indium nitrate
hydrate was prepared in 100 mL of a solution containing 85% ethanol and 15% methanol at 50 °C. The

solution was then stirred for 30 min at 50 °C to fully mix the dissolved material. Then, the reducing agent
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was added dropwise to the solution until reaching pH > 9. The precipitates were then collected by
centrifugation and calcined at 550 °C for 2 h.

Preparation of WO3: WO3 was synthesized by precipitation technique using solutions of ammonium
(para) tungstate hydrate (H2o0N10042W12-xH20) and nitric acid (HNOs). In this process, 60 mL of 10 mM
ammonium tungstate solution was prepared in deionized water and stirred at 80 °C for 15 min. Then, 40
mL of 2.5 mM nitric acid solution was added dropwise to the tungstate solution under vigorous stirring
at the same temperature. The obtained solution was aged for 60 min to precipitate the synthesized
material. The resulting precipitates were centrifuged, washed several times, and dried at 80 oC for 4 h.
Finally, the WO3 powders were ground and calcined at 550 oC for 2 h.

Preparation of SnO2: The synthesis was carried out using SnCl, and NaOH as precursors. In a typical
synthesis process, 0.05 M of SnCl; solution was prepared in 50 mL of deionized water. Under vigorous
stirring, 0.5 M of NaOH solution, prepared in 50 mL of deionized water, was added dropwise to the
SnCl; solution until reaching pH > 9. The solution was then put into a microwave oven and treated at a
power of 300 W for 20 min. The solution was aged to cool down to room temperature, and the resulting

precipitates were washed with distilled water, dried at 80 °C for 24 h, and calcined at 400 °C for 2 h.

Sensor fabrication: For the material deposition, 5 mL of the solution was taken using a pipette and
poured dropwise over the substrate while rotating at 800 rpm. Then, the rotating speed was set to 2000
rpm to dry the layer in each stage of development. This process was repeated 10 times followed by 3 min
of heating at 80 °C in the middle of the coating to let the trapped water evaporate. The material synthesis
and sensing layer deposition of all semiconductors were performed simultaneously to avoid any possible

changes in conditions that may affect the fabricated sensors.
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3.3 Results and discussion
3.3.1 Morphology and crystal structure

Figure 3-1a represents the morphology of the ZnO sample, showing randomly oriented ZnO particles
in variable lengths. The FE-SEM images more or less confirm agglomerated ZnO particles with distinct
boundaries with an average grain size of about 40 nm. The representative SEM photographs of 1n203
nano-particulates (In.Oz clusters) are presented in Figure 3-1b. Compared to the ZnO film, the surface
of the In.O3 film was much smoother with possibly smaller crystallites and mostly without
distinguishable grain boundaries. The average grain size of In,O3 particles is estimated to be 25-35 nm.
As shown in Figure 3-1c, the SnO2 nanoparticles formed a uniform structure of hollow spheres with a
diameter of approximately 15 nm. The morphology of the nano-sized WOs particles, presented in Figure
3-1d, is mainly in pseudo-spherical shapes, and the average particle size is approximately 60 nm.

Improved gas-sensing properties can be achieved at high surface-to-volume ratios. A large number of
grains, which is more likely when grains are small, will result in high porosity and a large surface area
for effective adsorption of gas species. In contrast, the agglomeration of minimal nanoparticles prevents
gas molecules from accessing the internal surface. Hence, the morphologies of the prepared materials,

especially ZnO and In.Ogz, suggest that the sensing layers have grain features suitable for gas sensing.
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Figure 3-1: FE-SEM images of prepared materials, (a) ZnO (b) In203 (¢) SnO; (d) WO3 nano-particles

XRD analysis was performed to analyze the material structure and crystallinity (Figure 3-2). The XRD
pattern of nano-sized ZnO particles is shown in Figure 3-2a. The crystalline planes located at 31.76,
34.42, and 36.25 represent preferably (100), (002), and (101) crystalline shapes of hexagonal ZnO,
respectively, and address wurtzite phases (JCPDS no. 36-1451). For the In2Os nano-particles, the peaks
in the XRD analysis are attributed to the cubic structure of In,Oz with JCPDS no. 06-0416 (Figure 3-2b).
Using the Scherrer equation, the average crystallite sizes of the ZnO and In,Oz samples are 34 nm and
12 nm, respectively. As shown in Figure 3-2c, all diffraction peaks of SnO; in the XRD pattern, which
coincide well with JCPDS file no. 41-1445, can be indexed to the rutile phase. The average crystallite

size of the SnO2 deduced from Debye Sherrer’s equation is calculated at 10 nm.
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For the WO3 sample, the sharp and intensive peaks of the XRD pattern indicate a highly crystalline
structure (Figure 3-2d), where the corresponding crystal planes are shown (JCPDS no. 43-1035) with an
average crystallite size of 53 nm. The absence of impurity diffraction peaks in the XRD patterns
represents the existence of pure phases in the synthesized materials. The predominant orientation of the
active surface affects the energy of the adsorption/desorption processes, and consequently, changes the

response characteristics.
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Figure 3-2: XRD plot of the (a) ZnO, showing well-crystalline wurtzite phase, and (b) In.Os, showing cubic structure,
(c) SnO., showing rutile phase (d) WOs, monoclinic
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3.3.2  Optical properties of sensing materials

Optical analysis of thin films is a useful method to understand their quality, thickness, and material
properties, such as band-gap and dielectric constants. In this analysis, the reflectance/absorbance spectra
are investigated in the 200900 nm spectral range. These data are confirmed through various repetitions.
In optical measurements, photons from the light source irradiate the surface from a small opening nearly
opposite to the sample port, illuminating the sample evenly. The reflected light gets scattered around the
stage and is precisely sampled by an optical fiber at the connector.

The Kubelka-Munk theory is used to theoretically estimate the absorbance of thin films from the
acquired diffuse reflectance measurements [74]. In this method, the band-gap energies are determined

using Kubelka—Munk function:

(1-R)?

Ry =7

(12)

where (R) is the absolute percentage value of reflectance and F(R) is equivalent to the absorption
coefficient. The band-gap analysis was performed for the as-prepared materials using Tauc plot, as shown
in Figure 3-3. The calculation procedure for determining band-gap is explained elsewhere [74]. The
band-gap of the materials are estimated by plotting [F(R) - hv]™ vs. hv (V). The linear part of the Tauc
plot is extrapolated to [F(R) - hv]™ = 0 to get the band gap energy, while the point of inflection is
found by taking the first derivative of the curve. If the plot of (F(R) - hv)(™=1/2) ys, hv gives a straight
line, it is indirect bandgap material, and if a plot of (F(R) - hv)™=2) vs. hv yields a straight line, it is a
direct bandgap material. For the synthesized materials, the appropriate m values in the Tauc function
have been used.

The ZnO band gap was estimated to be 3.2 eV while the In,O3 band gap was 3.42 eV, both in positive

agreement with those reported in the literature [75,76]. The band-gaps of SnO, and WQO3 were estimated
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to be 3.35 eV and 2.95 eV, respectively. According to the UV-Vis analysis, the sensing materials used

in this research reflect light mainly at wavelengths above 400 nm. This confirms that the energy of the

photons that reach the surface at wavelengths below 400 nm (UV region) is enough for complete

absorption and to excite valence band electrons of the layer.
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Figure 3-3: UV-Vis spectra of samples prepared by spin coating method (a) Reflectance spectra, (b) Tauc plot for band-

gap determination

3.3.3 Photo-response of the fabricated sensors

To evaluate the photo-induced behavior, the time-dependent UV response of the prepared chemi-

resistive sensors was studied. As shown in Figure 3-4, the sensing layers yield a significant photocurrent

under periodic illumination (resistance decreases). A switching behavior, which is the photocurrent
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increase under illumination and decrease in a dark environment, is clearly observed. The decrease change
in resistance upon irradiation occurs in a relatively short time, while the recovery time in dark conditions
takes longer. Such a slow recovery is attributed to the trapping centers, which are formed due to the
materials’ inhomogeneity, that prevent charge-carrier recombination [77]. Similarly, the fast response
can be attributed to the rapid change in carrier concentration.

During the multiple illumination cycles for ZnO, In,O3 and SnO., the photocurrent responds similarly
to the incident light with no significant variations in the signal amplitude. However, for the WO3, both
the dark and the illuminated resistance levels increase after repeated exposure. This behavior of WOs,
along with the low responsivity (Table 1), confirm the creation of radiation-induced disorders in the
material structure. The unrecoverable resistance value in the dark that occurs following the first exposure
to irradiation has been reported previously [23]. This behavior can be attributed to structural defects in
the lattice, which are induced by illumination.

The resistance variations before and after the first UV illumination can represent the intra-layer
specifications of the prepared sensors. For example, the observed initial dark resistance for In2Oz is lower
than those of the other sensors, indicating that the In.Os homo-nanostructure interfaces are not highly
resistive. The lower resistance can be attributed to the higher mobility of valence electrons throughout
the material, as a consequence of more oxygen ion vacant sites[78].

The resistance variation in the air upon UV radiation is attributed to the radiation-dependent oxygen
ion chemisorption. It is generally accepted that oxygen is chemisorbed on oxygen vacant sites in the form
of an ionized oxygen atom or molecule. This oxygen adsorption reduces the surface free electrons and
results in higher base resistance. In other words, the higher charge mobility of In,Os provides a better
inventory of adsorbed oxygen, even in dark conditions. Hence, upon the initial UV exposure, the changes

in resistance (AR}) for In,O3 are much smaller than those of other sensors, as the number of charge
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carriers is not significantly affected by irradiation. On the other hand, irradiation excites a significant

number of electrons in other metal oxide sensing layers and considerably increases the oxygen ions’

surface occupancy.
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3.3.4 UV activated gas sensing performance
3.3.4.1 Effect of irradiance

For proper sensing performance in UV-based gas sensors, exposure to the right irradiance for a
sufficient amount of time is required. Irradiance is defined as the rate of photons striking the surface of
objects per unit area. It is dependent upon the intensity and distance of the radiation source and mostly
affects the gas adsorption/desorption processes, resulting in higher/lower reaction rates. An appropriate
irradiance is one in which the sensor provides a high response, complete recovery, and reasonable
response time. Selectivity can also be taken into consideration to determine the best operating irradiance.
Optimal irradiance indicates that the equilibrium state of diffusion/adsorption of the gas molecules as
well as subsequent reaction/desorption processes in the sensing layers, are fast enough and have adequate
surface coverage percentages.

Figure 3-5 shows the effect of irradiance on the sensors’ responses. At constant photon energy with a
365 nm wavelength (3.39 eV), increasing irradiance enhances the photo-desorption rates of adsorbed
components and reduces the sensor response. In a high irradiance condition, equilibrium reactions shift
toward producing more gas-phase oxygen and desorbing more target gas molecules, leading to lower
resistance variation and a lower response. However, the reaction kinetics become faster with increasing
irradiance, leading to faster responses and shorter recovery times.

The optimal irradiance within the experimented range for ZnO to achieve the highest response signal
and shortest response time while completely recovering was 25 mW/cm?. Please note that ZnO showed
almost similar responses in 8 and 25 mW/cm?. However, the response and recovery time constants under
25 mW/cm? irradiance were faster and more stable than that of 8 mW/cm?. In contrast, In20s, SnO., and
WO;3 responses failed to recover completely at irradiances lower than 65 mW/cm?. For instance, the

unstable response for In203 sensor can be found in the Appendix A.2 (Figure A2-1). The appropriate
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light irradiance for the In.Os, SNO,, and WOs3 sensors was estimated to be 65 mW/cm?, which gives a
reasonable response time while having a stable sensor response. Optimal irradiance is highly dependent
on layer specifications and is subject to change for any other target gases.

The response time (t1) values for each sensor material varies with working irradiance. For ZnO
samples, the range of response time variations was observed to be from 166s at 251 mW/cm? to 197s at
8 mW/cm? while the complete recovery was observed for all irradiances. For In.Os sensing material, the
response time varied from 254 s at 251 mW/cm? to 300 s at 65 mW/cm?. All ZnO recovery time values
(t2) were around 300 s approximately, while for In,O3 sensors, the shortest T2 was observed to be 480 s
at 251 mW/cm?. By decreasing the irradiance to 65 mW/cm?, 1, increased slightly to 500 s, and then the
slop of changes increased significantly.

The observed response time for WO3 to 5 ppm NO, under 8 mW/cm? was over 40 min, and decreased
to about 20 min under 251 mW/cm? irradiance. SnO showed similar response time at 251 mW/cm?
irradiance, but the response was not stable at low irradiances. The recovery time for SnO, and WO3 was

around 30 mins at 65 m\W/cm?.
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Figure 3-5: Sensors responses to 5 ppm NO- under 365 nm UV-LED irradiation at different irradiances

A representation of the sensing performance of prepared sensors to 5 ppm NO under 365 nm UV-
LED irradiation at values around their optimal irradiance is presented in Figure 3-6. The differences in
sensor responses to NO> can be explained based on the number of active sites that are available on the
surface. When the photons strike the semiconductor nano-particulates, a part of the grain will be depleted
upon electron excitation. If the grain size is comparable to the depletion region (i.e., smaller than twice
the depletion region), a significant portion of the grain will be depleted. Thus, when the conduction path
of the electrons is narrower, large rapid variations in sensor responses will occur [52]. The homo-
interfaces between particles (i.e., ZnO-Zn0O, In203-1n203, SNO2-Sn0O2, and WO3-WOjs interfaces) and

the grain boundary potentials (double Schottky barrier) can play a determining role in the amount of
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successful electrons/holes that can reach the surface. Therefore, the size of the particles, the thickness of

the depletion layer, and the interface barriers significantly influence the electron/hole path to the surface

and affect the sensing response.
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Figure 3-6: Typical response of prepared sensors towards 5 ppm NO- at their appropriate irradiances (a) ZnO (at 8
mW/cm?), (b) In,0s (at 65 mW/cm?) (c) SnO, (at 65 mW/cm?), (d) WOs (at 65 mW/cm?). The NO; gas flow started at time

3.3.4.2

near zero and stopped at t=A

Effect of wavelength

Separation of the charge carriers is necessary for a sensing application as it proceeds surface

electrochemical reactions. The energy of the photons that reach the surface must be high enough to excite

valence electrons. The sensing layer can also be activated when photons with lesser energies irradiate

the surface. The latter may occur through several mechanisms such as indirect band-gap, disturbed crystal
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structures or defect states on the surface, and multi-photon excitation [28]. Thus, in UV-Vis analysis, the
reflectance signal starts decreasing in visible light or even infra-red regions. However, in this case, the
number of generated charge carriers would be far less than that of using radiation in the UV region. As
discussed previously, the maximum response is achieved when photons with the same energy as that of
the band-gap of the material are applied. The actual wavelength that is appropriate for gas sensing is
calculated by A=1.24/E, where A is the wavelength in pym and E is the band-gap energy of the
semiconducting material in eV. Therefore, the corresponding wavelengths for ZnO, In203, SnO2, and
WOg3 are calculated as 387 nm, 362 nm, 370 nm, and 420 nm, respectively.

The experiments were performed in the 365-405 nm wavelength range to study the sensors’ behavior
at different photon energies. The actual irradiance was maintained at 65 mW/cm? in all experiments to
enable comparisons. Figure 3-7 represents the sensors’ responses at different irradiation wavelengths.
The results show that UV-LEDs with short wavelengths can result in better responses due to an
improvement in the efficiency of semiconductor activity [62]. The response time of the sensors did not
change significantly with the radiation wavelengths. For instance, the observed response time values of
ZnO and In203 at 405nm were 200s and 280s, while their response times at 365nm were 197s and 254s,
respectively.

Under irradiation at an energy level greater than the band-gap of the semiconductor material, electrons
in the valence band (VB) are excited and migrate to the conduction band (CB). Therefore, given the band
gaps of the synthesized metal oxide semiconductors (i.e. WO3), overall semiconductor activation can
ideally be achieved by photons with wavelengths of about 400 nm. However, there is an activation barrier
in the charge-transfer process between the semiconductors and air molecules that requires photon energy

levels slightly greater than the band-gap of the semiconducting material and band edge, with the
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overpotential of oxygen reduction to drive the NO> reaction with reasonable reaction rates. This might
better explain efficiencies at shorter wavelengths.

Although wavelengths below 365 nm have not been examined in our experiments, the literature
demonstrates that using photons with excessive energies would enhance the inelastic scattering of
electrons and reduce the charge mobilization efficiency [79]. Besides, from the light-source perspective,
UV-LEDs with short wavelengths have short lifespans, limited availability, and high costs. Also, the
efficiency of UV-LED:s is significantly reduced at shorter wavelengths. Therefore, UV-A (365 nm) LED
systems may still achieve optimal performance due to their higher efficiency, higher power, and
sufficient energy, which meets gas sensor device requirements. Therefore, the appropriate wavelength

must be selected from an optimal window to achieve the best sensing performance.
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Figure 3-7: Effect of light source wavelength on the sensors responses to 5 ppm NO; at 65 m\W/cm? irradiance. The
decrease in responses at longer wavelengths is greater for semiconductors with higher band-gap. SnO, and WO; did not
respond at wavelengths higher than 365 nm and 385, respectively, meaning that the photons did not have enough energy to
generate charge carriers.
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3.3.43  Effect of irradiation pattern

In addition to the amount of energy that reaches the surface per unit time, the pattern in which the
surface is irradiated also changes the charge mobility features. The waveform of the LED emission can
be adjusted electrically by controlling the applied LED current with an external modulation source such
as a function generator. This unique feature of UV-LEDs makes them desirable for potentially enhancing
sensing performance through pulsed irradiation. Driving UV-LED activated gas sensor systems in pulsed
mode reduces heating and prevents damage of UV-absorbing surfaces while lowering the overall
emission time of UV-LED, which results in improved yield, reduced scrap costs, and longer LED
lifetime.

However, no studies exist in the open literature on the effect of pulsed mode irradiation on sensor
behavior. To evaluate the potential of the shaped irradiation on the sensing performance of the prepared
materials, the sensors’ responses to 5 ppm NO2 were measured under 365 nm UV-LED irradiation in
various pulsation frequency modules (Figure 3-8). The applied voltage and the injection current to the
LED were adjusted to obtain the irradiance of 65 mW/cm? in continuous operation. The duty cycle (the
ratio of the pulse width to the period between pulses) was set to 50% for all experiments, and the
irradiation frequency was altered from 0 (continuous) to 100 Hz.

The results confirmed that pulsation could significantly enhance the response of ZnO and In;Os
sensors. This can be demonstrated by irradiance-pulsation analogy: decreasing irradiance would reduce
progressive desorption of the surface material and increase the gas sensor response. Similarly, pulsation
would enhance the residence time of adsorbed materials, allowing for more efficient interactions of
adsorbed molecules with the gas phase components. Thus, as a result of pulsation, a new equilibrium
state between (photo)-adsorption and (photo)-desorption of surface and gas molecules is formed, leading

to higher reaction yields.
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However, SnO, and WO3 responded quite differently in pulsed mode, and the pulsation resulted in a
continuous increase of the response without reaching a plateau value. The SnO, and WOs3 sensor
responses at 10 Hz frequency are shown in Figure A3-2. Although the WO3 sensor showed a response
of 19.2 at 100 Hz frequency, the response time and recovery time were over 2 h, which are significantly
greater than those for continuous illumination. These behaviors can be attributed to the substantial
contribution of surface processes, rather than inter-band transitions, to the conductance change under
illumination/darkening [30]. More studies on UV-LED pulsed illumination are needed to confirm the
enhanced gas sensing effect and reveal the exact mechanism. Table 1 summarizes the sensor responses
in different operating conditions. The results reported in the present work confirms that a significant
increase in the response of the UV-activated NO. sensors can be achieved if optimal operating conditions

applied.
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Figure 3-8: The effect of irradiation pattern (pulsation frequency) on the performances of the sensors under 365 nm UV-
LED irradiation. The error bars represent 95% confidence intervals for the results.
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Table 3-1: A summary of the responses of the prepared sensors to 5 ppm NO under UV-LED irradiation in different
operating conditions

Sensor Response (AR/Ra)

Irradiance (mW/cm?) Wavelength (nm) Pulsation Frequency (Hz)
at 365 nm at 65 mwW/cm? at 365 nm and 65 mW/cm?
8 65 145 251 365 385 405 1 10 100

Zn0O 0.412 0.267 0.218 0.129 0.267 0.16 0.12 0.46 0.34 0.29

In203 1.261 0.674 0.431 0.247 0.674 0.31 0.19 1.35 - 0.86
SnO, - 0.53 0.3 0.08 0.53 - - - - -
WOs; 113 16.7 9.6 7.5 16.76 10.51 - - - 19.2

3.3.4.4  Effect of concentration

Among the prepared sensors, ZnO and In203 were selected for concentration measurements. Figure
3-9 shows the responses of ZnO and In.O3 sensors to 5-100 ppm of the target gas under UV-LED
irradiation at their optimal performance. The sensing results were found to be stable and repeatable in all
experiments. The responses increased in higher gas concentrations, reaching 2.95 and 7.5 at 100 ppm
NO. for ZnO and In,0s, respectively. This trend is due to the involvement of more electrons in relative
reactions at higher concentrations.

For ZnO sensors, the recovery time did not change considerably. However, the recovery time
constants of In,O3 sensors increased with increasing concentration. At 100 ppm, the sensor resistance
did not return to its initial value because of stable adsorption at high concentrations. The response of
In203 increased more rapidly than ZnO at higher concentrations, which might be due to the inherent

capability of In.Oz to adsorb more target gas molecules by providing a higher number of electrons on the
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surface. Furthermore, the saturation limit of In,O3, which is the maximum detectable amount of target

gas, was achieved to be higher than that of ZnO.
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Figure 3-9: Sensor responses at different concentrations of NO, gas under UV-LED illumination at their optimal
irradiance: (a) ZnO at 25 mW/cm?, (b) In,O3 at 65 m\W/cm?

3.3.4.5 Stability and selectivity

To examine the long-term sensing performance, the response of the sensors to 5 ppm NO. was
examined in about one year after its preparation under the same operating conditions as those when the
sensor was originally tested (365 nm UV-LED irradiation and 65 mW/cm? irradiance). The results

confirmed that the sensors’ responses are quite stable and reproducible. This observation is consistent
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with the fact that room-temperature UV-activated gas sensing improves the sensor’s stability, as opposed
to the conventional high-temperature sensing. As shown in Figure 3-10, selectivity analysis was also
performed to evaluate the sensors’ responses under the same operating conditions against interfering
gases such as Ammonia (NHz) and Carbon Monoxide (CO). Although the concentration of NHz (50 ppm)
and CO (50 ppm) were significantly greater than that of NO> (5 ppm), the UV activated ZnO, SnO, and
WO3 sensors exhibited high selectivity to NO, while In,Os showed higher response to 50 ppm NHs

(2.06). Among the semiconductors tested, WO3 was the only sensor that responded to 50 ppm CO (0.69).
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Figure 3-10: The response of prepared sensors to 5 ppm NO-, 50 ppm NH; and 50 ppm CO
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The relatively high sensitivity, short response time, and long stability, along with the tunable
responses of UV-LED activated semiconductor sensors indicate that they are promising alternatives to
conventional high-temperature chemical sensors.

In conclusion, the unique characteristics of UV-LEDs, particularly multiple wavelengths and pulsed
illumination, could potentially improve sensing performance under optimal conditions. The radiation
source specifications could significantly affect the adsorption/desorption of NO2 gas molecules at room
temperature. Appropriate irradiation conditions are required for each sensor to achieve the highest
response and shortest response time while having a complete recovery. The highest response can be
observed at an intermediate UV wavelength and optimal irradiance under pulsed irradiation. Further
investigations on the influencing parameters and mechanisms are required to apply UV-LEDs more

efficiently as the activation source for gas sensing materials.
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Chapter 4: Synthesis and performance evaluation of photo-activated Ag:ZnO nano-

ellipsoids

4.1 Introduction

Among the groups of metal oxides that have been studied for gas sensing applications, ZnO nano-
materials have shown promise because of high electron conductivity features [81-83]. ZnO has strong
luminescent properties, broad UV absorption, and a low cost [84]. The photo-activity of ZnO can be
improved by combining it with other chemicals. This combination lowers the required activation energy
and reduces the recombination rate of photo-generated charge carriers [85,86]. Several noble metals,
such as gold, palladium, platinum, and silver, have been reported to act as a co-catalyst to improve the
photo-activity [87-90]. It has been reported that the metal oxide morphology and surface properties
induced by silver doping facilitates the interfacial charge transfer and modifies the light-absorption
ability, resulting in improved gas-sensing properties [86,91-93].

Several methods have recently been proposed to synthesize Ag-loaded ZnO nanoparticles [86,89,94—
97]. However, a low-temperature solution-based approach is more desirable for large-scale production
[91]. In this research, Ag-loaded ZnO nanostructures were synthesized by a facile co-precipitation
method, and the structural properties were determined by several characterization methods. This study
reports the sensing performance characteristics of Ag-loaded ZnO nanomaterial activated with UV-LEDs
with the appropriate wavelength to enhance the sensitivity of the developed sensors toward NO2, which
is a toxic gas that is produced in large amounts by chemical combustion plants and automobiles and

significantly contributes to environmental problems.
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4.2 Material preparation

ZnO synthesis: All the chemicals used in this study were obtained from Sigma-Aldrich. Zinc nitrate
hexahydrate (Zn(NO3)..6H20) and 2.0 M ammonia (NHs3) solution in ethanol (CHsCH2OH) were used
as precursors. To prepare the ZnO layer, 0.89 g of zinc nitrate powder was dissolved in 100 ml of a
solution containing 85% ethanol and 15% methanol. The obtained solution was vigorously stirred for 30
min at 50 °C in a water bath under a fume hood. The ammonia solution was then added dropwise at a
rate of 1 drop/s at the same temperature to reach pH >9. The resulting solution was then stirred for 4 h
and cooled slowly to room temperature. The obtained precipitates were used to deposit ZnO layers over
Al>O3 substrate. The deposited material was annealed at 550 °C for further oxidation.

Ag-loaded ZnO synthesis: Zinc nitrate hexahydrate (Zn(NO3)2.6H20) and silver nitrate (AgNO3)
were used as metal precursors. In a typical synthesis process, 0.1 M zinc nitrate hexahydrate solution
was prepared in 100 mL distilled water at 50 °C. Silver nitrate was dissolved in the solution to obtain
AQ:ZnO with a 1:10 molar ratio. The solution was then stirred for 30 min at 50 °C to fully mix the
dissolved material. Then, the reducing agent was added dropwise to the solution until pH >9. The
precipitates were then collected by centrifugation, and aged at 80 °C for 6 h. The collected precipitates
were spin-coated on alumina substrate pre-deposited by interdigitated gold electrodes. The deposited

sensing layer was then calcined at 550 °C for 2 h.

4.3 Results and discussion
4.3.1 Characterizations of ZnO and Ag-loaded ZnO sensors

The XRD patterns of the synthesized ZnO and Ag:ZnO nanoparticles are shown in Figure 4-1. The
peaks located at 31.76, 34.42, and 36.25 of the undoped sample address the wurtzite phases. As Ag is

added to the pure ZnO, a sharp peak at 38.11° is observed in the XRD pattern; this peak corresponds to
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metallic Ag, confirming the existence of Ag clusters on the sample. XRD also shows that the intensity
of the peaks decreases upon the addition of Ag atoms, suggesting that the crystallinity is reduced in the
Ag:ZnO sample. The backward shift in the XRD diffractogram indicates the possible substitution and

incorporation of Ag atoms into the ZnO lattice, which induces lattice enlargement. Thus, metallic Ag

clusters and incorporated Ag+ ions are simultaneously present in the samples.
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Figure 4-1: XRD analysis of pure ZnO and Ag-loaded ZnO. The figure confirms Ag clusters in the sample and shows

lower crystallinity of Ag-loaded ZnO nano-particles

The morphology of the prepared ZnO and the Ag-loaded ZnO were examined by FE-SEM imaging.
Figure 4-2a shows the pseudo-spherical nanoparticles of pure ZnO in the form of a porous structure.
Figure 4-2b exhibits the ellipsoidal Ag:ZnO nanoparticles that are uniformly distributed in the layer. The

width of nano-ellipsoids at the corners is ~20 nm, while the width at the center is ~200 nm; the length is
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approximately 500 nm. The shapes and characterization specifications are in good agreement with those

reported in the literature [91].

Figure 4-2: FESEM analysis of pure ZnO (a) and Ag-loaded ZnO (b)

4.3.2 Sensing performance

The sensing performances of the synthesized materials were analyzed by studying the resistance
variations of the layers at different concentrations of NO>. Sensitivity, response time, and stability are
the three main factors that indicate how well a gas sensor device is performing. Sensor response value
addresses the maximum change in the relative resistance of thin films under different conditions. It is
defined as the thin film resistance change when exposed to the target gas and pure air normalized by the

initial resistance in the air. Initially, to examine the effect of UV irradiation on ZnO resistance, UV-LEDs
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were periodically turned on and off, and the photo-induced sensor response was measured over time.
When the sample was irradiated with UV, the conductance increased by about an order of magnitude due
to the electron/hole pair creation in the material. When the irradiation was stopped, the resistance
increased, within a few minutes (Figure 4-3). The irreversible shift in resistance after the first irradiation

is attributed to the structural defects and disorders induced by the radiation [27].
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Figure 4-3: ZnO photo-induced response to UV-LED ON/OFF cycle (at 8 mW/cm?).

The performance of the developed sensors to low concentrations of NO, was tested in the absence
and presence of UV radiation. No resistance change was observed when the sensors were exposed to 5
ppm NO: in the absence of UV radiation. However, the photo-induced resistance variations under UV-
LED illumination were significant upon exposure to NO. The remarkable resistance changes in UV-

assisted sensors can be described based on the increased gas-surface interaction due to the existence of
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photo-generated charge carriers. Figure 4-4 shows the sensitivities of pure ZnO and Ag-loaded ZnO
when 5 and 10 ppm NO; were passed over the sensor under 8 mW/cm? of UV illumination. The sensing
response of Ag:ZnO to 5 ppm NO2 was 0.98, while the response of pure ZnO was 0.41, confirming that

the sensitivity of Ag:ZnO was enhanced by a factor of greater than 2 compared to pristine ZnO.
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Figure 4-4: Sensing response of pure ZnO and Ag-loaded ZnO at 8 mW/cm? toward (a) 5 ppm NO2 and (b) 10 ppm
NO,. The target gas exposure started at time near zero and stopped at t=A.

The experiments at higher concentrations of NO: also confirmed that Ag:ZnO responds more
efficiently and with higher sensitivity in a wide range of concentrations (Figure 4-5). The increased
sensitivity at higher concentrations of NO> can be attributed to the higher number of electrons involved

in the surface reactions. The response time (T,¢s) is defined as the time required for the sensor to increase
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from 10% to 90% of its total sensitivity. The response time of both ZnO and Ag:ZnO was ~200 s at 5

ppm NO..
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Figure 4-5: Response of pure ZnO and Ag-loaded ZnO at various concentrations of NO». The response increases with

increased target gas concentrations.

In a typical UV-based gas sensor, UV wavelength and power intensity determine the energy of the
photons reaching the exposed surface. This energy affects the equilibrium surface reactions and plays a
determining role in the response curve. Irradiance, an indication of the energy received by a surface, is
defined as the rate of photons that strike the surface per unit area and depends on the intensity and
distance of the photon source. Figure 4-6 shows the effect of irradiance on the sensitivities of the
developed sensors to 5 ppm NO-. Increasing irradiance enhances the photo-desorption rates of adsorbed
components, thus reducing the sensitivity. In other words, as the irradiance increases, the higher rate of
oxygen ion removal and adsorbed target-gas molecules, which are the primary reactants, limits the ability
of surface reactions to fully proceed on the sensor’s surface. However, the response time also decreases
with increasing irradiance. Therefore, there should be an optimal value that provides high sensitivity and

a fast response. Since the range of response time variation was not significant (200 s at 8 mW/cm? and
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170 s at 250 mW/cm?) compared to the sensitivity changes of Ag:ZnO (0.98 at 8 mW/cm? and 0.49 at

250 mW/cm?), 8 mW/cm? is suggested as the best operating irradiance within the experimental range of

this study.
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Figure 4-6: Sensitivities of ZnO and Ag-loaded ZnO to 5 ppm NO; at different irradiances, increasing irradiance reduces the
response

4.3.3  Sensitivity enhancement using Ag:ZnO

Improvements in the gas sensing properties of Ag-loaded ZnO nano-ellipsoids are related to the
synergetic effects of the semiconductor composite. The suggested mechanism to explain the
enhancement in the sensing response of Ag-loaded ZnO nanoparticles is based on the increase in the

electron utilization ratio and the reduction in the recombination rate because of the trapped electrons in
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the Ag nanoparticles upon excitation [84]. These phenomena can also lead to the injection of more
electrons into the active surface area and improve the adsorption capability of the target gas. When a
wide band-gap semiconductor is coupled with a narrow one, the conduction band level at the hetero-
interfaces shifts to more negative values. The Ag:ZnO Fermi level lies between the conduction band and
the Fermi level of pure ZnO. Thus, it can control the charge mobility and enhance sensitivity [86,91].
Also, it has been shown that adsorption capability is directly related to the number of oxygen vacant sites
[98]. When Ag is incorporated into the ZnO lattice, oxygen vacancies are created due to charge
differences between Ag* and Zn?" ions. Figure 4-7 shows the electron mobilizations and the respective

reactions of Ag-loaded ZnO sensors in NO, atmosphere.
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Figure 4-7: Improvements in the gas sensing properties of Ag-loaded ZnO nano-ellipsoids to NO- gas.

In conclusion, incorporating silver nanoparticles in the ZnO lattice structure could remarkably enhance
the sensor response to NO2. The improvement can be attributed to the special properties of the Ag-ZnO
structure that lead to the increase in the electron utilization ratio and the reduction in the recombination

rate because of the trapped electrons in the Ag nanoparticles upon excitation.
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Chapter 5: Synthesis and performance evaluation of photo-activated Pt decorated

single crystal ZnO nanowires

5.1 Introduction

Developing high-performance gas sensors requires highly engineered sensing materials that have
effective interaction with the target gas components. Recently, ZnO nanoparticles (NPs) and nanowires
(NWs) have been widely studied for photo-activated gas sensing applications, especially for trace NO-
detection, due to their unique optical and electrical properties [99-104]. Fabbri et al. [62] studied the
ZnO nanoparticles under light-emitting diodes (LEDs) with a wide range of wavelengths (365-525 nm)
against several gases, such as NO., alcohols, and hydrocarbons. Higher response and faster recovery time
were observed at shorter wavelengths, while long wavelengths made irreversible responses. Fan et al.
[43,64] compared the sensing performance of different patterns of polycrystalline ZnO against NO2 under
365 nm UV-LED with 25 mW/cm? irradiance. No response was observed for ZnO nano-particles, while
the response of ZnO nanowires towards 20 ppm NO2 and 100 ppm H2 were 0.83 and 1.6, respectively.
The improved performance of ZnO nanowires was attributed to the large surface-to-volume ratio and the
Joule heating effect imposed by applying continuous bias. Accordingly, Catto et al. [105] showed that
one-dimensional ZnO nano-rods are more sensitive to ozone under 351 nm UV-LEDs, compared to ZnO
NPs.

It has been shown that the photo-activity of ZnO NWs can be further improved by noble metal loading
such as Platinum (Pt) nanoparticles, which has unique optical and catalytic properties [90,106,107] These
modifications can lower the required activation energy and reduce the recombination rate of photo-

generated charge carriers within the sensing material [108].
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Several metal loading techniques have been proposed recently to load noble metals onto
semiconductor layers, such as conventional impregnation, photo-deposition, sputtering, and wet-
chemical reduction methods [109-114]. However, the gas-phase approaches require expensive
equipment and extreme preparation conditions for the metal precursor delivery. Although the
impregnation and reduction methods are relatively simple, they suffer from large particle size distribution
and lack of control of particle dispersion. In contrast, photo-deposition selectively locates the metal
nanoparticles at the reaction sites, and normally no post-activation step is needed. This is due to the direct
reduction of a metal salt to its metallic state as the result of the interaction with photo-induced electrons
of the sensing layer. Since the photons evenly strike the sample surface, the excited electrons will cover
the whole area. As a result, the particles are well-dispersed all over the sample using the photo-deposition
technique. The effectiveness of photo-deposition for surface modification has been reported previously
in the literature [115,116]. Figure 5-1 represents a schematic illustration of the photo-deposition process

on the surface of a semiconductor layer.
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Figure 5-1: Schematic illustration of the photo-deposition technique for metal loading
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In this study, the photo-responded gas sensing behavior of ZnO nanostructures is examined. The gas
sensing behavior of ZnO nano-particles is initially characterized under different irradiances in NO>
environment. Then, the response of one-dimensional ZnO structure is studied in the optimum condition.
Further, to rule over the energy structure of the ZnO sensing layer, Pt nano-particles in 0.01, 0.1 and 1
wt. % concentrations are loaded on the structure through a photo-deposition technique. The ZnO NPs,
NWs and Pt loaded NWs samples are prepared by precipitation, hydrothermal and photo-deposition
methods, respectively. The results indicated that the sensor response to 5ppm NO> could be significantly

enhanced by using ZnO NWs and Pt-loaded ZnO NWs, compared to ZnO NPs.

5.2 Material preparation

All chemicals were of analytical grade and purchased from Sigma-Aldrich Canada Corporation and

used without further purification.
5.2.1 ZnO nanoparticles:

Zinc nitrate hexahydrate (Zn(NO3)2.6H.O) and 2.0M ammonia (NHs) solution in ethanol
(CH3CH20OH) were used as source materials. 0.89 g of zinc nitrate powder was dissolved in 100 mL of
the ethanol solution. The solution was vigorously stirred for 30 min at 50 °C in a water bath under a fume
hood. Drops of the ammonia solution were then added to the solution at a rate of 1 drop/s, while
measuring the pH value continuously to reach pH > 9. The solution was then stirred for 4 h and slowly
cooled to room temperature. The resulting precipitates were centrifuged, washed, and calcined at 550 °C

for 2 h.
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5.2.2 ZnO nanowires (NWs):
5.2.2.1  Seeding

A substrate (pre-deposited with interdigitated gold electrodes) was cleaned with a 50-50 V%
isopropanol-ethanol solution and was seeded with ZnO nanoparticles (NPs) by triple spin coating of zinc
acetate solution in absolute ethanol. The substrate was thermally treated for 2 min between each coating
at 180 °C, to ensure adequate adhesion of NPs. The coated substrate was annealed in a laboratory muffle
furnace at 250 °C for 20 min.
5222 Growth

Single crystal ZnO nanowires were fabricated through the technique described in the literature [117].
The seeded substrate was placed upside-down in an aqueous stoichiometry solution of Zn(NOz)2.xH20
and Hexamethylenetetramine (HMT) in a glass vial. The vial was placed in a laboratory oven at 93 °C
for 6 h. The obtained NWs were washed with pure water and ethanol and subsequently annealed in a
furnace at 350 °C for 30 min.
5.2.2.3  Platinum loading

In a typical procedure, the as-fabricated ZnO NWs coated substrate was placed in a top-irradiated
photo-reactor filled with an appropriate amount of hexachloroplatinic acid (H2PtCle.6H20) in distilled
water. The reaction chamber was de-oxygenated with ultra-pure nitrogen for 20 minutes before
irradiation. The coated substrate was then irradiated with a high-pressure mercury lamp for 30 min. After
this period, the irradiation was terminated, and the Pt-loaded ZnO thin film was taken out, washed with

pure water, dried at room temperature and subsequently treated at 350 °C for 20 min.

67



5.3 Results and discussion
5.3.1 Microstructure and morphology

Figure 5-2 demonstrates the X-ray diffraction of prepared ZnO nanoparticles and nanowires. Both
samples exhibit the prominent pattern of hexagonal ZnO, which are indexed by JCPDS file No. 36-1451.
The XRD data in Figure 5-2a suggest the crystalline structure of the synthesized ZnO NPs, with average
crystallites size of 53.1 nm, estimated through Scherrer equation (dcrystaniites = KA/Bcos8). The highly
crystalline hexagonal structure of the prepared ZnO NWs can be identified from the X-ray diffraction
pattern in Figure 5-2b. Treating the acetate precursor at 250 °C results in exposed crystallographic facets
of ZnO seeds to wurtzite c-plane, promoting the crystallization of nanowires towards the (002) direction.
The high intensity of the (002) peak at 26=34.5° in the XRD pattern of the fabricated NWs, in contrast
to its bulk and nanoparticle counterparts, testifies that the one-dimensional growth occurred through the
hexagonal c-axis crystallization. Presence of (101) diffraction peak at 26=36.3° is likely attributed to the
secondary growth direction, particularly in structures where the nanowire arrays are not fully-aligned;
while, the (100) peak at 26=31.8° refers to the six symmetrical crystallographic planes parallel to the
[002] axis with various polarities. As expected, the Pt or PtO diffraction patterns were not observed in
any of the samples diffraction data, confirming the formation of heterojunction active sites on the surface
of NWs, rather than homogenous doping within the crystalline structure [118,119]. This is important,
since metal doping, the so-called homogeneous incorporation into crystallographic structure creates mid-
band energy levels within host materials band-gap, and subsequently changes the electrochemical
characteristics of the host material and alters its charge transfer mechanism. On the other hand, surface
deposition of metal active, as co-catalyst, promotes the rate of redox reaction, while maintains the

electrochemical properties of the structure identical to an intrinsic semiconductor.
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Figure 5-2: XRD analysis of the synthesized sensing material.

Figure 5-3 shows the high-magnification FE-SEM images of bare and Pt-loaded ZnO samples. The
ZnO NPs in Figure 5-3a consist of 50-100 nm semi-spherical shape particles, agglomerated, due to high-
temperature sintering, to bundles with size up to 200 nm. Comparing the crystallite size estimated from
XRD data and particle diameter in SEM data suggest relatively high crystallinity of the synthesized
nanoparticles, with a low density of defects and grain boundaries. Figure 5-3b shows the as-prepared
ZnO NWs with an estimated density of 0.7 x 108 — 1.4 x 108 NW/cm?, diameter between 140-300 nm,
and an average length of 4.0 um. The hexagonal tip of the prepared NWs indicates their single crystal
structure with favored growth direction towards the wurtzite c-axis, in agreement with XRD data. The
high-resolution micrograph of Pt decorated samples revealed that the morphology of thin film is affected
by the metallic precursor content during UV-induced photo-deposition. As illustrated in Figure 5-3c, the

morphology of NW arrays remained unchanged after 0.01 wt% Pt loading, compared to the pristine ZnO
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NWs. However, as demonstrated in Figure 5-3d, increasing the Pt content in photo-deposition solution
to 0.1 wt% formed agglomerated regions within the ZnO NWs structure. The density of these regions
was further increased for 1 wt% Pt-ZnO NWs sample, as illustrated in Figure 5-3e. Formation of these
agglomerates is likely related to the presence of photo-deposited Pt with comparable volumetric-content

to NW arrays, and mostly to the residues of the chloroplatinic acid precursor.
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Figure 5-3: FE-SEM images of the prepared sensing material: (a) ZnO NPs, (b) bare ZnO NWs, (c) 0.01 wt% Pt-ZnO,
(d) 0.1 wt% Pt-ZnO and (e) 1 wt% Pt-ZnO.
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To obtain certain visual evidence of Pt NPs on the surface of ZnO NWs, HRTEM and STEM imaging
were employed. The HRTEM image in Figure 5-4 shows the deposited Pt nanoparticles as dark spots for
1 wt% Pt decorated samples, indicated by red circles, dispersed semi-uniformly along the NW. The
presence of Pt nanoparticles was further confirmed through HAADF STEM analysis illustrated in the
inset of Figure 5-4, where Pt NPs are demonstrated with a distinct bright spot, with estimated size
distribution around 1.0-5.0 nm. The advantages of the photo-deposition method for decoration of
nanostructured semiconductors and conductive electrodes, compared to conventional methods such as
impregnation, are well documented in the literature [120,121]. For photon mediated applications,
deposition of active sites at structural defects, where the high electron density is anticipated, is highly
desirable [122]. Such effective decoration can be realized through in-situ photo-deposition, resulting in

selective deposition of Pt nanoparticles on the surface of ZnO NWs.

Figure 5-4: HRTEM images of ZnO NW. Red circles shows Pt NPs deposited on the surface of NWs (1 wt% Pt-ZnO
NWS sample). Inset displays HAADF STEM image of a ZnO NW fragment loaded with Pt NPs, visible as bright dots.

72



5.3.2 Electrical properties and UV response

Several studies confirm that the gas sensing response can be affected by Ohmic contact and contacting
junctions [123,124]. To understand the contribution of hetero-structural resistivity of nanomaterials in
the sensing response, the resistances of the sensors were measured at room temperature before and after
UV-LED irradiation in the presence of pure air (Figure 5-5a). The observed initial dark resistance of ZnO
NWs was higher than that of ZnO NPs sensor, suggesting the high resistance of NWs, compared to NPs.
It should be noted that a significantly large dark resistance is expected from a well-defined nanowire
array. However, controlling the exposed crystallographic facets of ZnO seeds in this study results in the
formation of disoriented NWs, as illustrated in Figure 5-5a, create ohmic contact over through the NWs
tips, and eventually reduces the dark resistance. The higher dark resistance of ZnO NWs, compared to
their NPs counterparts is likely attributed to the less electrical contacts among ZnO NWs network that
are selectively grown on seeded NPs with a self-assembly technique, compared to the agglomerated
regions that exist in the ZnO NPs structure.

The initial dark resistance of pristine ZnO NWs was 9x10° Q. As the Pt concentration on the surface
of ZnO NWs increases to 1 wt%, the layer becomes more conductive and the film dark resistance reduces
to 4x107 Q. The lower resistance is attributed to the higher mobility of valance electrons throughout the
material, as the result of Pt nanoparticles.

Upon UV exposure, a significant resistance change was observed for ZnO NWs sensors (AR~9 MQ),
compared to ZnO NPs (AR~ 9 KQ). This observed resistance change was greater for the samples with
higher Pt contents. It has been shown that surface defects, such as oxygen vacancies, dominate the
electronic properties and adsorption reactions of metal oxide surface [125]. Therefore, the larger change
in Ra before and after UV illumination can be explained based on the number of defects in the layer,

which provides suitable nucleation sites for photo-excited electrons diffusion. Thus, Pt deposition
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increases the oxygen ions surface occupancy and results in a rapid injection of photo-excited charges to
surface active sites with larger working function and subsequent reduction on favorable catalytic facets.

I-V characteristics of gas sensors are known to be a promising representative of electron density and
oxygen vacant defects of nanostructures [126]. As illustrated in Figure 5-5b, the electrical current
proportionally increases with Pt concentration in the samples, confirming the higher number of oxygen
vacant sites. Given that the number of adsorbed oxygen ions is an indication of layer capability in
adsorbing NO2 molecules due to a higher number of active sites, we expect to observe enhanced sensing

performance in ZnO NWs, especially for the ones that are loaded with Pt.
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Figure 5-5: (a) Resistances of prepared sensors in the air before and after UV illumination, (b) I-V

characteristics of the prepared sensors in dark condition

The photo-induced electrical behavior of ZnO NPs and pristine ZnO NWSs (Figure 5-6a) was very
stable before and after UV illumination. The resistance decreased 3 and 6 orders of magnitudes for ZnO
NPs and ZnO NWs, respectively, and reached a plateau value after some time. However, in 1 wt% Pt
loaded sample, a slight increase was observed upon UV irradiation (Figure 5-6b), which is likely related

to the electron/hole recombination, and presence of precursor residues. Indeed, irradiation mobilizes the
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surface electrons and results in a rapid increase in the density of charge carriers on the surface. These
excited electrons are very unstable and some of them react with the available holes, resulting in a slight

increase of the layer resistivity. This phenomenon was observed repeatedly in several experiments. The

resistance then reached a stable value within an hour.
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Figure 5-6: The photo-induced behavior upon UV irradiation: (a) pristine ZnO NWs (b) 1 wt% Pt-ZnO NWs. UV-LED
was turned on at time near zero.

5.3.3 Photo-induced gas sensing response

The sensing performance of the developed sensors was tested against 5ppm NO: in the absence and
presence of UV radiation at 365 nm wavelength. This wavelength was chosen based on the fact that the
maximum response in UV-activated sensors can be achieved when striking photons have energy close
to the bandgap of the sensing material [12,62]. The band-gap of the ZnO semiconductor is about 3.3 eV
at room temperature. Therefore, the appropriate UV wavelength for gas sensing calculated by Planck’s
law A=1.24/E (where A is the wavelength in mm and E is the band-gap energy) is around 370 nm.

In terms of gas sensing performance, no major resistance change was observed when the sensors were

exposed to 5 ppm NO: in the absence of UV radiation. This poor response in dark condition can be
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ascribed to the low carrier concentration which results in low density of adsorption sites. However, the
photo-generated charge carriers under UV-LED illumination lead to a significant resistance change upon
exposure to NOa.

For a proper sensing performance in UV based gas sensors, UV-LEDs must operate at the right
irradiance. Irradiance is defined as the rate of light striking the surface per unit area. It depends upon the
intensity and distance of the light source and mostly affects the gas adsorption/desorption processes in
sensing applications. In this study, to obtain the most appropriate UV irradiance for ZnO, the sensor
response to 5ppm NO, was measured under several irradiances within 8-145 mW/cm? range. The
irradiance of the UV-LED must be adjusted to provide the highest response and stability of developed
sensors with shortest response time and complete recovery. Figure 5-7a shows the effect of irradiance on
the response of the ZnO NPs sample. The ZnO NPs showed almost similar responses in 8 and 25
mW/cm?. However, the response and recovery time constants under 25 mW/cm? irradiance were faster
and more stable than that of 8 mW/cm?. Furthermore, operation higher irradiances (i.e. 65 mW/cm? and
145 mW/cm?) resulted in a lower response values. This could be due to the progressive desorption of
reactants at higher irradiances that leads to a saturated surface of generated electrons with fewer numbers
of sensing active sites.

Another possible explanation for the lower response values at higher irradiances could be the higher
recombination rate when the density of electrons increases in the vicinity of the surface. This may disrupt
the electrical double layer at the interface and eventually inject back the electrons to the bulk.

Therefore, we calculate the appropriate UV irradiance for ZnO to be 25 mW/cm?, which gives a
reasonable response time while having a fast sensor recovery. This is consistent with those optimal

irradiances reported in the literature [12,43,64].

76



The gas sensing results under 25 mW/cm? against 5ppm NO- indicated that the response of ZnO NWs
is almost four times greater than that of ZnO NPs samples mainly due to the higher surface area, more
defect quantity and higher bulk density of charge carriers which enable the sensor to adsorb more gas
molecules.

Although, the observed response of the pristine ZnO NWs against 5 ppm NO; was 1.6 (Figure 5-7b),
the response time was around 300s, which is almost twice greater than that of ZnO NPs. The long
response time of ZnO NWs can be attributed to the longer migration path of gas molecules to reach the
active areas within the NWs structure [71].

We investigated the response of the ZnO NWs sensors loaded with different amounts of Pt to 5 ppm
NO: under 25 mW/cm?. As shown in Figure 5-7c, the response time decreased significantly to about
150s upon addition of Pt nanoparticles. However, it was revealed that the response values are highly
dependent on the Pt concentration. The response of 1 wt% Pt-ZnO sample to 5 ppm NO: was 0.675
which is lower than that of pristine ZnO NWs sample. The low response can be attributed to the excessive
deposition of Pt nano-particles which block of incident photons with opaque Pt nanoparticles [127].
Furthermore, the response of 0.01 wt% Pt-ZnO NWSs sample was very similar to that of pristine ZnO
NWs, indicating that the low concentrations of Pt would not affect the sensing response. The sensing
performance of 0.1 wt% Pt-ZnO NWs to 5ppm NO: increased remarkably to 4.33, with a fast response
time of about 150s. This improved response is attributed to the role of Pt in producing additional NO>
adsorption sites on the ZnO surface, functioning as reduction active sites for sensing reaction. Therefore,
the enhanced response to NO- can be achieved only at an optimum concentration of platinum on the
surface. More experiments are required to conclude the optimum concentration with more accuracy.

A summary of the sensor responses to 5ppm NO2 and 25 mW/cm? UV irradiation is shown in Figure

5-7d. The obtained results indicate that forming NWs structures along with the addition of appropriate
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platinum concentration could result in a significant improvement in the sensor response, more than an

order of magnitude, compared to ZnO NPs.
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Figure 5-7: The response of the fabricated sensors to 5ppm NO2: (a) ZnO NPs under various UV irradiances, (b) ZnO
NWs under 25 mW/cm? (c) Pt loaded ZnO NWs with different platinum loadings and (d) a comparison of the sensors’

responses under 25 mW/cm?

There are several research reports in the literature on the photo-activated NO2 gas sensing. Table 1
summarizes the highlight of the results reported in the literature and compares the responses with the 0.1
wt% Pt loaded ZnO NWs sensor response of this study. To the best of our knowledge, the sensing

material synthesized in the present work shows the highest response under UV irradiation.
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Table 5-1: Comparison of the NO; response of the 0.1 wt% Pt-ZnO NWs sensor prepared in this study with those
reported in the literature under UV-LED irradiation.

Sensing Material Detection uv Irradiance Response  Reference
Concentration ~ wavelength  (mW/cm?)  (AR/Ra)
(ppm) (hm)

Pt-ZnO NWs 5 365 25 4.33 This Study
100 nm wide line ZnO 20 365 25 0.83 [64]
Au-ZnO 5 365 1.2 3.55 [128]
MoS; 5 400 - 4 [129]
MoS2-ZnO NWs 0.1 365 - 0.5 [130]
MoS; 100 365 2 0.3 [131]
Thin film ZnO 5 365 - 0.08 [62]
SnO; nanowires 10 338 - 0.8 [69]
Mesoporous In;0s3 5 400 - 1.9 [132]
AlITiO2/Al,O3/P-Si 20 365 - 0.11 [133]

To evaluate the sensors’ stability, the sensing performances of the sensors to 5 ppm NO2 were
measured repeatedly under the same operating conditions. The results confirmed that the responses are
quite stable and reproducible. As illustrated in Figure 5-8, the selectivity of the prepared 0.1 wt% Pt-
ZnO NWs and ZnO NPs sensors were also evaluated against interfering gases such as Ammonia (NHs)
and Carbon Monoxide (CO). The experiments were performed under the same irradiation condition (365
nm wavelength and 25 mW/cm?irradiance). Despite higher concentration of CO (50 ppm) and NHs (50
ppm), compared to NO2 (5 ppm), the UV activated sensors showed higher selectivity to NO2. No

response was observed against CO for both sensors. Decorating sensing material with Pt nanoparticles
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could enhance the response to NHz (0.71), compared to ZnO NPs sensors (0.18), but it is still lower than

that of NO; (4.33).

Response (AR/R)
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Figure 5-8: The response of the 0.1 wt% Pt-ZnO NWs sensor to 5 ppm NO2, 50 ppm CO and 50 ppm NHs

5.3.4 Enhancing gas sensing characteristics using Pt/ZnO NWs

In general, the participation of larger amount of photo-generated electrons in Pt-loaded samples was
in charge of gas-surface interaction improvements (Figure 5-9). Also, using density functional theory, it
has been reported that the adsorption energy of NO2 gas molecules on the oxygen-vacant sites of ZnO
surface is around Eag=—0.98 eV. This energy is three times greater than that of vacant free ZnO layer
(Eac=—0.30 eV). Therefore, the charge transfer from the oxygen-vacant sites to NO, adsorbate is much
larger than that of a vacant-free sample [126,134]. This means that oxygen vacancies provide effective
bindings with NO2 molecules through attracting more charges from ZnO surface, compared to the

oxygen-vacant-free ZnO surface. Based on this concept, the substantial improvement in the sensor
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response of the Pt loaded sensor may be attributed to the more oxygen vacancies that act as preferential

adsorption sites for NO2 molecules.
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Figure 5-9: A schematic illustration of the detection mechanism of UV-LED activated ZnO NWs sensors. Nano-wires

provide higher surface area and enhance the adsorption capability of the sensing layer.

In conclusion, Pt-loading in a controlled concentration (i.e. 0.1 wt%) increases the response of the
sensor to about 4.33 against 5 ppm NO; response under 25 mW/cm? UV-LED irradiation with 365nm
wavelength. Metal loading also shortens the response time to about 140s, which is 50s faster than that of
bare ZnO sample. This improvement in response characteristic may be attributed to the more oxygen

vacancies and larger amount of photo-generated electrons in Pt-loaded sensing materials.
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Chapter 6: Synthesis and performance evaluation of photo-activated ZnO-1n203

and ZnO-Sn0O; core—shell nanowires

6.1 Introduction

Hetero-structured one-dimensional (1D) nanomaterials, i.e. core-shell nanowires, have received
intensive attention in the past years as potential building blocks for catalysts, pharmaceuticals, gas
sensors and biosensors [135,136]. This is due to their unique properties arising from the layer structure
and the interconnected junctions, which give more versatile functions compared with monolithic
nanomaterials [137]. Developing high-temperature chemical sensors based on the core-shell nanowires
has been investigated recently [138,139]. Studies confirm that using coaxial nanowire-based gas sensors
may enhance both receptor and transducer functions, thus providing a superior response, compared to a
pristine nanowires sensor. However, only a few works on the core-shell nanostructures in photo-activated
gas sensors have been published.

The improved performance in core-shell 1D structures can be attributed to the intrinsic and synergistic
effects of the single-crystalline core nanowires and polycrystalline shell thin films. The rationale of this
combination is to maximize efficiency by integrating highly reactive metal oxides and base material with
high electron mobility and large surface-to-volume ratio [138]. In other words, the outer shell layer
facilitates adsorption through providing more active sites and promoting bonding with gas molecules,
thus enhancing the receptor function. While the single crystalline inner core material allows fast transport
of charge carriers during the interaction with gas molecules, thus enhancing the transducer function
[140]. The high electron mobility within the core material can reduce the charge recombination at the

interface.
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In the present study, we have prepared single-crystal ZnO nanowires by a hydrothermal method as a
base template, and have deposited a thin semiconductor shell layer of In.O3z or SnO> by dip-coating. The
as-prepared core-shell structures were then used as chemical gas sensors in photo-activation mode, and

the sensing properties of nanowires with and without shell materials have been compared.

6.2 Material preparation

The synthesis of the core-shell NWs array films was carried out by a two-step process: hydrothermal
synthesis of the base ZnO NW arrays and dip-coating deposition of In20s and SnO- shell layers. A
schematic illustration of the fabricating process is shown in Figure 6-1.

ZnO NWs: As demonstrated earlier, an alumina substrate was seeded with ZnO nanoparticles (NPs)
by spin-coating method. To grow nanowires, the seeded substrate was placed in a solution containing
Zn(NO3)2.xH20 and Hexamethylenetetramine (HMT). The hydrothermal growth process was conducted
at 93 °C for 6 h. The obtained NWs were washed with pure water and ethanol and subsequently annealed
in a furnace at 350 °C for 30 min. After the preparation of the core ZnO nanowires, the shell layer was
deposited by dip-coating method.

ZnO-In203 Core-shell nanowires: To prepare the precursor solution of In20z, 1.5 ml ammonium
hydroxide solution (25%) was added dropwise to a solution containing 0.01 mol indium (I11) chloride
hydrate (InClz-5H20), 2 ml acetylacetone and 50 ml ethanol [141]. The amount of the incorporated In203
was controlled by the number and speed of dip-coating cycles. The ZnO NWs were dip-coated by
submerging the sensor once, with a speed of 5 cm/min, in the as-prepared shell material sol, and
subsequent calcination at 500 °C for 1 h.

Zn0-Sn0O; Core-shell nanowires: The SnO> precursor colloid was prepared by refluxing a mixed

solution of 0.5 M tin dichloride in 100 mL ethanol at 90 °C for 10 h. The yellowish SnO2 colloid was
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then coated on the ZnO nanowires through the same dip-coating process, followed by annealing at 500

°C for 1 h [142].

Seeding NWs Growth Shell Coating
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Figure 6-1: Schematic illustration of the core-shell nanowires synthesis process

6.3 Results and discussion
6.3.1 Composition, morphology and crystal structure

FE-SEM images shown in Figure 6-2 demonstrate the typical morphology of ZnO NWs which serves
as core in the hetero-structure as well as ZnO-1n.03 and ZnO-SnO: core-shell samples. The as-prepared
ZnO nanowires (Figure 6-2a) were found to be single crystalline hexagonal shapes with an average
diameter of ~100 nm and a length of 1-2 um, evenly distributed on the alumina substrate. A grainy
polycrystalline In.O3 and SnO: shell layers covering the nanowire core can be observed in Figures 6-
2(b) and 6-2(c), respectively. The presence of Zn, In, Sn and O were confirmed by the broad area energy
dispersive X-ray spectroscopy (EDS) on the as-grown samples.

Several attempts were carried out, with various dipping cycles and speeds, to deposit the shell
materials. Initially, the samples were dipped into the shell solution at a slower rate and for several times,
which resulted in excessive loading of the shell material. Some of the FE-SEM images and XRD results
of the initial trials have been presented in the Appendix A.3, showing the buried ZnO NWs in the second

semiconductor.
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Figure 6-2: FE-SEM and EDS analyses of the prepared (a) hexagonal ZnO NWs, (b) ZnO-1n,O3 and (c) ZnO-SnO; core-
shell nanowires

Detailed studies of the crystal structure and morphology of the core-shell nanowires were performed by
TEM analysis. Figure 6-3(a) and Figure 6-3(b) depict the HRTEM images of ZnO-In,03 and ZnO-SnOy,

respectively.
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Figure 6-3: HRTEM images of the as-prepared ZnO-1n,O3 and ZnO-SnO; core/shell nanowires

The phase composition, purity, and crystallinity of the as-synthesized samples were analyzed by XRD.
Figure 6-4 shows the XRD patterns of the ZnO NWs, ZnO-In,03, and ZnO-SnO- core-sell structures. It
can be observed that the ZnO nanowire arrays are preferentially oriented along the c-axis direction (002).
The peaks associated with In2Oz (222) and SnO. (110 and 101) shell layers have relatively lower

intensity, compared to base ZnO NWs peaks.
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Figure 6-4: XRD patterns of ZnO-In,Os and ZnO-SnO, NWs sensors, confirming a thin layer of crystalline In,Os (222)

and SnO; (110 and 101) layer

6.4 Sensing performance

Figure 6-5 shows the sensing performance of the developed core-shell structure sensors to 5 ppm NO-

at 25 mW/cm? UV irradiation. As the sensors were exposed to the continuous flow of NO2, the response

increased until it reached a nearly plateau value. When the chamber was evacuated from the target gas,

the resistance decreased to its initial value in the presence of pure air. As shown in Figure 6-5, the relative

responses of the ZnO-In,03 (2.49) and ZnO-SnO> (2.21) sensors were higher than that of pristine ZnO

NWs (1.6). Excessive shell coating, however, introduces additional grain boundaries and increases the

charge transfer resistance, resulting in lower carrier separation efficiency.

The enhancement of the photo-induced sensing response of ZnO-In,O3 and ZnO-SnO, sensors,

compared to pristine ZnO nanowires, may be attributed to the improved photon absorption, electron

utilization and more active sites on the surface of the nanowires [141]. The electrons in the shell material
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can be easily excited by striking photons due to the higher number of defects in the polycrystalline shell
structure, compare to pristine NWs, which subsequently improves the surface interactions. The electron
exchange with the adsorbed gas molecules affects the charge balance on the surface. Due to the high
electron mobility and ideal geometry of the vertical-aligned core-shell nanowires, the unbalanced
electrons are effectively collected by the core. This separation of charge carriers suppresses the rate of
hole—electron recombination, which effectively improves the photo-electrochemical behavior of the
sensor.

Surface acidity or basicity can also change the catalytic behaviour of the surface and influence the
reaction directions in response. For metal oxides acidity and basicity are dependent on the charge and
the radius of the metal ions as well as the character of the metal-oxygen bond. Structural defects can
greatly contribute to the acidity or basicity as sites of high unsaturation can occur from oxygen or metal
ion vacancies. The incorporation of In.O3 and SnO as shell materials highly affects the surface
acidity/basicity, thus enhancing the catalytic properties of the nanowires, resulting in improved

interaction with the gas molecules.
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Figure 6-5: The transient response of core-shell structures to 5 ppm NO;
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One of the most important parameters in any sensor setup is the ability to accurately detect and

measure a wide range of concentrations of the target gas. Figure 6-6 shows the response of developed

sensors in the 5-40 ppm NO:z concentration range. The results confirm that the ZnO-In2O3 sensor still

has a higher response, compared to ZnO-SnO., in the experimented concentration range. The slope of

the increased response was greater in lower concentrations and decreased as the concentration

approached the upper level. The increased response at higher concentrations is mainly because of the

larger number of electrons that are involved in the surface reactions, which results in higher band bending

and more resistance variation.
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Figure 6-6: The response of the (a) ZnO-In,05 and (b) ZnO-SnO;, core-shell sensors to different concentrations of NO,

It is evident from Figure 6-6 that the response and recovery times are also a function of concentration.

Response time decreases while recovery time increases at higher concentrations. As NO: is highly

reactive, all the NO2 molecules that diffuse into the film are immediately oxidized and hence, there is no

concentration build-up. Consequently, higher concentration allows for a faster diffusion rate due to the
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higher driving force. Following the surface reactions, the products do not leave the sensor surface

immediately. Thus, the desorption of gas molecules is delayed, resulting in longer recovery time.

6.5 Sensing improvement using core-shell nanowires

In pristine ZnO nanowires, homo-interfaces are only present at the junctions, while in the core-shell
structures, combinations of homo and hetero-interfaces can exist which provide additional energy barrier
at the junctions, augmenting the resistance changes in the presence of gas molecules (Figure 6-7). As
discussed in Chapter 1, electron-hole pairs are generated upon UV irradiation, and a depletion layer is
formed at the interface due to gas adsorption. The thickness of the depletion layer plays a crucial role in
the charge carrier transport between active spots and gas molecules.

In nanowires structures, the electrons travel in percolation paths through multiple nano-junctions with
a potential barrier at each junction. Surface states, oxygen vacancies and the depletion layer on the
nanowire surface determine the height of the potential barrier at the homo-junctions. In hetero-junctions
(i.e. core-shells), however, the potential barrier depends on the work function and band-gap differences
between the two materials [140]. Due to the differences in the work function of the core and shell
materials, an additional electron depletion layer forms at the interface of core-shell nanowires structures.
If the shell layer is too thin, it may get fully depleted.

In the ZnO-1n203 and ZnO-SnO; core-shell sensors, there are three energy barriers, consisting of two
barriers at the hetero-interfaces between the two semiconductors and one at the homo-interface between
the polycrystalline shell layers on the nearby nanowires. In pristine ZnO nanowires, the relative change
in the resistance (sensor response) is limited by the modulation of the surface depletion layer, leading to
a lower response. In core-shell nanowires, however, the polycrystalline shell layer provides more

potential barriers to be modulated, thus creating more adsorption sites. The combined effect of the
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inherent surface properties of polycrystalline shell layer and modulation of potential barriers on the
percolation path upon gas exposure, determine the sensor response. Therefore, a significant enhancement

in the sensor response can be achieved by adding a polycrystalline shell material on a nanowire core.
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Figure 6-7: lllustration of the charge transport through hetero-structured core—shell nanowire junction with two
depletion regions and formation of three energy barriers at the interfaces.

In conclusion, the results presented in this chapter indicate that incorporating a polycrystalline shell
material on a core semiconductor may produce a more sensitive gas detector. It is believed that ZnO
facilitates the flow of charge carriers, while In2O3 and SnO- shell layers enhance chemisorption ability
in the structure. A combination of these two phenomena leads to the synergistic effect of the core-shell

sensor with superior performance.
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Chapter 7: Synthesis and performance evaluation of photo-activated ZnO

nanoparticles on ordered carbon mesoporous materials

7.1 Introduction

To develop sensitive sensors, efforts have been made to prepare highly engineered sensing materials
that have high surface areas and high carrier mobility. It has been recently shown that gas sensors based
on mesoporous sensing layers show superior responses to a variety of gases, compared to non-porous
metal oxides, mainly due to their large specific surface areas [143-145]. Ordered carbon mesoporous
materials (CMMSs), such as CMK series materials, have specifically gained attention as catalyst supports
due to their ordered hexagonal pore structure, narrow pore size distribution, and high-specific surface
area [143,146-150]. Therefore, coupling the mesoporous carbon materials with a sensitive
nanostructured semiconductor may help to promote electron-transfer reactions, thus enhancing sensing
responses. Wide band-gap, large exciton binding energy and fast carrier transport kinetics of ZnO induce
exceptional opto-electrical properties and make it a promising candidate for sensing applications
[99,151]. A ZnO layer with high surface/volume ratio possesses more chemically active sites and shows
improved performance towards sensing and catalytic applications.

This study is the first, to the best of our knowledge, to investigate the UV-activated metal oxide
materials on ordered CMMs for gas sensing application. In this research, we demonstrate the high
sensitive UV-LED activated ZnO/CMK-3 hybrid gas sensor, where CMK-3 is a representative of ordered
CMMs with 2D hexagonal and high specific surface area (> 1000 m?/g). Owing to the synergistic effects
of structural, optical and electronic properties of sensing material components, significantly higher

responses were achieved, compared to pristine ZnO nanoparticles.
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7.2 Material preparation
7.2.1 Preparation of carbon mesoporous supporting material, CMK-3

The CMK-3 was prepared using mesoporous silica SBA-15 as a sacrificial template, where SBA-15
was prepared using a previously reported method [146]. In this research, P123 surfactant was used for
the synthesis of mesoporous materials. Pluronic P123 surfactant is a symmetric triblock copolymer
comprising poly-ethylene oxide and poly-propylene oxide in an alternating linear fashion. Its behavior
is similar to hydrocarbon surfactant, and will form micelles when placed in a selective solvent such as
water. As shown in Figure 7-1, in a typical synthesis process, 2.3 g of silica source (tetraethyl
orthosilicate, =99.0%, Aldrich) was added to a mixture solution containing HCI (8.0 g, 37% HCI), H.0O
(30.0 g) and atriblock co-polymersurfactant (1.0 g, P123; Acros). The prepared mixture was stirred
under 313 K for 2 h and the solution was then aged at 373 K for 48 h. After washing, drying, and
calcination in air at 833 K for 6 h, the SBA-15 powders were collected for subsequent CMK-3
preparation. In the second step, SBA-15 was impregnated with a sucrose/H2S04/H>O solution with a
weight ratio of 1.25:0.14:5 (sucrose/H2SO4/H20) by capillary absorption. The wet powders were then
dried at 333 K for 6 h and dehydrated at 433 K for 6 h. The resultant dark brown powders were
carbonized under an anaerobic environment at 1173 K for 1 h. Finally, CMK-3 powders constructed with
carbon meso-rods and carbon micro-rods were collected after SBA-15 removal in 1 M HF (Acros; 48—

51%) solution.

7.2.2 Preparation of ZnOy/CMK-3 composite materials
ZnOyx/CMK-3 composites, where the subscript x represents the ZnO content (wt%), adopted as active
materials for detecting target gases were prepared by the following steps. First, zinc nitrate hexahydrate

precursor was dissolved in desired concentration in pure ethanol. Then, the previously prepared CMK-3
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was added to the solution and stirred for 1 h to obtain a uniform slurry. Subsequently, the slurry was

dried in 343K, ground and decomposed under air at 523K for 2 h. For further comparison, a pure ZnO

sample (ZnO100) Was also prepared by precipitation of zinc nitrate hexahydrate with ammonia solution.

The sample designation and materials characterizations are depicted in Table 1.

ﬂ
:ggi: Micelle

i0, precursor

—

|
P123

Zn0, /CMK-3

>
Molecular self-assembly

Hydrolysis & ”
condensation

Hexagonal array

Sucrose as
carbon source

Zn(NO,),-6H,0
as ZnO source

% i R
Impregnation process CMK-3 Replication process

SBA-15

Figure 7-1: Schematic drawing of synthesis process of ZnO,/CMK-3.

7.2.3 Characterization

The morphology and microstructures of the gas sensing materials were examined by scanning electron

microscopy (SEM, JSM-7100F) and transmission electron microscopy (TEM, JEOL JEM-2100,

200 keV), respectively. X-ray diffraction (XRD) analyses (PANalytical X Pert PRO, CuKa radiation,

A = 0.1541 nm) were used to determine the pore structure, crystallinity, and grain size of ZnO. Scherrer’s

equation (Eqg. (2)) was used to calculate the average grain size (AGS) of ZnO, where Kk is a coefficient

(0.9), A is the wavelength (nm) of the X-rays used, B is the FWHM of the respective diffraction peak in
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radians, and 0 is the angle corresponding to the peak maximum. The Brunauer-Emmett-Teller (BET)
surface areas of the samples were derived using the N2 adsorption/desorption analysis under 77 K

(Micromeritics; ASAP2020).

kA
Bcosb

AGS (nm) = (13)

7.3 Results and discussion
7.3.1  Morphology and microstructure analyses

The SEM images (Figure 7-2) show the morphology of pristine CMK-3 and ZnOx/CMK-3, where x
is from 13 to 85. As is shown in figure 7-2(a-d), ZnOx/CMK-3 sensors have similar morphology up to
44 wt% ZnO concentration. This could possibly mean that almost all ZnO-NPs have been formed in the
CMK-3 framework in such concentrations. However, further addition of ZnO (i.e. ZnOs7/CMK-3), leads
to precipitation of ZnO nanoparticles outside the CMK-3 structure (Figure 7-2(f-h)). Figure 7-2(i) shows
the agglomerated nano-sized ZnO particles in pseudo-spherical shapes with the average grain size of 40

nm.
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Figure 7-2: SEM images of (a) pristine CMK-3; ZnO,/CMK-3 with (b) 13, (c) 27, (d) 44, (e) 49, () 57, (g) 70, (h) 85
wt% ZnO , and (i) pristine ZnO nanoparticles

TEM images of CMK-3 and ZnOs7/CMK-3 are shown in Figure 7-3, corresponding to Figure 7-3(a)
and 6-3f, respectively. The 2-D hexagonal mesoporous structure of CMK-3 constructed by carbon rods
is evident in Figure 7-3(a). After being loaded with ZnO, no mesopore could be found in the TEM images,
and the exceeding ZnO nanostructures precipitated on the outside of the CMK-3 framework (Figure 7-

3(b)). The results are in good agreement with the SEM images.
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Figure 7-3: TEM images of (a) CMK-3 (side view) and its cross-section view (inset), and (b) the ZnOs7/CMK-3 (side

view).

As demonstrated in Figure 7-4(a), the low angle XRD of SBA-15, CMK-3 and ZnOx/CMK-3 samples
show the ordered mesostructured ZnO. The weak (100) diffraction peak of ZnOs7/CMK-3 suggests that
CMK-3 has been filled with ZnO nanoparticles. The specific surface area and t-plot micropore surface
area of ZnOx/CMK-3 (as shown in Table 1) decline with increasing ZnO content. However, the specific
surface area is still significantly larger than that of ZnO nanoparticles (about several tens m?/g [152])
until 57 wt% ZnO loading. Besides, there is still considerable slit-type micropore surface area in the
Zn0s7/CMK-3 (as discussed in section Appendix A.4). It hints that further addition of ZnO would
gradually fill the entire micropores and possibly block the active sites.

Figure 7-4(b) compares the XRD patterns of ZnOy/CMK-3 samples with different loading
concentrations and confirms the crystalline hexagonal wurtzite phase of ZnO which is in agreement with
JCPDS card No. 00-036-1451. Figure 7-4(c) also shows the corresponding (102) and (110) peaks for
AGS calculation. As shown in Table 1, the AGS of ZnO on ZnOx/CMK-3 are between 9 and 11 nm,
where x is from 13 to 57. Further increase in ZnO content (x=70) would dramatically increase the AGS

(16 nm) which may consequently inhibit the gas sensing response. For instance, ZnOgs/CMK-3 exhibits
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greater AGS; therefore its sensing response may decline. In addition to the BET surface areas, pore size,

and micropore surface area of the prepared samples, which are depicted in Table 1, N>

adsorption/desorption isotherms have also been provided in the Appendix A.4 (Figure A4-1). Both BET

surface area and t-plot micropore surface areas are decreasing as the ZnO content is increased.
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Figure 7-4: (a) Low angle XRD of SBA-15, CMK-3, and ZnOs7/CMK-3, (b) XRD of ZnOx/CMK-3 samples and (c) the
corresponding (102) and (110) peaks for AGS calculation.
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Table 7-1: Average grain size, t-plot micropore and BET surface area of CMK-3 samples with various ZnO loading

concentrations.
BET surface t-plot micropore
Sample ZnO AGSznoao)! AGSznoa10)!
designation (wt %) area surface area (nm) (nm)
(m’/g) (m’/g)

SBA-15 0 807.9 -- N/A N/A
CMK-3 0 1340.0 -- N/A N/A
Zn0;3/CMK-3 13 855.5 96.6 11.3 9.0
Zn027/CMK-3 27 415.7 112.8 9.0 10.0
Zn044/CMK-3 44 351.2 72.5 11.3 11.3
Zn04/CMK-3 49 202.8 43.3 12.9 15.0
Zn0s;/CMK-3 57 123.5 37.9 10.8 11.3
Zn070/CMK-3 70 59.8 18.7 15.8 15.8
ZnOgs/CMK-3 85 25.6 3.4 21.2 19.7
ZnO00 100 -- -- 21.2 20.5

! Average grain size (AGS) of ZnO calculated using (102) and (110) peaks.

7.3.2  XPS analysis and surface species

Studies on band-gap and compositional properties of sensing materials confirm that an enhanced
photo-activation phenomenon can be achieved by incorporating carbon within the structure (C-dopant),
possibly due to the creation of oxygen vacancies (Ovac) [153]. Therefore, XPS measurements were
conducted to compare the surface species of the pure ZnO and optimal ZnOx/CMK-3 composite (i.e.
Zn0s7/CMK-3). As shown in Figure 7-5(a), Zn 2ps2 and Zn 2ps;2 XPS lines in the ZnOs;/CMK-3 are
blue-shifted with respect to pure ZnO. The difference of binding energies between lines of ZnOs7/CMK-
3 isabout 23.1 eV, suggesting the standard reference value of ZnO [153]. The deconvolution of Zn 2pz
peak of pristine ZnO gives rise to two components at around 1021.3 eV and 1022.4 eV, corresponding
to Zn—-O and ZnOvac, respectively, where Ovac represents the oxygen vacancies. Comparing with pure
Zn0, the surface of ZnOs;/CMK-3 is almost composed of ZnOva.. The O 1s spectra in Figure 7-6

confirms that there is more oxygen in the deficient regions in ZnOs7/CMK-3 compared to pristine ZnO
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sample, which is in good agreement with Zn 2p XPS discussion. Figure 7-7 shows the deconvolution of
C 1s, of ZnOs7/CMK-3, where the peaks at 284.8, and 286.2 eV can be ascribed to the surface
adventitious carbon and Zn-O-C, respectively [153]; the peak at 288.6 eV represents the adsorbed CO-

and structural carbonate species containing C=0 [154,155].
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Figure 7-5: Zn 2p XPS spectra of ZnO and ZnOs7/CMK-3, and (b) corresponding deconvolution of 2ps/, peaks.
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Figure 7-6: Decomposed O1s XPS spectrum of pure ZnO and ZnOs;/CMK-3.
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7.4 Photo-induced gas sensing performance

To examine the chemi-resistive sensing characteristics of the developed sensors, they were exposed
to known concentrations of NO, and NHz gases, as the two common indoor air pollutants. In most
countries, the legal thresholds for long-term exposure to NO. and NH3 gases without health issues are 5
ppm and 25 ppm, respectively. Therefore, 5 ppm NO: and 25 ppm NHs were selected as target
concentrations to cover the aforementioned range.

The sensors did not show any response in the absence of UV radiation. This was mainly due to the
lack of surface charge carriers which are required for surface chemical reactions. However, UV-LED
irradiation leads to a significant sensor response upon exposure to NO2 and NHs. The sensing responses
were measured under continuous UV irradiation with 365 nm wavelength and 25 mW/cm? irradiance.
The effectiveness of these operating conditions has been discussed previously in a research article [45].

Considering NO; as the targeted gas (Figure 7-8), the response values and response time constants are
highly dependent on the ZnO loading concentration. The obtained results indicate that loaded ZnO on
carbon with appropriate concentrations could result in a significant improvement in the sensor response,
more than four times greater, compared to pristine ZnO NPs.

The pristine ZnO sample shows a response of 0.41 at 25 mW/cm?against NO, [61]. Upon loading on
CMK-3 framework, the sensor response dramatically increased, e.g. the response of ZnO13/CMK-3 is 3-
fold of pristine ZnO. The responses then gradually increased as ZnO was further added to the CMK-3
and reached its maximum (1.91) at 57 wt% (i.e. ZnOs7/CMK-3). This improvement in response can be
attributed to the higher specific surface area (123.5 m?/g; see Table 1) and more oxygen vacant sites due
to C-doping (see Figure 7-5) that collectively occur in the optimal sensor composition (i.e. ZnOs7/CMK-
3). Further increase in loading concentration resulted in a decrease in the gas response. This reduction is

a result of the decrease in the amount of gas that was adsorbed on the ZnO surface due to blockage of
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the pores and non-accessible interior active sites. Also, it has been reported that excess C-doping can
result in a higher recombination of photo-generated charge carriers [153].

As shown in Figure 7-8, the response and recovery time for the developed sensors varied as a function
of ZnO loading concentration. The response time (Tgo) increased from 2 mins for ZnO13/CMK-3 to about
36 mins for ZnO70/CMK-3. The recovery time followed the same trend with respect to ZnO loading
concentration. This might be due to the longer migration time of the gas molecules within the pores to
reach active ZnO sites. The response and recovery time decreased for ZnOgs/CMK-3 possibly due to the
blockage of pores and not accessible inner surface, thus leaving the external surface area for the

interaction with the gas.
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Figure 7-8: Responses of the developed ZnOx/CMK-3 sensors to 5 ppm NO,. The error bars represent 95% confidence

intervals for the results.

The response values and response curves against NHz are shown in Figure 7-9. The resistance of the
sensors decreased rapidly upon exposure to NHz and recovered slowly in the presence of pure air. Similar

to the response against NO., the response values increased to reach a maximum of 1.35 while adding
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ZnO to 70 wt% (ZnO70/CMK-3). This response is almost eight times greater than the response of pristine
ZnO nanoparticles. The response characteristics of the developed sensors, however, were different when
they were exposed to 25 ppm NHa. Although the responses were lower than those of NO», the sensors
responded faster, compared to NO», and the response time and recovery time remained constant over all
ZnOx/CMK-3 samples. The difference in the optimal compositions of the best NO2 and NH3 sensors
presented in this study could be due to the size of gas molecules and their capability to diffuse in the

micropores.
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Figure 7-9: Responses of the developed ZnOx/CMK-3 sensors to 25 ppm NHs. The error bars represent 95% confidence

intervals for the results.

The relatively faster and constant response time of the sensors to 25 ppm NHz may be due to the fast
reaction kinetics of NHs gas molecules. Upon irradiating the ZnOx/CMK-3 sensors, the electrons are
moved to the lower carbon structure, leaving holes accessible to the gas. Due to the electron-donating
nature of reducing gases (i.e. NHz), the generated holes participate in the reactions, resulting in an

increased conductance of the device. Therefore, the instant reaction of NH3 with ZnO nanoparticles.
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Similarly, excessive loading (i.e. 85 wt%) would block the pores and prevent the gas molecules to reach
inner active sites, resulting in a low response value.

The study on the long-term stability of the developed sensor with optimal concentration (ZnOs;/CMK-
3) revealed that the sensor response decreases initially to about 1.75 (NOz) and 1.28 (NH3) after 1 month
and remains nearly constant in the next several months. The slight decrease in the gas response could be
attributed to the adsorption of moisture or initial structural defects induced by the first UV exposure [70].

The sensitivities of the gas sensors with optimal loadings were also investigated against different
concentrations of NO2 and NH3 (Figure 7-10). It can be observed that the response values increase with
increasing the concentration; the sensitivities (slope of the trend-line) against NO, and NH3 were found
to be 5.24 and 2.26, respectively, where the linear part of the NHs chart was only considered for

sensitivity determination.
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Figure 7-10: The response of sensors with optimal compositions after exposure to different concentrations of a) NO, and

b) NH;
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7.5 Improvement in gas sensor response using ZnO-CMM

Studies on the transient photo-voltage (TPV) characteristics of ZnO-carbon mixtures have shown that
lower recombination of charge carriers is wholly responsible for the gas sensing improvement in
ZnO/CMK-3 sensors [156]. As confirmed by the results of the present study, the extended separation
and restrained recombination of the photo-induced electron-hole carriers in C-doped ZnO can
significantly improve the photoelectrical activity of samples.

In conclusion, loading ZnO on carbon mesoporous materials with appropriate concentration could
result in a significant improvement in the sensor response, more than four times greater, compared to

pristine ZnO NPs.
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Chapter 8: Conclusions and recommendations

8.1 Conclusions

UV-LED activated metal oxide semiconductor sensors are promising alternatives for conventional
high-temperature gas sensors. This new sensor platform is able to produce low cost, small size, sensitive
sensors that can be integrated into micro-electronic devices. In this research, a number of practical issues
of photo-activated gas sensors were addressed. In Chapter 1, the importance of gas sensing technology,
and the fundamental mechanisms of chemi-resistive gas sensing in photo-activation mode were
presented. In Chapter 2, different sections of the experimental platform were presented, and the
fabrication process of sensors was discussed. Subsequently, the effects of irradiation parameters, sensing
layer composition and strucutre on the sensing performance of the developed sensors were reported in
Chapters 3—7. The sensors that were developed in this research were mainly tested against NO>, which
is a common indoor/outdoor air pollutant. The selectivity of some of the sensors were also tested in the
presence of NHs3 and CO. The developed sensing materials may also respond to other gases (i.e. CHa,
CO2, H2 and O3) but their response characteristics such as sensitivity, speed and stability might be
different. The sensors were all tested in zero humidity. It is expected that the response values may decline
in the presence of moisture due to the competitive adsorption of water molecules on the surface.
However, the trend in the sensor response improvement made in this research will still stand. A study
was also conducted to analyze the UV penetration depth and surface temperature of the sensors, which
is presented in Appendix A5.

A summary of the results of the sensors that have been prepared in this report has been provided in

the following table:
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Table 8-1: A summary of the best sensor results against NO, and NHsz under 365 nm UV-LED irradiation studied in the
present research project

Sensor Material Sens(oArlegszgonse Target Gas Congsg:;z)ition I(gss;fr?]cz?
ZnO NPs 0.41 NO; 5 25
SnO2 NPs 0.53 NO; 5 65
WOs NPs 16.76 NO; 5 65
In203 NPs 0.67 NO; 5 65
In203 NPs 2.06 NH;3 25 65
Ag-ZnO 0.98 NO, 5 25
ZnO NWs 1.60 NO; 5 25
Pt-ZnO NWs 4.33 NO; 5 25
ZnO @ In203 2.49 NO; 5 25
ZnO @ SnO: 2.21 NO; 5 25
ZnOs;-CMM 191 NO; 5 25
ZnO7-CMM 1.35 NHs 25 25

8.1.1 Sensors’ performances under various irradiation parameters

The results of this study indicated that the light source specifications could significantly affect the
adsorption/desorption of NO2> gas molecules. It was found that an appropriate range of irradiance is
required for each sensor to achieve the highest sensitivity and shortest response time while having a
complete recovery. It was also revealed that the surface should receive a minimum net energy to provide
stable responses and prevent unwanted adsorption of the gas molecules. The highest response was
observed at an intermediate UV wavelength. Under pulsed irradiation, the sensing signal level improved

substantially for some sensors with slower responses and recovery times.
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8.1.2 Ag:ZnO composite sensor with improved performance

The FE-SEM images exhibited the ellipsoidal Ag:ZnO nanoparticles that are uniformly distributed in
the layer, and the XRD results confirmed the presence of Ag in the sensing material. Upon exposure to
NO; at ambient temperature, although the pristine ZnO sensor provided a reasonable response (0.41), the
newly developed Ag-doped ZnO sensor showed a superior response of 0.98, which is two times greater.
The irradiance of the UV radiation was also shown to be a determining parameter for the response of the
sensors. The synergetic effects of the semiconductor composite can explain the enhancement in the
sensing response. Incorporating Ag increases the electron utilization ratio and reduces the recombination
rate through trapping excited electrons in the Ag. This led to the injection of more electrons into the

active surface area and improved the adsorption capability of the target gas.

8.1.3 ZnO nanowires decorated with Pt nanoparticles

A single-crystal array of ZnO NWs decorated with Pt nanoparticles was synthesized through self-
assembly crystallization and photo-deposition, respectively. XRD and SEM data indicated the growth of
NWs towards the hexagonal c-axis, with diameters between 140-300 nm. The presence of Pt
nanoparticles, 1.0-5.0 nm in size, on the surface of ZnO NWs was confirmed through HRTEM and
HAADF STEM analyses. The sensing performance analysis results confirmed that Pt-loading in a
controlled concentration (i.e. 0.1 wt%) increases the response of the sensor from 1.6 to about 4.33 against
5 ppm NO2 response under 25 m\W/cm? UV-LED irradiation with 365nm wavelength. Metal loading also
shortened the response time to about 140s, which was 50s faster than that of bare ZnO sample. This
improvement in response characteristic was attributed to the more oxygen vacancies and more significant

amount of photo-generated electrons in Pt-loaded sensing materials.
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8.1.4 ZnO NWs hybridized with a shell layer of In.Os and SnO>

The synthesis of the core-shell NWs array films was carried out by a two-step process: hydrothermal
synthesis of the base ZnO NW arrays and dip-coating deposition of In.Oz and SnO; shell layers. FE-
SEM and XRD analyses demonstrated single-crystalline ZnO NWs with hexagonal shapes with an
average diameter of ~100 nm and a length of 1-2 um, evenly distributed on the alumina substrate. Grainy
polycrystalline In,O3 and SnO> shell layers covering the nanowire core could also be observed in the
SEM images. The presence of Zn, In, Sn and O were confirmed by the broad area energy dispersive X-
ray spectroscopy on the as-grown samples.

After exposure to 5ppm NO, the relative responses of the ZnO-In203 (2.49) and ZnO-Sn0- (2.21)
sensors were higher than that of pristine ZnO NWs (1.6). Excessive shell coating, however, resulted in
lower carrier separation efficiency and reduced sensing response.

The enhancement of the photo-induced sensing response of ZnO-In,O3 and ZnO-SnO, sensors,
compared to pristine ZnO nanowires, was attributed to the improved photon absorption, electron
utilization and more active sites on the surface of the nanowires. It was suggested that ZnO core provides
an additional depletion layer in the structure, while In,O3 and SnO: shell layers promote radiation
absorption efficiency and enhance chemisorption ability in the structure. A combination of these

phenomena led to the synergistic effect of the core-shell sensor with superior performance.

8.1.5 ZnO nanoparticles loaded on ordered carbon mesoporous materials

The CMK-3 was prepared by using mesoporous silica SBA-15 as a sacrificial template, and ZnO
nanoparticles were loaded through a facile solution impregnation. TEM images of CMK-3 and
Zn0s7/CMK-3 showed the 2-D hexagonal mesoporous structure of CMK-3 constructed by carbon rods.

After being loaded with ZnO, no mesopore could be found in TEM images, and exceeding ZnO
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nanostructures precipitated on the outside of the CMK-3 framework. The specific surface area and t-plot
micropore surface area of ZnOx/CMK-3 declined with increasing ZnO content. However, the specific
surface area was still significantly larger than that of ZnO nanoparticles until 57 wt% ZnO loading.
Studies on band-gap and compositional properties of sensing materials confirmed that an enhanced
photo-activation phenomenon can be achieved by incorporating carbon within the structure (C-dopant),
possibly due to the creation of oxygen vacancies (Ovac)

The fabricated sensors exhibited superior gas-sensing properties under UV illumination, as compared
to pristine ZnO nanoparticles sensors. The hybrid sensors with 57 wt% and 70 wt% of ZnO were found
to be the optimal compositions to have the maximum response against NO2 and NHs, respectively. The
pristine ZnO sample showed a response of 0.41 at 25 mW/cm? against NO2. Upon loading on CMK-3
framework, the sensor response dramatically increased, e.g. the response of ZnO13/CMK-3 is 3-fold of
pristine ZnO. The responses then gradually increased as ZnO was further added to the CMK-3 and
reached its maximum (1.91) at 57 wt% (i.e. ZnOs7/CMK-3). This improvement in response could be
attributed to the higher specific surface area and more oxygen vacant sites due to C-doping that
collectively occur in the optimal sensor composition (i.e. ZnOs;/CMK-3). Further increase in loading
concentration resulted in a decrease in the gas response.

The response characteristics of the developed sensors, however, were different when they were
exposed to 25 ppm NHa. Although the responses were lower than those of NO., the sensors responded
faster, compared to NO., and the response time and recovery time remained constant over all
ZnOyx/CMK-3 samples. This response was almost eight times greater than the response of pristine ZnO
nanoparticles to NHs. The difference in the optimal compositions of the best NO2 and NH3 sensors
presented in this study could be due to the size of gas molecules and their capability to diffuse in the

micropores.
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8.2 Recommendations

The idea of using photo-activated chemical gas sensors as an alternative to conventional high-
temperature sensors has been recently flourished, with the advances in novel high-power UV-LEDs.
Thus, a broad area is provided for the scientific world to improve the specifications of UV-LED activated

sensors. There are several vital areas with great potentials for more investigations; those include:

1) As discussed in Chapter 1, unique features of UV-LEDs, such as small size and low operating
power, along with an innovative design strategy (i.e. backside-irradiation) enable integrating
these sensors into portable electronic devices (PEDs) such as smartphones, tablets or e-readers.
A method of fabricating these photo-activated sensors could be based on depositing interdigitated
electrodes and relevant circuits over the light source during UV-LED fabrication, followed by
material deposition using state-of-the-art printing technologies (Figure 8-1). In this case, several

arrays of sensing layers can be developed to overcome the issues such as poor selectivity.

Sensors

Quartz

UV Source

Figure 8-1: The suggested design consisting of a sensor network over a flat shape UV-LED
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2)

Integrating gas-sensitive films with UV light-emitting diodes (LEDs) will result in reduced power
consumption, and lower production costs, accompanied by significant miniaturization. The gas-
UV interaction will be also minimized in the new configuration, and the sensing materials will

receive uniform irradiation with higher irradiance at lower operating power.

Theoretical modeling and simulation of gas sensing processes can be significantly helpful in
selecting optimal materials, optimal configurations and optimal operational parameters.
Moreover, many experimental observations, particularly in novel research projects such as photo-
activated gas sensing, need a theory to interpret the results correctly. These theoretical simulation
and modeling can promote understanding of the nature of interactions between photo-activated
layer and surrounding gases that are responsible for high functionality of the sensors.

Although very few aspects of chemistry can be computed currently, a model comprising the
governing equations of all the main phenomena can give useful insight into the importance of the
mechanisms involved in the sensing process. For instance, starting from the macroscopic
parameters, surface-molecule or photon-surface interactions can be used in describing the sensor
response. Meanwhile, using quantum mechanics calculations, these macro-scale interactions can
be corresponded to the energy (electronic) levels of the surface or sensing material. After all,
statistical thermodynamics and kinetics can dig down into the electronic behaviour by using the
molecular properties of the compound. Finally, a model that embed all those phenomena
quantitatively should be able to describe real experimental results.

Therefore, it is highly recommended to conduct studies on comprehensive modeling approaches

that simulate all main phenomena in photo-activated chemical gas sensing process such as optics,
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3)

4)

surface diffusion, adsorption/desorption, surface reactions kinetics, electrochemistry and fluid

dynamics.

Commercial resistive gas sensors exhibit various sensitivity to different gases when working at
different elevated temperatures. This is particularly due to the change in the adsorption/desorption
rates that can be modulated by temperature. To enhance the selectivity, a method which is called
the sampling-and-hold method, is be used in high-temperature sensors during the sensing process.
In this technique, the temperature of the sensing material is constantly fluctuating within a pre-
determined range. The gas molecules are captured (adsorbed) at lower temperatures and then are
slowly released (desorbed) by heating up the sensing material. This sampling-and-hold method
could be a promising technique in photo-activated gas sensing, if being modified for UV
irradiance on the sensor surface. Modulating irradiance on the sensor surface alters the
adsorption/desorption kinetics (as shown in this research) and improves sensor selectivity to a
particular gas. This idea not only shortens the response time of these sensors, but also reduces the

power consumption and elongates UV source lifetime.

One potential area to study further in photo-activated sensors is to develop novel sensory material
based on Tellurium such as TeO», TeOz and CdTe. Tellurium is a p-type semiconductor and has
a unique lattice structure that contains six spiral chains in the corner and one in the center. Based
on its structure, it shows some interesting photoconductivity, thermoelectric and catalytic

properties, which may be beneficial for photo-activated gas sensing.
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5) Humidity is considered as a deteriorating source of sensitivity, selectivity and response/recovery
times, as the water vapor adsorption acts as a major competitor to target gaseous components. It
is therefore necessary to do measurements under different humidity conditions, aiming to lower
the humidity effects on the operation of sensors at room temperature, and to calibrate sensors’

responses.

6) Porosity, pore size and particle size control of gas sensing films is another interesting area that
can be worked to further improve the selectivity of the sensors. Porous materials are of significant
interest due to their high surface area and special physical properties. Having a porous structure
with controlled pore size distribution may help to control the diffusion rate of gases within the

structure and tune the selectivity.
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Appendices

A.1  Gas sensing apparatus

Figure Al-1: Experimental platform, composed of a delivery section to control the gas flow and concentrations through
a set of MFCs, a sensing chamber to expose the sensor to the photons and gas (in the black box), and the electrical section
which powers the LED and sensor, also monitors the sensor resistance by using a digital Multimeter.

TOP VIEW

Figure A1-2: The black box which accommodates the reaction chamber and the radiation source. The chamber is made
of stainless steel with a designated quartz window on the lid to allow UV transmission. UV-LED is mounted on a PCB and
is connected to a thermo-electric cooler, a heat sink and a fan for heat dissipation.
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Figure A1-3: LabView interface which remotely controls the MFCs, UV-LED power supply, and digital multimeter, and
continuously collects the data from the sensor. The program is able to expose the sensor to various concentrations of gases
stepwise (up to 5 gases). It can also modulate the illumination for pulsed irradiation or sampling-and-hold method,

explained in Chapter 8.
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A.2  Effect of irradiation parameters on sensors’ responses
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Figure A2-1: In,O3 sensor failure in NO, detection due to stable adsorption of NO, molecules on the surface at low

irradiance (25 mW/cm?). The response signal did not recover completely (to its initial resistance level) after tuning off NO,
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Figure A2-2: Sensor response failures to 5 ppm NO; under 365 nm UV-LED irradiation at 10 Hz pulsation frequency,

a) SnO; b) WOs. The response increased without reaching a steady-state plateau for over 2 hours.
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A.3  Core-shell synthesis

Figure A3-1: FE-SEM images of buried ZnO NWs in In,O3 shell material a) double dipping b) triple dipping. The

results confirmed that excessive coating of ZnO NWs may results in losing nanowire structure and that an optimized

deposition amount is required
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Figure A3-2: XRD results of excessive coated sample in core-shell structures. This confirms the existence of the coated

materials as well as their phase and crystallinity
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A.4  Effect of ZnO content on porosity of ZnO,/CMK-3

Figure A4-1(a) shows the N> adsorption/desorption isotherm of SBA-15, CMK-3, and ZnOx/CMK-3
samples. The SBA-15 template shows a typical type-1V isotherm with type-H1 hysteresis loop,
representing an ordered mesoporous material with cylindrical-like pore channel and narrow pore size
distribution. Instead, the replica CMK-3 presents its typical type-H. hysteresis loop, represent a rather

broadened mesoporous distribution [157].
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Figure A4-1: (a) N, adsorption/desorption isotherm of SBA-15, CMK-3, and ZnO,/CMK-3 samples (b) Higher
magnitude of hysteresis curve of ZnOx/CMK-3 (x from 27 to 85)
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By increasing ZnO content, ZnOx/CMK-3 (x from 0 to 57), the isotherm curve gradually transferred
from type-H> to type-Hz hysteresis loops (Figure A4-1(b)). According to the empirical classification of
hysteresis loops given by International Union of Pure and Applied Chemistry (IUPAC), the type-Hs
hysteresis loop with adsorption occurs at low relative pressure (P/Po < 0.1) represents the existence of
slit-shaped micropores [158]. In other words, upon addition of ZnO content, most of the mesopores of
ZnOx/CMK-3 are filled with ZnO until 57 wt% loading concentration. However, there are still
considerable microporous surface area left. Further increase the ZnO content would not lead to any

change of hysteresis loop type, but would decline the quantity adsorbed.
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A5 UV penetration depth and surface temperature

120

100

80

60

Transmittance (%)

Quartz

ZnO NWs (2h Growth)
Zn0O NWs (6h Growth)

ZnO NWs (8h Growth)

ZnO NWs (10h Growth)

200

300

400 500 600 700 800
Wavelength (nm)

Figure A5-1: UV penetration analysis on ZnO NWs grown on quartz sheet. The trend in UV transmission is decreasing

when the nanowires length is increased. Given the low transmission values at wavelengths around 360 nm, it can be

concluded that the photons are mostly absorbed by the layer. The samples with 6 hour growing time seem promising as

homogeneous exposed illumination of the entire surface is guaranteed.
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Figure A5-2: Temperature variation on sensor surface in a sensing cycle. The temperature upon exposure to UV is

increased slightly but remained in the range of ambient condition.
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