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Abstract

Thesis Title: Portable and Non-Intrusive Sensors for Monitoring Air Pollution

Name: Pelumi Wonuola Oluwasanya

Air pollution is a global problem. Particulate Matter (PM) of aerodynamic diameter smaller

than 2.5 mm (known as PM2.5) and NO2 are important classes of pollutants because of their

size and emission sources and potential effects of exposure beyond 25 mm/m3 and 40mm/m3

annual mean respectively. This thesis presents work that has been done to develop new

and miniaturized/non intrusive (<1 cm3 in volume) sensors for monitoring both classes of

pollutants. A review of the current landscape of both sensor types was carried out and the

challenges identified. For PM, it is the price (>$300), size (smallest ones are several tens of

cm3 in volume) and the accuracy (�10%) of the sensors that motivated the design, simulation

and subsequent fabrication of the miniaturized device. It is shown that the capacitive-based

sensor is easily miniaturizable and has sensitivity to single particles flowing at a distance of up

to 18mm above the electrode surface. This new sensor concept and its simulated multiphysics

model is unique because it uses thermophoresis to separate particles of PM2.5 and PM10 from

a single airflow. For the NO2 sensors, the availability of selective sensors that function in

humid environments is a major need. Further, both sensor types need to be robust against

interferent species and environmental variations. In this thesis, I present chemiresistors

based on graphene/carboxymethyl cellulose (CMC) and carbon nanotube/CMC composites

capable of sensing low, down to 20 ppm and 6 ppm, NO2 concentration respectively. The

new sensors show selectivity to NO2 because of the selective oxidation of the composite

component CMC salt by NO2. Due to the Solubility of CMC in water and response of the

sensor to ppm-level NO2, a washable textile-based NO2 sensor based on a reduced graphene

oxide/MoS2 composite material was developed. The sensor has selectivity to NO2 and can

detect ultra-low (100 ppb) NO2 concentration levels in 60% humid air. It can also detect

down to 20 ppb NO2 in dry air. The next objective, beyond the scope of this work, is to

integrate both PM2.5 and NO2 detection and monitoring. Commercial exploitation of the

technologies developed is now being explored through a University spin-out.
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Chapter 1

Introduction

1.1 Background

Air pollution refers to the production, emission, transport, removal of pollutants (harmful

substances) and their effects on man and the environment [1]. Common sources of air

pollution include natural sources, human and industrial sources. Exposure to pollutants such

as NOx, CO and Particulate Matter (PM) - PM10 and PM2.5 and greenhouse gases such

as CO2 and their harmful effects on humans and the environment have been studied [2–4].

PM2.5 exposure, for example has been found to be correlated to Emergency Room visits [5–9].

Incidences of cardiovascular diseases, respiratory diseases have also been linked to poor

air quality [10–15]. World Health Organisation (WHO) reported that 4.3 million premature

deaths were linked to air pollution in 2012 alone [16]. The number for outdoor pollution was

3.7 million for the same period, highlighting the importance of indoor air quality monitoring.

PM is a complex mixture of small particles such as dust, droplets, biological materials and

all other suspended solid and liquid substances. PM is harmful to health when inhaled in

quantities above 25mg/m3 annual mean concentration [17–22].

PM size is described by its aerodynamic diameter which is a comparison with particles

with similar settling velocity. With this classi�cation, PM is divided into PM1 - which covers

the particle size ranges less than 1mm, PM2.5 - which covers the entire spectrum less than 2.5

mm diameter, and PM10 which covers the spectrum less than 10mm aerodynamic diameter.

A comparison of particle sizes with human hair is shown in Fig. 1.1 [23]. PM1 is the most

dangerous but also the most dif�cult to detect because of their size. However, the main

focus is on PM2.5 as it also includes PM1 and collectively due to their small size pose equal

threat to human health because they can penetrate deep into the body tissues and cross the
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Fig. 1.1 - Comparison of PM sizes with human hair (Adapted from Kimet al [23]).

tissue-blood barrier. The resulting health problem depends on the material composition and

the type of component the particle is made of. PM2.5 has been found to comprise mostly of

salts, nitrates, sulphates and carbon, inorganic elements, ions and even radicals from both

human and natural processes. PM2.5 is also known to affect/reduce visibility, leading to

further loss of lives through traf�c-related accidents. Studies of the constituents of PM also

reveal information about potential sources, thus providing clues on what mitigation measures

will be the most effective [24].

NO2 is an orange-brown gas with an offensive smell similar to ammonia. The major

sources of NO2 include vehicular/industrial sources and household cooking appliances.

Exposure to NO2 beyond 40mg/m3 can result in lung in�ammation, asthma exacerbation and

other respiratory diseases [25], [26], with children being more vulnerable to these outcomes.

Because of the emission from traf�c-related sources, residents of urban areas may be exposed

to higher concentrations compared with rural areas, except in the incidence of forest �res,

and volcanic actions [27]. Indoor NO2 levels can also be higher than outdoor levels where

cooking areas are either not well-vented or not vented. [28] Dissolution of NO2 in water can

result in acid rain. Thus monitoring the levels of these pollutants both indoors and outdoors

is very important for public health. However, for this work, the focus is on NO2.
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Table 1.1 - Table showing the exposure limits for PM10, PM2.5 and NO2 in the United
Kingdom (Adapted from [29]).

Pollutant Hr/24Hr Limits Annual Mean Region
PM10 50 40 UK
PM2.5 - 25 UK
NO2 200 40 UK

1.2 Mitigation and measurement challenges

The menace of the air pollution-related mortality has been combated by limiting human

exposure to air pollutants. The Environmental protection agency (EPA), the Department

for Food and Rural Affairs (DEFRA), and the World Health Organisation (WHO) have

speci�ed daily, and yearly limits for each of the most important pollutants and how many

times they can be exceeded (These are shown in table 2.1 for NO2 and PM2.5). Traf�c-related

pollution from vehicles has been combated by emission limits that have been imposed on the

manufacturers before a vehicle is certi�ed �t for road use. Government policies also help in

encouraging the transition to safer transportation means by imposing taxes for emissions,

and excluding non-polluting cars from the same. Further, governments also set up air quality

monitoring centres to continually collect ambient air quality data and to inform on what

are the most signi�cant sources of pollution, enabling effective control methods. They

monitor pollutants such as Particulate Matter (PM), NOx, CO, and O3. The Beta Attenuation

Monitor, one of the detectors used in these centres has an accuracy of� 10% [30]. It is very

expensive ($15,000/unit) and therefore not suitable for personal exposure monitoring. The

limited number of centres in the UK (about 300 centres in the entire country, i.e. 1 center

every 808 km2), results in low spatial resolution of the data. This sparseness has driven

increased interest in mobile sensors for use in indoor environments - vehicles and houses.

This is because poor air quality persists in these places more than outdoors because of the

intermittent, or in some cases nonexistent air exchanges. Thus particles can stay suspended

in indoor air for several hours as the �ow is limited [31]. Personal exposure analysis -

monitoring how much and for how long an individual is in contact with harmful pollutants -

has also encouraged further development of small sensors a few tens of cm3 in volume in

order to extend the coverage of the monitoring centers [32]. One of the key �ndings in these

studies is the high temporal and spatial variability of air pollution [33], [34]. In addition to

this, more in-depth understanding of air pollution data encourages bespoke control measures
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and solutions that are unique to each indoor environment and location. However, a 50cm3

device is considered intrusive i.e. interferes with everyday living. Moreover, some of these

devices display up to 25% deviation in measurement from unit to unit. Thus there is need for

non-intrusive sensors (typically of the order of <1 cm3 for monitoring pollutants such as PM

and NO2 which this work is focused on.

1.3 Project Motivation

Miniaturised PM sensor development has been severely limited by the dif�culty in achieving

high sensitivity (to single particles) and accuracy (� 5%) that traditional detectors such as

gravimetric sensors routinely attain. Recent efforts have included development of smaller

light-based systems which suffer from issues ranging from refractive index, to opacity, and

cut-off point (beyond which the particle cannot be detected) [35]. However, the smaller

particles are more harmful to health and are more important to detect because of their ability

to penetrate deep into the body tissues. Small sensors are further limited by their costs

and intrusiveness (the user needs to make a signi�cant change to their daily lifestyle to

incorporate the use of the sensor) due to their size. The ideal condition is to have a sensor

that is integrable in objects of everyday use such as mobile devices and clothes. For PM

detection, capacitive method presents the possibility for miniaturisation, down to the order of

1mm� 1mm� 1mm. However, obtaining a useful signal for PM2.5 has been a challenge

because the response of the sensors to the particles is lower than the detection limit of the

device. Carminatiet al. [36] showed the development of such a sensor for particles of PM10.

The sensor showed detection of 6mm diameter talc particles. The system however does not

incorporate any particle discrimination, a signi�cant aspect in providing useful measurement

in an actual sensor. The device developed was bulky because of the detection unit. Therefore,

a further investigation and development of this technique for PM2.5 is needed, especially

with a compatible particle discrimination technique incorporated. This new, miniaturised

device will allow for discrimination and detection of PM2.5 with high resolution (down to

a few particles) as well as high accuracy (� 5%). The project seeks to provide a means

of separating particles of different sizes from particle-laden �ow. The sensor will also be

capable of particle adhesion and possibly release.

Gas sensing on the other hand has been more successfully developed in miniaturized

form factor. However, for wearable applications, it is becoming increasingly important to

integrate the sensor into objects of everyday use without intrusion observed, for example, with

patches. Miniaturization does not fully solve the problem for wearables because of their poor
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performance when subjected to wash. Also, miniaturised sensors suffer from reduced surface

area available for sensing. Therefore, incorporating the sensor in a textile form-factor will

allow for development of ubiquitous "wear and forget" [37] sensors that seamlessly monitor

personal exposure at the highest resolution (on-body) that perform better with washing.

Further, the need for large sensor surface area and the need for compatible fabrication

processes necessitate an investigation of 1D/2D materials such as carbon nanotubes, graphene

and hybrid 2D materials such as Graphene/MoS2 which provide additional bene�ts of

higher sensitivity and selectivity. So this work also investigates the development of NO2

sensors based on graphene/Carboxymethyl cellulose (CMC), carbon nanotube/CMC and

graphene/MoS2 composites. This project also aims to fabricate a textile-based NO2 sensor

and characterise the sensors in relevant environments. The future goal of the project is to

develop a single miniaturized sensor capable of monitoring PM2.5 and NO2 in a reliable way.

1.4 Structure of the thesis

This thesis is structured as follows: Chapter 2 focuses on the state of the art approaches

for PM detection techniques and commercially available PM sensors. It also reviews gas

sensing methods, and describes their underlying theory. Chapter 3 presents the development

of chemiresistors for monitoring NO2. The sensors (based on graphene/CMC and carbon

nanotube/CMC composites) show sensitivity to 6ppm NO2, have a possibility to be minia-

turized using micro-fabrication techniques. Chapter 4 presents work on washable, sensitive

and selective textile-based NO2 based on a composite of Reduced Graphene Oxide (RGO),

and Molybdenum Disulphide (MoS2). The sensor is sensitive to 20ppb NO2 in dry air at

room temperature, and also to 100ppb NO2 in >60% Relative Humidity (RH) air. The sensor

relationship with temperature and humidity were investigated and presented. The RGO/MoS2

sensor is selective to NO2, however, the RGO sensor is more robust to washing. It withstands

up to 100 cycles of International Standards Organization (ISO) standard washing cycles,

as against the 50 cycles robustness observed for the RGO/MoS2 sensor before a decline

in sensing performance determined by a drop in sensor response. Chapter 5 and 6 present

the design, development and fabrication of a capacitive based method for PM2.5 detection.

Chapter 5 presents modelling and simulation of the device using Finite Element Method

(FEM). Chapter 5 also presents results of PM detection at a single particle resolution. The

fabrication and subsequent miniaturisation into MEMS package is presented in Chapter 6.

Chapter 6 also presents incorporation of the sensor in an off the shelf Application Speci�c

Integrated Circuit (ASIC) developed by Irvine sensors (MS3110). The miniaturized device



6 Introduction

has not been tested yet as the packaging process is still ongoing Chapter 7 presents the

conclusion and future work plan of the project - which involves the integration of both sensor

types into a single MEMS device, and the commercialisation approaches being pursued



Chapter 2

Air Pollution Sensors: Particulate Matter

and Nitrogen Dioxide Monitoring Review

2.1 Background

The standard composition of ambient air is Nitrogen (78%), Oxygen (20.9%), Argon (0.9%)

and others including Carbon Dioxide (0.04%). It is very important to ensure that the levels of

desirable gases like Oxygen be kept at optimal levels as well as to monitor and hence reduce

the concentration of harmful toxic and polluting gases such as Nitrogen Dioxide (NO2),

Carbon monoxide (CO) [38]. Efforts from government and regulatory agencies worldwide

push to maintain low concentration levels of polluting (namely NO2, CO, PM2.5, PM10) and

greenhouse (CO2) gas species. Ambient levels of NO2 > 1 ppm are found in studies to cause

respiratory problems. [39, 40] DEFRA limits for NO2 is a one-hour maximum of 200mg/m3

that must not be exceeded more than 18 times in a year. Annual mean stands at 40mg/m3, a

regulation with achievement date set since 2010. The levels of NO2 in breathable air needs to

be monitored preferably by fast sensors working at room temperature (reducing complexity).

Different materials have been investigated and developed for this purpose. Different sensing

architectures have also been investigated based on the properties of the sensitive material.

Gas sensors also work in different operation modes. These will be highlighted later.

Ferriset al. [41] was one of the earliest papers published on the study of particulate

matter pollution, its effects on human beings, and its source contributions. This was followed

by Thurston and Spengler [42], Dockeryet al. [43] then Seatonet al. [44]. Ferriset al.

observed that out of a cohort of adults from 6 communities, causative links could not be

established between exposure and illnesses. They conceived the idea of a portable air quality
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monitor which was carried around by participants in their study. Dockeryet al. [43], whose

study was on school children found that incidences of chronic cough, bronchitis, and chest

illnesses were more associated to PM exposure than to either SO2 or NO2. They also found

that pre-existing conditions were worsened by the exposure. They also found a relationship

with ear aches. Whereas no link was found with asthma and hay fever. For this study,

they took continuous measurements of Total Suspended Particles (TSP), PM10 and PM2.5

throughout their study period using dichotomous aerosol sampler and conducted spirometry

test on the kids each year to check for changes in their health status. These studies laid the

foundations for personal exposure monitoring with mobile sensor devices today.

2.2 PM Detection Techniques

2.2.1 Gravimetric

Gravimetric method involves collecting the particles on a �lter and then weighing it to

obtain the mass concentration of the PM. This weighing of collected particles may be done

online (in-situ) or of�ine. This type of PM sensing devices also collect particles on a �lter

for of�ine validation of measurements. After particle size discrimination and detection,

the particles are then deposited on a �lter and analysed for mass concentration validation,

chemical constituents and source. Beta attenuation monitor, a gravimetric detector that uses

the attenuation of beta radiation by particles to determine their mass, is an example of this.

Beta Attenuation Monitoring (BAM) is an online method and when coupled with cyclones,

or some other size discrimination method, it can detect and monitor particles of different

sizes. Studies such as Watsonet al. [45], Liu et al. [46], and Macias and Husar [47] have

used BAM for PM monitoring. Tapered Element Oscillating Microbalance (TEOM), shown

in Fig. 2.1, is another setup used for PM monitoring. It comprises a tapered tube with one

�xed end and an oscillating end. The oscillating end attached to a �lter collects particles

which alters the frequency of oscillation. This leads to a direct PM mass concentration

determination in real-time [48–50]. The main challenge of gravimetric detectors is their

bulky size that prohibit application in personal exposure monitoring. The discrimination

techniques integrated include �lters, impactors and virtual impactors and cyclone.

Filters

Filters are used to either collect particles or to remove particles of some size range either by

physically blocking the inlet to particles of such sizes by the use of pore sizes smaller than
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Fig. 2.1 - Tapered Element Oscillating Microbalance.
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the particle cross-sectional area, by forcing particles of a particular size to adhere to �bres of

the �lter, by diffusion through inter-particle or particle-�uid(for very small particle sizes)

collision during �ow through narrow �lter gaps, or by impaction where �lters are placed

in the path of a bending particle-laden �ow. The �lters are usually naturally/designed to be

hydrophobic, hydrophilic or even oleophilic or oleophobic or a combination of two or more of

these properties. PTFE �lter, more popularly known as Te�on �lter is one of such. It has been

used in many gravimetric PM detection and other PM detection applications [51–53] where

the difference between the mass of the �lter before and after particle collection is indicative of

PM mass. PTFE is produced through the polymerization of tetra�uoroethylene. Its inertness

to most acids and bases has made it suitable for PM applications. Characterisation of factors

affecting its behaviour and application is presented in [54]. Filters that remove up to 99.97%

of the desired particles are called HEPA �lters. These �lters have other applications including

anti-bacterial, for infection prevention. Volatile compounds like ammonium nitrates are

usually lost from Te�on �lters [51, 55] which could underestimate measurements, Quartz

�lter, much loved for its ability to remove gas phase organic compounds via adsorption,

could be undesirable in that it could overestimate measurements especially when information

about emissions due to speci�c sizes are important and a backup �lter may be needed to

correct for this [56]. Te�on and quartz �lters have been compared in [57]. Glass, quartz, and

Te�on �lters' performance in polycyclic aromatic hydrocarbons monitoring was presented

by Grosjean [58] and Presseret al. [59] where the concern with the underestimation of

measurements was expressed. By changing recipes in the polymer formation, and combining

with other materials, different variations of �lter properties can be achieved.

Impactors

Impactors, which was invented by May [60], belong to a group of particle separation methods

based on inertia. In this technique, particles are forced through an acceleration nozzle which

usually leads the particle through a corner streamline [61]. Particles which are larger, and

thus heavier, will have enough inertia to cross the streamline and impact the slide and are

either collected on a �lter or substrate for microscopic analysis [62–65]. Separation of

multiple sizes can be done using an impactor with multiple impaction slides or a cascade of

impaction stages with successively smaller ori�ces each with its own cut diameter which can

be calculated from

d50 =

s
9mW

r pUCc

p
Stk50 (2.1)
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Fig. 2.2 - Virtual impactor (left) particle trace for particles of different sizes into major (b)
and minor (c) �ows, also showing (a). acceleration jet, and (d). jet spacing, on the right,
cut-off point [82].

WhereCc is the Cunningham correction factor, W is the width of the opening andU is

the jet velocity. The equation also applies to virtual impactors.Cc can be calculated from

Cc = 1+
2:52l

d
(2.2)

WhereCup andCdn are upstream and downstream particle concentrations [66–70]. Their

characteristics including coating effects, effect of relative humidity, effects of jet con�guration

including jet to plane distance, strengths such as broad range of separation, low �ow rate,

and limitations such as inter-stage losses, have all been studied [61, 71–81].

Virtual Impactors

Virtual impactors operate on a very similar principle except that in this case the particle �ow

is separated via inertia into two �ows (primary and secondary or major and minor) where

both �ows can be further treated as desired, for example major �ow may then be directed

into a sensing chamber for detection and the minor �ow directed to the outlet or collected on

a chamber for gravimetric analysis for comparison. Also, particles from the minor �ow still

remain in the major �ow (Fig. 2.2) and there may be need to either remove them or account

for them. Virtual impactors however avoid the fragmentation of particles, and bouncing off
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of particles that may happen when particles impact the surface of the impaction slide in a

conventional impactor [83–91].

Cyclones

In cyclones, particle-laden air (or �uid) is forced to �ow in a helical pattern in a cylindrical

or conical container. Particles larger than the cut point will have too much inertia to follow

this �ow pattern and cross the streamlines, hit the container walls and fall to the bottom of

the container where there is an outlet to a collection system or another �ow [92–94].

2.2.2 Acoustic

Acoustic PM sensors detect the change in the resonant frequency of an oscillating material

when PM is deposited on it. Hence they can sometimes be categorised as gravimetric sensors

because they measure the particle mass.Examples include solidly mounted resonators, surface

acoustic wave resonators, quartz crystal microbalance. Acoustic PM sensors also have particle

discrimination incorporated into the device architecture to allow for selectivity. Paprotny

et al.'s PM sensor [82] achieved a sensitivity of 2mg/m3, the Micro-Electro-Mechanical

Systems based air-micro�uidic PM sensor incorporates particle differentiation and detection.

The system separates coarse particles from �ne particles using an impactor. Thermophoresis

is then used to deposit the �ne particles on a Film Bulk Acoustic Resonator (FBAR). The

change in resonant frequency of the resonator is used to determine the mass concentration of

the deposited PM. Experimental results show that the sensor agrees well with commercial

DusTrak sensor. The front end read out was however done through a spectrum analyser. The

sensor cannot be used for personal exposure analysis without a portable front end. In Zhaoet

al. [65], a 3D-printed virtual impactor assembled with a quartz crystal microbalance (QCM)

(Fig. 2.3) was used for PM classi�cation and concentration detection. It proved effective for

separating particles of sizes between 0.5 - 8mm. The resonance frequency relationship with

attached mass is obtained from the Sauerbery equation

d f = � (2f 2
o )=(A

p
mqr q)dm (2.3)

d f = � Rdm (2.4)

Whered f and dm are the frequency shift and mass change andfo is the fundamental

frequency andR is the sensitivity [65]. This equation also applies to the FBAR-based sensor

[82], and SAW resonator [95]. This design choice provides advantages such as minimal
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Fig. 2.3 - 3D Printed Virtual Impactor Quartz Crystal Microbalance(left), Experimental
setup(right). [65]

nozzle wall loses and accurate alignment. Successfully separated particles �ow onto the

gold QCM electrode causing a change in its resonance frequency. The cut off diameter

of the virtual impactor was set at 2.5mm. Prior to fabrication, Finite Element Analysis

was carried out using ANSYS. This sensor would require continual cleaning to remove

deposited particles to retain its performance as it is used. The complete system is a table-top

equipment and a laboratory-type electronic characterisation system as shown in the right of

Fig. 2.3. Surface Acoustic Wave (SAW) Resonator-based PM Sensor (Fig. 2.4) uses two

Raleigh-type SAW resonators to detect particles which perturb the wave propagation when

they are deposited on the resonator surface. A reference sensor is used for compensation.

Fabrication details are presented in [95]. Performance of the sensor to different particles

such as gold nanoparticles, silicon, and even �ne sugar was also documented. It has not been

tested in open air. Thomaset al.'s Solidly Mounted Resonator PM Sensor (Fig. 2.5) [96] uses

two Colpitts type oscillators (with operating frequency approx. 970Hz) which are operated

in differential mode to detect down to sub-micron sized particles.

One is used as reference while the other is the measurement sensor. The frequency shift

is detected using a combination of an RF mixer, low pass �lter and comparator. The particles

settle on the resonator surface by gravitational sedimentation. The results show that there is

some agreement between the SMR sensor and other more expensive collocated commercially

available sensors even though there seems to be a need for zero correction. The sensor

readings seemed to drop much below the zero level shortly after the injection of dust when

compared with the GRIMM Optical Particle Counter (OPC) sensor.
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Fig. 2.4 - Surface Acoustic Wave(SAW) PM Sensor [95], [65]

Fig. 2.5 - Solidly Mounted Resonator(SMR) PM sensor [96].
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2.2.3 Satellite-based

In Lin et al. [97], ground-based and satellite-based PM2.5 monitoring techniques were

compared. Satellite-based techniques (measuring aerosol optical depth) [98–100] or aircraft

based techniques such as Chuet al. [101] were found to provide higher spatial resolution

compared to ground-based systems and can measure a number of PM properties. But such a

robust system is very expensive to set up.

2.2.4 Optical

When light shines on a particle, part of the light will be absorbed while the rest will be

scattered/re�ected or transmitted. This phenomenon is used to develop particulate matter

sensors based on light absorption, light scattering, or light extinction which is the difference

between incident light and transmitted light. [102] Light scattering method relies on the

scattering of light (from lasers or LEDs) by particles �owing across its path. Scattered light is

collected (Fig. 2.6) and then analysed through an autocorrelation function usually of a short

time lasting signal to obtain number distributions such as number concentration distribution

or volume concentration distribution. There are generally three regimes that determine

analysis methods used based on the value of a parameter,a , called the size parameter which

is de�ned as

a = pd=l (2.5)

Where d is the particle diameter, andl is the wavelength of light. The values ofa � 1

corresponds to the Rayleigh scattering regime,a � 1 corresponds to the Mie scattering

regime, and fora � 1, optical methods are used.

Further, the refractive index of the particle is also very important. This is calculated from

r = c=vp (2.6)

And

r i = vm=vp (2.7)

Wherec is the speed of light in vacuum,vp is the speed of light in the particle,r i is

the relative refractive index andvm is the speed of light through the medium the particle is

suspended in (usually liquid). Equation 2.6 is used majorly for vacuum and air media.
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Fig. 2.6 - Light scattering illustrated for a spherical particle (Adapted from [50]).

For the Raleigh regime, scattered light intensity is given by [103]

I (q) =
Iop4d6

8R2l 4
r2 � 1

(r2 + 2)2(1+ cos2q)
(2.8)

For the second regime, however, Mie equations provide the scattered light intensity as [103]

I (q) =
Io(l 2)( i1 + i2)

8p2R2 (2.9)

Wherei1 andi2 are Mie intensity parameters and are functions ofr, a , andq, the angle.

Light scattering based PM sensors may need in-situ calibration with collocated reference

instruments. For the more portable sensors, this technique is the most currently used in

commercial PM sensors and are highlighted in the next section. Impedance based methods

have been demonstrated in the past [104, 105]. They are usually based on depositing PM on

substrates and then measuring the resistance of the material via a metallic plate connected

to the substrate. Cavity ring-down spectroscopy and opacity meter are two popular light

extinction techniques. While opacity meters detect the amount of light transmitted through

an exhaust volume, cavity ring-down spectroscopy is a technique used for obtaining optical

extinction coef�cient (a ) [106]. Petterssonet al. [107] presented a system using a �bre-

coupled continuous wave laser in which dried particles were counted in the CRD cell.
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Fig. 2.7 - Impedance (Capacitive) based PM sensor – (a) sensor CAD design (b) actual sensor
(c) readout electronics architecture [36]

2.3 State-of-the-art PM Sensors

2.3.1 Non-commercially available PM Sensors

Carminatiet al. [36] presented a similar PM sensing technique to that presented here, shown

in Fig. 2.7, but it was only shown to work for polystyrene beads of 10mm diameter (PM10)

and on 8mm talc powder. It is capacitive based.

Two pairs of electrodes are connected to oppositely varying sinusoidal signals. One

of the electrodes is placed in a reference chamber and the other in the sensing chamber.

Calibrated particles were then passed through the chamber from an aerosol generator and

the signal recorded. The signal amplitude was around 12aF for talc particles. They use
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a lock-in ampli�er to detect capacitive jumps. The system however, cannot detect PM2.5

signal being below the noise �oor of the detector and the entire system with the detector unit

cannot be considered miniaturised. Chowdhuryet al. [108] presented a light scattering based

method which used light of wavelength880nmfrom an Light Emitting Diode(LED) and a

photodetector to detect the right angled scattered light from particles fed into the sensor inlet.

The sensor was characterised and calibrated with collocated gravimetric and commercial

light scattering based PM sensor, same as in Kellyet al. [109], and Tasíc et al. [110]. Studies

such as Holstiuset al. [111] and Kelly et al. [109] made use of commercially available

sensors in their set up and could only be considered research grade in that they assemble the

sensing device parts comprising the sensor and the readout. Bianchiet al. [112] presents an

impedance-based particle detection technique where interdigitated microelectrodes, formed

into �ngers of pillar shape are arranged normal to the �ow and as a particle passes in-between

the electrodes, the impedance change is measured. In miniaturised sensors that hope to beat

the affordability limitation of many PM sensors, a decision has to be made about whether the

active material will be disposable or regenerable. In Wasistoet al. [113], one such system

is presented for cleaning a cantilever-based PM sensor, which works on the principle of

resonant frequency change with PM deposition. The design and fabrication of the sensor was

presented elsewhere [114]. The cleaning of the sensor surface is achieved by coating with

a sacri�cial photoresist layer that is easily removed by a lift-off process. When tested with

nanoparticles, a cleaning ef�ciency of up to 99% was measured when the photoresist used

was AZ5214. The main concern with this approach, however, is that lift off process requires

complete removal of the sensor from its housing and probably a lab environment to carry

out. This is not something a user can carry out on their own at home or work where they

might use the sensor. An internet of things air quality monitoring system (Home Pollution

Embedded System – HOPES) was presented by Gugliermetti and Garcia [115]. A wireless

sensor network of PM sensors was also used in indoor environments by Patelet al. [116].

Gugliermetti and Garcia [115] basically combined metal oxide gas and PM sensors with an

easy to use web interface to monitor air quality in indoor environments. Another miniaturised

monitoring system with a phone based interface is presented in R.M. Whiteet al. [117]

with a possibility for community reporting with the help of individuals reporting. A grid

of sensors method is presented by Soussilaneet al. [21] which would also help to optimise

energy use. A review of emerging techniques is reported by M. Carminatiet al. [118].

Most of the most recent studies involving PM2.5 focus on either the epidemiology [119–

129] , the sources [130–133] or the constituents identi�cation [134–136] and �eld tests

[137–146] in different locations and not on developing new sensors. The few that focus on
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this include: Cashikaret al. [147] who developed a robot-mounted PM sensor that maps the

a lab space and �nds pollution hotspot using arti�cial intelligence. The sensor at the core of

its PM sensing functionality is the low-cost Sharp GP2Y1010AU0F which is described in the

next section, and also used by Coffeyet al. [148] in their Household Air Pollution Exposure

(HAPEx) and correlated to a gravimetric sensor. Wanget al. [149] presented a 3D-printed

PM sensor which showed sensitivity to PM10. It uses a series of microchannels to separate

particles into different sizes and then deposit them on capacitive electrodes. Donget al.

[150] presented a sensor for monitoring the total airborne particles (it does not incorporate

any particle discrimination technique) based on an optical sensing method. However, it is

miniaturized. Malaczynski [151], and Hopkaet al. [152] [153] presented resistance-based

PM sensors that for measuring soot from exhaust. Zamoraet al. [154] analysed Plantower

AMS 003 both in the lab and in the �eld. Buddeet al. [155] presents a camera phone-based

PM sensor for monitoring PM exposure that uses a 3D-printed housing with an LED light

scattered by the particles picked up by the phone camera. A surface Acoustic Wave PM sensor

presented by Kuoet al. [156] with 9 Hz/ng sensitivity. the system however required a bulky

desktop readout system. A similar system was presented by Liuet al. [157] but with a virtual

impactor instead of a cyclone. However the whole system was still very bulky. A smaller

system was proposed by Duet al. [158] using imaging. Image processing is used to analyse

particles collected on a glass slide and separate them into different size ranges. As already

observed, the bulky readout system required for many sensor setups is a major challenge

which can be overcome on one two ways - either by designing compact, miniaturized and

highly sensitive electronics for the current detection methods such as presented by Rhee

et al. [159] and Ciccarellaet al. [160], or to design novel miniaturised sensor and readout

systems [161–163]. Maierhoferet al. [164] presented a design for capacitive PM2.5 detection

focusing on 1mm particles that can be deposited either on top or in-between interdigitated

electrodes. The system does not have a particle discrimination stage.

2.3.2 Commercially available PM sensors

Miniaturised sensors for air quality monitoring is becoming a vibrant area of research driven

especially by need for pervasiveness, affordability, and easy integration with Internet of

Everything(IoE) devices for user health monitoring. In general, for PM2.5, most popular

approaches have been through acoustics, electrical sensing, and micro�uidics, even though

the detection electronics still lags in miniaturisation. Smaller sensors in use for PM2.5

monitoring commercially include the Dylos and Dylos PRO, useful for detecting pollen
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and bacteria [32, 165], Alphasense OPC-N2, Samyoung DSM 501A, Shinyei PPD42NS,

SYhitech DSM50, AirAssure Model IPM2.5-NA, Dustrak II Aerosol Monitor [32, 166] and

Sharp GP2Y1010AU0F. They are mostly light scattering based. They have been assessed in

different studies [116, 165, 108, 167]. A few downsides have been identi�ed. While some of

them could easily get too big when collocated with other air pollution sensors, there are some

which require quite a high current for operation leading to 6 hours or less battery life before

needing replacement. Other downsides include cost, low saturation limits and measurement

deviation from unit to unit, which was up to 25% for one of the sensors. The most commonly

used commercial sensors will be highlighted.

Sharp GP2Y1010AU0F sensor is shown in Fig. 2.8(a). The low power PM detector is

very cheap if purchased without the needed microcontroller unit. It has quite a wide operating

temperature range (-10°C – 65°C) is based on the foregoing light scattering method. It was

used by Sameer Patelet al. [116]. According to the authors, it's two orders of magnitude

cheaper than a commercially available TSI Sidepak AM510. It however is limited by its low

saturation of 5 mg/m3 which happened for large parts of the experiment runs. Furthermore,

the sensor suffered the usual limitation of measurements from light scattering based PM

sensors which is deviation from actual measurements [116]. This same limitation was alluded

to by Chowdhuryet al. [108] when it was reported that the sensors demonstrated varied

performances from unit to unit. However, the decay regime post-emission provided some

useful correlated data. Olivareset al. [167] also con�rmed that the sensor, which was also

used in their own work, was consistent with more expensive ones. Dylos and Dylos PRO

DC1100PRO particle sensor comes in two models. The coarse Dylos particle monitor which

can only monitor particles that are either small such as bacteria or large such as pollen and

the Dylos PRO which can monitor particles in a wider range and has lower and upper limits

of 0.5mm and 2.5mm. Option is provided for data storage. Dylos PM sensor is shown in

Fig. 2.8(b).

Alphasense OPC-N2 sensor uses Class 1 laser to detect up to a maximum of 10,000

particles per second, every ten seconds. It works for particles in the range 0.38 - 17mm.

It has a high operating current of 175mA, compared with most others and uses a microSD

card to store up to 16GB data, equivalent, according to the manufacturers, to one whole

year of data capture. This sensor costs350. It is shown in Fig. 2.8(c). Samyoung DSM

501A sensor has a very small concentration range of 0 - 1.4mg/m3. It has a very similar

structure to Shinyei PPD42NS, both use a preheating stage to ensure updraft particle in�ow

by convection. It cannot detect particles smaller than 1mm and consumes comparable current

as the Shinyei. This sensor is shown in Fig. 2.8(d). Infact, the same sensor is used in the
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Table 2.1 - Table showing the comparison of commercially available PM sensors.
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Fig. 2.8 - State of the art commercial sensors: (a) Sharp GP2Y1010AU0F (b) Dylos PM Sen-
sor (c) Alphasense OPC-N2 (d) Samyoung DSM 501A (e) Shinyei PPD42NS (f) AirAssure
Model IPM2.5-NA (g) Dustrak II Aerosol Monitor
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commercially available SYhitech DSM501. Shinyei have got at least four(4) sensors in the

state-of the art range. Shinyei PPD42NS is the most affordable [32]. Requires more than four

times the current required by the Sharp GP2Y sensor and a smaller operating temperature

range but works based on the same principle. The price for other models from the same

manufacturer can rise to over a thousand dollars, they can however detect particles in the

sub-micron range. The sensor is shown in Fig. 2.8(e). It can handle particle concentrations

between 0 - 800,000 Particles/ft3. AirAssure Model IPM2.5-NA sensor is at least an order of

magnitude more expensive than many others in this section. It however, has a well-developed

web interface for online sensor management (supporting up to 99 sensors). It has quite a

huge unit-to-unit variability of up to 25% and works well only for relative humidity levels

below 65%. Fig. 2.8(f) shows this sensor. Dustrak II Aerosol Monitor sensor comes in both

hand-held and desktop versions, as seen in Fig. 2.8(g). It is quite expensive as well, but can

detect PM1. It requires battery change on the average, every 6 hours or 12 hours depending

on whether 1 or 2 batteries are used. It has gravimetric reference capability for validation,

and a cloud management system. The grimm 1.107 is also a 90° light scattering PM sensor

using laser. It contains a 47 mm PTFE �lter for collection of particles which are then used

for reference, calibration or chemical analysis. Grimm 1.107 is shown in Fig. 2.8(h).

OPC N3 sensor (Fig. 2.9(d) is an improved version of the OPC-N2 highlighted earlier

with a wider particle monitoring range (0.35mm to 40mm). It is capable of monitoring very

low particle concentrations such as that obtainable in cleanrooms as well as very polluted

areas (a few thousandmg=m3). Sensirion SPS30 works on the laser scattering principle and

can monitor mass and number concentration of particles ranging from 0.3mm to 10mm and

can work for 24hrs a day for close to 10 years with 1 sec sampling interval. It is shown in Fig.

2.9(a). Xiaomi sensors are very portable PM sensors (Fig. 2.9b and 2.9c)with both number

concentration and traf�c-light colour-coded information. Measurements between 0 - 75

mg=m3 is regarded as excellent while that from 76 - 150mg=m3, denoted with the amber light

means that vulnerable people should seek protection while numbers higher than 150mg=m3

means that the air quality is very bad. Footbot provide a table-top air quality monitoring

platform for residential use. It monitors PM2.5 using a laser light scattering technique but

more signi�cantly is that it attempts to provide useful insight into the data by incorporating

arti�cial intelligence to also enable ambient indoor conditions and activity monitoring. This

sensor is shown in Fig. 2.9(e). The company plans to release the commercial version in the

year 2020. Awair (Fig. 2.9(f)) is a multi-sensor platform capable of monitoring temperature,

humidity, CO2, VOCs and dust to provide an overall air quality information. The device can

also work in different modes to depending on the goals of the user. Speck uses the DSM501
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Fig. 2.9 - State of the art commercial sensors: (a) Sensirion SPS30 (b) Xiaomi Mijia (c)
Xiaomi Smartmi (d) Alphasense OPC-N3 (e) Footbot (f) Awair (g) Speck (h) Air mentor

.
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sensor described earlier (shown in Fig. 2.9(g)) to monitor particles between the sizes 0.5 -

3.0mm. It however increases the air�ow by incorporating a fan. Air mentor is pictured in

Fig. 2.9(c) comes in three different models the Air Mentor, Air Mentor 2 and Air Mentor Pro.

It measures �ne particles(0 - 300mg=m3), humidity, total VOCs and temperature. It hangs

on a wall and provides a readable metric for air quality based on the variables monitored. A

comparison of the sensors described in table 2.1.

2.4 Gas sensing techniques

There are different types of Gas sensors based on their detection principles.

2.4.1 Calorimetric sensors

This sensor type is used to detect combustible gases by measuring the heat that is released

when this happens at the sensor surface. In one of its earliest versions, a coil of Platinum (Pt)

heated to a high temperature had a change in temperature, and thus a change in resistance

when a �ammable gas combusted on its surface. This change in resistance was measured as

the gas concentration signal. In order to increase sensitivity or lower the heating required for

the sensing material, combustion catalysts are added to the sensing material surface. The

earliest versions, produced over 60 years ago, were used to detect Methane (CH4) in mines

[168]. The equation of the reaction is:

CH4 + 2O2 = CO2 + 2H2O (2.10)

The power generated from this reaction is then calculated from

DP =
dr
dt

DH (2.11)

WhereDH is the enthalpy of reaction.

This sensor type has also been successfully miniaturised (see Fig. 2.10) [169] and also

fabricated on �exible substrates like polyimide which can withstand up to 300°C [170]. The

drawback of this sensor type remains the relatively high temperature needed to operate as

well as its lack of selectivity.
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Fig. 2.10 - A miniaturized calorimetric gas sensor reproduced from [169].

Fig. 2.11 - A SAW gas sensor [171].

2.4.2 Acoustic

This kind of gas sensors use the change in characteristics such as oscillating frequency of a

oscillating/piezoelectric material when it or its coating comes in contact with an analyte gas

to denote detection. The speci�c realisation can vary. Examples include Surface Acoustic

Wave (SAW) resonator [171], Bulk Acoustic Wave (BAW) resonator and Film Bulk Acoustic

Resonator (FBAR) [172].

The idea of using a QCM for gas detection is based on coating its surface with a

sensitive/selective material whose mass changes when an analyte gas is adsorbed on it and

thus changes the oscillating frequency of the QCM. Bulk Acoustic Wave resonators work on

this principle with a material with resonant frequency in the range of 5-10 MHz. A simple



2.4 Gas sensing techniques 27

Fig. 2.12 - A MEMS (acoustic) gas sensor [173].

Fig. 2.13 - FET Hydrogen sensor working principle [175].

SAW resonator, phase velocity of the wave is reduced when the analyte gas is adsorbed and

this change is de�ned by:

Dv
v0

= � cm f0Dms (2.12)

cm is de�ned as the mass sensitivity factor, andfo is the oscillating frequency. More complex

forms use dual delay line or high Q-mode [174].

MEMS acoustic gas sensors use micromachined oscillating cantilever structures whose

oscillating frequency change because of the adsorption of gas molecules on its surface. It

results in large frequency shifts because of its size.

2.4.3 Field Effect transistor

In the �rst demonstration of the Field Effect Transistor (FET) gas sensor by Lundstromet al.

[176], Hydrogen adsorbed on the metal gate causes a change in the transistor threshold voltage
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Fig. 2.14 - Combined potentiomeric and amperometric sensor working principle [179].

when it diffuses to the metal-oxide interface and alters the work function gap between them

[177], as shown in Fig. 2.13. However, for Metal Oxide Semiconductor FET (MOSFET),

if oxygen is present in the ambient environment, then adsorbed oxygen on the metal oxide

layer will react with dissociated hydrogen atoms and alter the conductivity of the layer [175].

The reaction mechanism is different for MOSFETs because the hydrogen reacts with oxygen

adsorbed on the metal oxide surface [175]. Other realisations of the FET gas sensor utilises

the change in the conductivity of the channel (in which case the channel is the active material

and responds to the gas exposure) to the ambient analyte such as presented by Inabaet al.

[178]

2.4.4 Electrochemical sensors

Potentiometric

Potentiometric sensors measure the change in the differential voltage between a working

electrode and a reference electrode when an analyte gas is present. This type of sensor

which is of two major types: equilibrium mode and mixed-potential, is further divided into

three groups: Type I, type II and Type III. Type I sensor electrolyte has same mobile ions

as the target specie while Type II only has similar ions to the target phase. Type III has a
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Fig. 2.15 - Optical gas sensor working principle [186].

auxiliary material and have been used to monitor concentrations of NO2, SO2, CO2 and NO

[180, 181, 1]

Amperometric

This is similar to the potentiometric sensor except that it uses an enzyme action on a substrate

to catalyse ion exchange which takes place between a working electrode and a counter

electrode, usually at a single voltage, leading to current variation which is a function of the

analyte concentration at steady state [182]. An example of this is the CO sensor in which

CO present in ambient environment reacts with water at the working electrode to produce

hydrogen ions and electrons which migrate to the counter electrode, react with oxygen at the

counter electrode to produce water. An ammeter connected between the two electrodes will

detect electron �ow and thus the concentration of CO present [183].

2.4.5 Optical

The absorption of light in the infra-red region by gases, de�ned by Beer-Lambert law is

the foundation for several absorption spectroscopy-based gas sensors [184]. The absorption

pro�le over the desired range is a unique footprint of the target gas. The Beer-Lambert law

relates incidence and detected light as shown [185].

I = I0Exp(KCL) (2.13)

WhereI is the light detected,I0 is the incident light,K is the absorption coef�cient of the

sample,C is the gas concentration andL is the optical path-length. The working principle of

this sensor type is shown in Fig. 2.15.
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Fig. 2.16 - Schematic cross-section of a TCD [187].

2.4.6 Thermoconductivity detectors

Thermal conductivity gas sensors work on the conduction of heat through a target gas from a

hot region of the sensor to a cold region of the sensor [187, 188]. Given that the temperature

difference between these two regions is continually monitored, an increase n the cold region

temperature is due to heat transfer from the ambient gas. This method, however relies on

a high thermal conductivity of the gas for high sensitivity to low concentrations of toxic

and poisonous gas. This is therefore a limitation of the technique which is therefore most

commonly used as hydrogen and helium sensor due to the high thermal conductivity of

hydrogen. It has been shown to be sensitive to 1% concentration H2 [187]. The closeness of

the thermal conductivities of O2, N2 and CO makes it very challenging to detect it using this

method [189]. The cross-section of the TCD developed by Simon and Arndt [187] is shown

in Fig. 2.16.

2.4.7 Chemiresistive sensors

Chemiresistors, which comprise a chemiresistive material, and two conducting contacts

which allow for signal transduction, experience a change in their conductivity - charge carrier

mobility, density - of the chemiresistive material upon exposure to certain analyte gases

[190]. This sensor architecture is very common because of the ease of fabrication, integration

with readout electronics and miniaturization. However, since the sensor response depends on

the interaction between the molecules of the chemiresistive material and those of the analyte

gas, the surface area exposed to the analyte gas plays a very important role, as is the grain

size of the material. Hence, in general, the smaller the grain size of the sensing material, the

higher their sensitivity. Fig. 2.17 shows such sensor realisation.
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Fig. 2.17 - A chemiresistor [190].

Table 2.2 shows a comparison of some commercially available NO2 sensors. Detection

approaches highlighted such as chemiresistive, electrochemical and non-dispersive infrared

sensors (NDIR) are common methods for NO2 detection and monitoring. One example is

from Inoue et al. [191] using WO3 which showed sensitivity to 2 ppm NO2 but the process

requires a high temperature (700°C) calcination process. Bott found that the best operational

temperature for their NO2 sensor was at 300°C [192], though the sensor could measure

down to 1 ppb. To enable development of unheated metal oxide-based sensors, UV-sensitive

metal oxides such as ZnO have also been utilized and the system provided with an UV

LEDs to help accelerate the release of adsorbed gas molecules from the active sensing layer,

therefore enabling successful room-temperature operation of the gas sensor [193]. In addition

to this, selectivity to speci�c gas molecules, with reduced cross-sensitivity to interferent

species, is generally another challenge of metal oxide-based devices, hence the need for

dopants [194]. More bene�ts can be obtained by combining these approaches in a single

sensor device [195]. Further, with nanocomposite materials structures, sensitivity can be

further enhanced thanks to the increase of the active surface area, and higher reactivity at the

grain boundaries. This has led to the synthesis of nanocomposite structures based on highly

conductive nanomaterials such as graphene, and a selective polymer binder material. The

bene�ts of this include room temperature sensing achieved with materials that have been

solution processed and can be deposited by drop-casting or printing.
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Table 2.2 - Table showing the comparison of some commercially available NO2 sensors.

Gas Sensor Brand Cost ($) Analyte Technique LoD (ppb)
Alphasense 140 NO2 Electrochemical 100
Appliedsensor - NO2 Electrochemical 100
Citytech 500 NO2 Electrochemical 100
e2V 24 NO2 Chemiresistor 50
Figaro (FECS-42) 20 NO2 Electrochemical 100
MSA 465 Multigas Electrochemical -
Unitec - Multigas Chemiresistor 1
Hubei Cubic - Multigas DOAS -
HoneyWell (Mi-
das)

940 NO2 Electrochemical -

2.4.8 Operation modes

Broadly speaking, gas sensors work in one of the following modes of operation.

Equilibrium mode: In this mode, the amount of gas adsorbed on the gas sensor material is

proportional to the concentration of the gas. This proportionality is obtained as a function of

the adsorption constant of the material.

Steady state mode: Gas sensors working in this mode reach a steady state after the analyte

gas reacts with the surface adsorbed oxygen of the sensing material and thus the change

in the resistance of the material through this reaction represents the amount of analyte gas

present.

Complete reaction mode: Sensors working in this mode are used in conditions where the

gas to be detected is usually used up. Therefore, the rate of reaction, which when the gas

concentration is adequately small, represents the concentration of the analyte gas.

Accumulation mode: In this mode, the reaction between the sensor material and the an-

alyte gas is irreversible. Therefore, the analyte is accumulated on the material. The gas

concentration is then a function of the time-dependent accumulation [38].

2.4.9 Performance metrics

Gas sensor performance is usually de�ned by parameters such as the sensitivity, selectivity,

recovery time, response time, power consumption which are now described. The sensitivity

of a chemiresistive gas sensor is de�ned as the smallest concentration of analyte gas that
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can be detected by the sensor [196]. The response is calculated as the ratio of the change in

resistance in the analyte gas to the resistance in air. It is usually expressed as a percentage.

Ra � Rg

Ra
� 100% (2.14)

WhereRa is the resistance in air andRg is the resistance in analyte gas. The order of the

numerators can be changed without loss of meaning as long as the de�nitions are presented.

The sensitivity represents the measurable signal level of the sensor and is therefore, one of

the most common sensor parameters. For NO2, the goal is thus to detect single digit ppb

volume analyte gas concentration. The detection limit is the smallest concentration of the

analyte gas measurable/the smallest signal detectable. It is de�ned as three times the standard

deviation from the background.

LOD = 3s (2.15)

Selectivity of a gas sensor is a metric that measures how well a sensor monitors the

concentration levels of the desired analyte gas in the presence of other gases. The ideal gas

sensor will have an exclusive response to only the target gas, not responding to any other

gas. However, many gas sensors have interfering species, even from ambient environmental

conditions and therefore have to be calibrated/compensated for. Sensor recovery time refers

to the time it takes for the sensor to return to its initial condition pre-exposure, after exposure

to the target gas. Again, the ideal sensor is able to fully recover after exposure, whereas many

sensors, such as metal oxide gas sensors, experience drift in the baseline from exposure to

exposure, recover partially or not recover at all. The time it takes a gas sensor, upon exposure,

to increase to its largest signal for a particular gas concentration is referred to as its response

time. The shorter the response time, the better the sensor is as this has a limiting effect on

how often the sensor readings can be collected reliably.

2.5 State of the art chemiresistors for NO2 monitoring

Different chemiresistor sensor architectures have been developed for NO2 detection and

monitoring. Metal oxides (discussed later) such as ZnO, in its different forms [40] show

sensitivity to NO2 especially when annealed at high temperatures, starting from 150°C. In

general, n-type metal oxide semiconductors show an increase in conductance when exposed

to NO2 while the reverse is the case for p-type metal oxide semiconductors. For example,

Ruizet al. [197] presented a Cr-doped TiO2 thin and thick �lm sensors for use with exhausts.
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Although the sensor showed response down to 2 ppm NO2 at 250°C, there was a signi�cant

interference with as low as 5% O2, moreover, the high operating temperature required makes

the sensor dif�cult to use in low temperature applications. Another p-type MOS, cuprous

oxide thin �lm NO2 sensor was presented by Shishiyanuet al. [198]. The material was

deposited on glass through Chemical deposition. The results show the dependence of the

sensor sensitivity and grain sizes on annealing technique and operating temperature. Optimal

operating temperature obtained was 150°C. The sensor showed sensitivity down to 0.5

ppm. However, the selectivity of the gas sensor was not investigated. Ozturket al. [199]

did a comparative study of NO2 response of ZnO thin �lm, nanowire and nanorod and

found that ZnO nanorods show the highest sensitivity, a direct result of the surface area to

volume ratio. Further, doping helps to tune the sensitivity and selectivity of the material

to speci�c gases. Co-doped ZnO showed a much higher response to NO2 compared with

undoped ZnO nanorods [200]. Fe-doped WO3 hollow nanospheres showed signi�cantly

higher selectivity to NO2 compared with CO2, H2, CO, NH3 and acetone. Au catalysts on

ZnO nanorods showed an order of magnitude increase in resistance changes compared with

ZnO nanorods without the catalyst [201]. WO3-doped SnO2 showed 3 orders of magnitude

higher sensitivity and selectivity to NO2 compared with SO2, NH3 and ethanol. Crystal

defects play an important role in the sensitivity of MOS to analyte gases. Depending on the

type of defect, sensitivity to target gases can either be enhanced or reduced [202, 203]. For

example, oxygen de�ciency and porosity enhances sensitivity [204]. This porosity, conferred

selectivity on polygonal ZnO nano�ake gas sensor to NO2 in the presence of interfering

compounds like Ethanol, Propene, Methane, Acetone and Formaldehyde [205]. This result

was corroborated by Teohet al. [206] under hydrogen atmosphere. In addition to this,

in�uence of relative humidity on sensor sensitivity and annealing has been explored and

found to vary from one analyte gas to another [207]. Given the bene�ts of high surface area

to volume ratio highlighted, unique electrical properties, 2D materials such as graphene

and MoS2 and their composites are strong candidates for application as chemiresistors.

However,pristine graphene as a gas sensing material has a high sensitivity but poor selectivity

[208–210]. While single molecule detection [211] is possible, cross talk between sensors and

analytes limits its application without some modi�cation. However, sensors with composites

of graphene and other materials with af�nity for speci�c gases can be used to tune the

response of sensors to such gases and reduce their response to undesired analytes. Koet al.

[212] demonstrated NO2 sensing with graphene and showed sensitivity to 100 ppm NO2 at

room temperature. Yavari and Koratkar [213] highlighted a number of related works based

on graphene and related materials showing sensitivities ranging from 100 ppm to 6 ppm.
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Some of the sensors were functionalised to provide selectivity. Carbon nanotubes (CNTs)

on the other hand while showing a higher sensitivity [214, 215], also suffers a similar fate.

The sensing mechanism may vary depending on the electrodes upon which the material is

deposited, creating a schottky barrier with Aluminium [216] which is then modi�ed in the

presence of target gas. Both single wall and multi wall CNTs have been used for the same

application. However, results from literature show that single wall nanotubes show higher

sensitivity to NO2 [217] without catalysts. It has also been demonstrated that the sensitivity

of CNTs to NO2 increases with temperature increase [218], however, for most applications,

high sensitivity and selectivity room temperature operation, in addition to low cost fabrication

is most desirable. CMC, a polymeric binder and derivative of cellulose,the most abundant

biomass on the earth surface [219], is a very versatile compound that has found applications

in several �elds and sectors. In the early 1940s, it was shown that cellulose is oxidized in

the presence of NO2 [220, 221]. Though CMC is non conductive by itself, a composite of

this material and graphene could be a potential sensitive and selective sensor. I now give a

brief overview of chemiresistor materials that have been developed with metal oxides, 2D

materials and composites as well as polymers.

2.5.1 Metal Oxides

Metal oxides have been widely investigated as gas sensor materials. The most commonly

used include ZnO, SnO2, TiO2, CuO and Fe2O3 but several others have been used as well in

different forms such as thin �lms, nanoparticles and nanowires [196, 222–257]. ZnO, SnO2

and TiO2 are the most popular of the entire lot. It has been investigated for the sensing of

ammonia [258], NO2 [40], acetone [259], ethanol [260], hydrogen [261]. Its main challenge,

as with other metal oxide is the cross-sensitivity to other gases. This may be solved by

doping with very selective materials such as Co, and Pt that amplify the response to a

particular analyte (for example, NO2 as shown in Fig. 2.18) and suppress response to others

or to use use sensor arrays that enable a discrimination of responses to various analytes

[222, 262–266]. For instance, Anukunprasertet al. [267] demonstrated a nobium-doped

TiO2 CO sensor with high thermal stability and improved sensitivity compared to undoped

TiO2. Bari et al. [268] presented a selective nanostructured CuO thin �lms. This also showed

selectivity to H2S but it was not clear whether this was due to the adsorption energy or the

porosity of the material. Barsan, Kziej and Weimar [269] studied the major challenges with

metal oxide-based gas sensor research and lamented the challenges with direct spectroscopic

evaluation of the surface absorbed oxygen, the major driver of the sensitivity of metal oxides.
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