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Abstract 
 
This thesis investigates three different heterojunction semiconducting metal oxide 

sensing sets, designed with unmodified, admixed and 2-layered sensors, build for 

the purpose of explosive detection.  

The base metal oxides chosen for this study were ZnO, WO3, CTO and SnO2. The 

metal oxides investigated were chosen based upon their previous sensitivity to test 

gases associated with explosives. The thesis aim was to introduce admixed and 2-

layered sensors in order to improve the sensor performance in terms of sensitivity 

and selectivity.  

The sensing sets incorporated an n-n type sensing set and two n-p sensing sets in 

order to distinguish any increase in sensor response based upon metal oxide type. 

The three sensing sets were exposed to explosive vapours as well as test gases 

associated with explosives at a range of temperatures from 300 ̊C to 500 ̊C. The 

sensors were investigated in terms of their microstructure, response to temperature, 

sensitivity, selectivity, and sensing response and recovery times. 

Overall it was shown that modified sensors do improve sensor sensitivity and 

selectivity for a range of test gases. The admixed sensors showed improved response 

when detecting TNT, ammonia and nitromethane whilst the 2-layered sensors 

displayed heightened responses when exposed to TATP and DMNB when compared 

to the unmodified sensors. Both admixed and 2-layered sensors also successfully 

showed selectivity towards many explosive vapours including EGDN, nitroglycerine 

and NO2. It was demonstrated the modification also affected the responses produced 

by the sensors when exposed to humidity. Overall the unmodified, admixed and 2-

layered sensors all showed positive stable responses as humidity increased when 

exposed to a range of explosive behaviours. 
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Impact Statement 
 

We currently live in a world where terrorist attacks occur worldwide, with homemade 

explosives and improvised explosive devices being used increasingly due to the ease 

of the precursor being acquired. With the increasing use of explosives by terrorist 

groups, detection of hidden explosives could prevent injury or death and therefore 

this thesis is dedicated to improving semiconducting metal oxide sensors for 

explosive detection. 

 

Currently sniffer dogs provide the highest sensitivity when detecting explosives, 

however the costs associated with the training, together with the limited information 

produced from the sniffer dog, demonstrates the need to improve current 

technology within explosive detection. Semiconducting metal oxide gas sensors are 

a cheap, portable and reliable form of vapour detection which are small and easily 

produced, making them a dependable method when gas sensing explosives. 

 

Three sensing sets of semiconducting metal oxides sensors were produced and 

exposed to a range of explosive vapours. The sets comprised of unmodified, admixed 

and 2-layered sensors specifically produced to increases sensor sensitivity when 

exposed to explosive vapours.  It was shown the admixed and 2-layered sensors did 

improve sensor sensitivity, selectivity and response and recovery times for a range 

of explosive test gases. The research produced within this thesis could impact the 

current technology used within the defence and protection for the United Kingdom. 

The findings could be used to compare current technology with potential new 

methods based upon the improved responses of the sensitivity and selectivity of 

sensors for explosive vapour detection discovered within the thesis. Therefore, this 

research could impact security both nationally and internationally in order to disrupt 

terrorism. 
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The findings produced within this thesis would also allow further research to be 

undertaken within academia to continue to investigate the properties of modified 

sensing sets, to find the optimal properties for explosive detection. This technology 

could be used for explosive detection as well as other vapour detection associated 

with crime, such as the trafficking of drugs, people as well as counterfeit items such 

as money.  
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List of Acronyms and Abbreviations  

  
 
CTO – Chromium Titanium Oxide 

CVD – Chemical Vapour Deposition� 

DMNB - 2-3-dimethyl-2,3-dinitrobutane  

EDL – Electron Depletion Layer� 

EDX - Energy-Dispersive X-ray Spectroscopy 

EGDN - Ethylene Glycol Dinitrate  
 
HAL – Hole Accumulation Layer� 

HME - homemade explosives  

IED - improvised explosive devices  

IMS - Ion mobility spectroscopy 

LOD – Limit of dection  

MOS – Metal Oxide Semiconductor 

PPT - part per trillion  

S – Sensitivity� 

SEM - Scanning Electron Microscopy  

TATP - Triacetone triperoxide  
 
TD-GC-MS - Thermal desorption gas chromatography mass spectrometry  
 
TNT - 2,4,6-trinitrotoluene  
 
VOC – Volatile Organic Compound 

XRD - X-Ray Diffraction  
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1. Introduction 
 

1.1 Motivation and Objectives 

 

This thesis discusses the use of mixed metal oxide semiconducting (MOS) gas 

sensors specifically for the detection of explosive materials. The work detailed within 

this thesis was produced due to an increasing need to improve current explosive 

detection methods. The main motivation for this study was to produce technology 

which could have the potential to improve current security measures against the 

increasing rise of terrorism threats. Currently there are no MOS devices used for 

explosive detection, demonstrating the need for a device with increased sensitivity, 

selectivity and real-time technology able to detect both explosive materials and 

vapours associated with them. The MOS sensors are small, portable and cheap to 

manufacture, however they currently lack in selectivity and consume a high amount 

of power for operation. The main objective of this study was to create sensors which 

can identify a range of vapours associated with explosives.    

 

This technology could have huge ramifications world-wide, it could be used in 

airports, train stations, post offices as well as be used to detect vapours on people 

as well as their belongings. The technology could expose how explosives are 

transported through analyzing the explosive materials as well as its precursors. 

Movement of the materials could go unnoticed due to limited resources; this 

technology could be used at borders to save time of searching by hand. MOS sensors 

have previously been commercially used for environmental air quality monitoring, 

however its use within the security field is limited. The technology could increase 

explosive detection world-wide, producing highly sensitive sensors to a range of 

explosive materials.  
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Although the MOS sensors designed will be able to distinguish explosive vapours, it 

could also complement current technology. Technologies within this industry do 

have their disadvantages which could be alleviated through the combination of the 

MOS device. For instance, the MOS device could be placed within an x-ray detector, 

this would maximise the potential results by analysing both people and their 

belongings through x-ray and electronic nose, thereby increase sensitivity and 

selectively of the technology if used alone. The device produced would be 

inexpensive, portable with no sample preparation needed and therefore could be 

combined with a variety of other technology. Currently the best explosive detection 

method used are sniffer dogs who can sense materials at part per trillion (ppt) levels. 

However, dogs are expensive to train and they only respond to materials they have 

specifically been trained upon, by incorporating MOS technology into the industry it 

could identify a wide range of explosive materials of which a sniffer dog could not 

distinguish between.  

 

The overall objective is to distinguish which metal oxide gas sensors are successfully 

able to identify a range of explosive materials. The thesis has been split into four 

objectives: 

  

• To explore a range of metal oxide semiconductors, both n-type and p-type, for 

the detection of explosive materials. Further experimental work was carried 

out to distinguish the metal oxides ability to identify in-house gases associated 

with explosives. All experiments carried out within the thesis will be conducted 

using a range of temperatures and concentrations of the test gas, for the 

optimum conditions of the sensors to be identified.  

 

• To investigate if the sensing performance of the four unmodified 

semiconducting metal oxides could be improved through mixing two of the 

metal oxides together in an admixed system or a 2-layered system. This would 

be achieved through exploring how the unmodified sensors compared to the 
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admixed and 2-layered systems in terms of sensitivity, selectivity, response 

and recovery times as well as repeatability and response to temperature and 

test gas concentration.  

 

• To explore whether the sensors produced could indeed detect explosive 

vapours and further to this be selective in doing so, whereby sensors could be 

produced to detect a range of different explosive materials. 

 

• To test the sensors with a range of humidity, to access how different 

environments affect the sensing results.� 

 

      

1.2 Explosive Detection: The need for advancing technology 

 

In 2017, 10,900 terrorist attacks occurred worldwide, causing in excess of 26,400 

deaths. with 52% of the attacks involving explosives.1 Suicide attacks increased by 

26% from 2014 to 2015,1 with homemade explosives (HME) and improvised 

explosive devices (IED’s) being used increasingly due to the ease of the precursor 

being acquired.2 With the increasing use of explosives by terrorist groups, detection 

of hidden explosives within luggage, mail, vehicles, aircraft, or even on persons is 

becoming a serious problem.3 Therefore, detection of explosives prior to detonation 

is of utmost important and an increasingly difficult challenge. 

 

Sniffer dogs provide the highest sensitivity when detecting explosives,4 however the 

costs associated with the training, together with the limited information produced 

from the sniffer dog, demonstrates the need to improve current technology within 

explosive detection.5,6 Many instrumental methods for explosive analysis exist, such 

as X-ray7 and optical sensors,8 however these techniques are currently lacking in 

sensitivity for explosive detection.9 Gas sensing is used within many fields, primarily 
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with environmental monitoring,10,11,12 automotive application,13 and more recently 

security and safety,14 and provides a cheap and easy method for detection.  

 

Semiconducting metal oxide gas sensors are a cheap, portable and reliable form of 

vapour detection,15 which have been found to be successful in many fields such as 

environmental monitoring,16 automotive applications,17 breathe analysis18 and for 

solvents associated with illicit drug manufacture.19 MOS sensors are small and easily 

produced, making them a dependable method when gas sensing explosives.20 MOS 

gas sensors are conductance-based sensors which function based upon the redox 

reactions occurring on the surface of the metal oxide when heated. The number of 

charge carriers on the metal oxide surface changes when in contact with test gases, 

which in turn alters the conductivity. MOS gas sensors are robust and inexpensive, 

however they currently lack the sensitivity and selectivity to detect low vapour 

pressure explosives. 

 

No single gas sensor is completely selective to a single chemical gas. Using arrays 

of these sensors to enable detection of different gases is an area of significant focus 

within gas sensing. An electronic nose is a sensing system which incorporates an 

array of gas sensors22 which is currently used within many sectors including, 

environmental monitoring,23 human health,24 agriculture,25 the food industry26 and 

security.27 By combining an array of sensors together, the outcome may produce a 

more sensitive and selective result, therefore providing useful for gas sensing 

explosives. The potential applications of the electronic nose are vast, making it a 

suitable method for explosive gas detection.28 
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1.2.1 The Theory of Explosives  

 

An explosion occurs when an accumulation of energy is released as blast waves, 

impulsion of debris, or by the emission of thermal and ionizing radiation.29 Generally 

there are three groups of which explosions can be allocated: physical explosions, 

chemical explosions and atomic explosions. 

 

Chemical explosives produce exothermic reactions, which give rise to gaseous 

products; these products create the explosion due to a massive expansion of volume. 

An immensely rapid exothermic reaction occurs within a chemical explosion, 

resulting in the production of extremely hot gases and vapours. The fast expansion 

of the gases when in a confined environment, together with increased temperature 

and pressure, produces a blast wave. The blast wave imparts high stress on the 

container, likely causing it to rupture, producing shrapnel and propagating the wave, 

causing damage in its wake. 

 

Explosives essentially have an infinite rate of reaction, which allows chemical 

equilibrium to be attained.30 Thus a chemical explosive is a material that can be 

initiated to undergo rapid decomposition therefore forming a more stable material, 

release of heat or the development of sudden pressure effect.31  

 

Chemical explosives generally contain oxygen and oxidizable elements, which act as 

fuels, such as carbon and hydrogen. The required oxygen is generally found attached 

to nitrogen, within NO, NO2 and NO3, however some explosives such as, azides and 

some nitrogen compounds such as nitrogen triiodide, contain no oxygen.29 During a 

chemical reaction, the nitrogen and oxygen molecules disperse and bond with the 

fuel components.  

 

The large quantities of energy liberated during an explosion are accompanied by the 

development of hot gases. The hot gases provide heat, which break up the explosive 
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molecule into smaller molecules. The heat is then released on recombination of 

these elements to form compounds such as CO, CO2, H2O, and N2.29 

    

1.2.2 Types of Explosives  

 

Explosives are classified, based on their structure and performance. Firstly, 

explosives are classified as low or high explosives. Low explosives occur when small 

unconfined amounts ignite at relatively low rates (mm s−1). This could be due to a 

flame, spark, shock, friction or a high temperature. Propellants, smokeless powder 

and pyrotechnics are some examples classified as low explosives. High explosives 

decompose on initiation through a passage of a shockwave. The shockwave velocity 

is a magnitude higher for detonation than deflagration, leaving the high explosives 

to detonate at velocities of 1500 and 9000 m s−1. 9  

 

High explosives are sub-divided into two groups, primary explosives and secondary 

explosives as seen within figure 1.2.2. Primary explosives, also known as initiating 

explosives, are highly susceptible to initiation and can be used to ignite secondary 

explosives.31 Examples of primary explosives are lead azide and lead styphnate. 

Secondary explosives are much more frequently seen at military sites than primary 

explosives, as they are formulated to detonate only under specific circumstances, 

examples of secondary explosives are nitroaromatics and nitramine.31 
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Figure 1.2.2 The classification of explosives.  

 

The propellants and explosives used by military are mostly organic compounds 

containing nitro (NO2) groups.31 The major secondary explosives used within the 

military, are nitroaromatics (e.g. Trinitrotoluene, TNT), nitramines (e.g. research 

department explosive, RDX), (2,4-Dinitrotoluene, DNT), and (2,4,6-

Trinitrophenylmethylnitramine, Tetryl).32 Due to the abundance of nitro groups 

present within most military explosives, a sensor aimed at detection of nitro groups 

could allow identification of  many explosive vapours.  

 

Terrorists are continually lowering the vapour pressure by packing the explosives 

with plastics to further block the escape of vapors.33 Detection of many explosives in 

the gas phase is challenging as they exhibit extremely low vapour pressures.33 

Therefore the addition of extra layers of plastic result in the detection of explosives 

becoming more challenging. However, in order to make the explosives more stable 

plasticisers and binders are used, such as Semtex and C4, otherwise known as 

Explosives 

Low explosives High explosives 

Pyrotechnics Primary 
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plastic explosive mixtures.34 Many of the binders, plasticisers and taggants have a 

high vapour pressure such as 2-3-dimethyl-2,3-dinitrobutane (DMNB), which is 

required within military explosives to aid their detection.35  

 

Commercial explosives are used mainly for mining and tunnel construction for 

building demolition36 which also have very low vapour pressures. Modern 

commercial explosives use a range of pure ammonium nitrate and fuel oil (ANFO) 

to pure emulsions including an admixture of these.37 

 

Conversely due to the widespread availability and accessibility of the precursors, 

extremists and terrorists are increasingly using homemade explosives, rather than 

military or commercial explosives.38 Homemade explosives differ from military or 

commercial explosives, as they are produced from easily available chemical 

precursors, therefore varying in composition, morphology and preparation. Two of 

the more commonly used homemade explosive materials are ammonium nitrate, 

also used within commercial explosives, and nitromethane.38  

 

Although homemade explosives are becoming more popular, their vapour pressures 

are much higher than military or commercial explosives, therefore making detection 

more facile. Homemade explosives may also include some contaminants from the 

available precursors, which exhibit high vapour pressures. 

 

An improvised explosive device (IED) can contain any explosive that is available to 

the terrorist, therefore includes military, commercial or homemade explosives.39 In 

recent years, the explosives used for making IEDs have switched from military and 

commercial to homemade explosives, as seen during the 7/7 bombings in London 

2005.39 Therefore detection of all sources of explosives is essential. 
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1.2.3 Types of Sensing Systems used for Explosive Detection 

 

Many methods exist for the detection of explosives, such as magnetic metal 

detectors,40 optical,41 infrared,42 X-ray,43 and thermal neutron analysis.44 However 

these techniques are currently lacking in sensitivity, therefore current research is 

being developed within vapour detection.  

 

A method for detection of explosives should be non-invasive but also sensitive and 

selective, therefore allowing rapid identification of the threat material. Many methods 

of vapour detection are currently being developed; this section will outline those 

most significant to explosive detection. 

 

Currently the most effective and efficient method of detecting explosives is using 

sniffer dogs.31 Research has shown sniffer dogs can sense a mixture of many odours, 

which make up an explosive.33 A well trained dog can sense up to 14 different 

explosives materials at any one time.45 Canines are efficient due to their selectivity, 

as they can individualise a matrix of odours and can focus upon a single odour.46 

Canines can detect odours below parts per trillion, due to having up to a 300 million 

olfactory receptors within their nose, compared to the 5 million present within a 

human nose.47  

 

The limitations of sniffer dogs used for gas sensing purposes are the high cost 

associated with the maintenance and the training of the dogs, as well the 

requirement for a skilled handler. Several methods which detect explosive vapour 

utilise the same design of sampling the analyte to constructing a fingerprint, which 

is then compared to a library, therefore allowing an identification to be made.  

    

Ion mobility spectroscopy (IMS) detects vapours from the explosive material by ion 

mobility measurements based on drift velocities of ion swarms from the sample 

molecules.48 A chemical reaction then occurs between the sample and reactant ions 
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created by the emission of electrons from radioactive ions and are passed along a 

charged drift tube.48 The basis for the separation of the ions is due to the drift 

velocities the swarm of ions produce.49  

 

IMS analyzers exhibit a fast response within few seconds with excellent detection 

limits, as well as providing characteristic spectra. Nevertheless, humidity and 

temperature seem to produce varying results, however other sensors also exhibit 

this limitation, such as optical sensors.49    

 

Optical chemical sensors are capable of continuously recording a chemical species 

as well as multianalyte monitoring. Many optical methods exist however fluorescence 

is currently being researched due to its sensitivity and many parameters.50 A 

fluorescent indicator is immobilized on a polymeric support and responds to the 

presence of an analyte by a change in its fluorescence. Currently this technology is 

being used within biotechnology and medicine industries. Optical sensors offer high 

sensitivity, non-invasive and low toxicity sensor but the samples must be added to 

the sensor in order for detection to occur. 

 

Electronic noses, or e-noses, are defined as devices composed of an array of 

independently semi-selective and reversible gas sensors, such as conducting 

polymers. 51,52. Currently no single gas sensor is completely selective to a single 

chemical gas, 53 therefore using a gas sensor array to detect different gases is a 

highly significant focus of research within gas sensing. The potential applications of 

the electronic nose are vast, such as explosive gas detection, 54 within the food 

industry 55 and pollutant gas detection within the environment.56 
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1.3 Introduction into Gas Sensing Technology  

  

Metal oxide semiconductors are gas-sensitive resistors that show a reversible change 

in the conductivity of the sensing material when exposed to gases between 

temperatures 150 - 500 ºC. The metal oxide semiconducting gas sensor is illustrated 

in figure 1.3, it is composed of a 3 mm x 3 mm alumina substrate, with interdigitated 

gold electrodes on the top of the substrate. The gold electrodes enable resistance 

measurements to be taken of the sensing material in order to calculate the different 

resistances produced when within air or exposed to a test gas. A platinum heater 

track can be found on the underside of the alumina substrate, which allows sensor 

to be heated and thus to function.  

 

 

 

 

 

 

 

 

Figure 1.3 An illustration of the semiconducting metal oxide sensor used within this report. Image courtesy of City Technology 

Ltd. 

 

Semiconducting metal oxide gas sensors are known as a reliable form of vapour 

detection.57 The MOS sensors are small and easily produced therefore making them 

a reliable method when gas sensing explosives.58 

 

When a MOS sensor is exposed to air and heated to temperatures above ambient 

oxygen can ionize and chemisorb on the surface of the sensing material, establishing 

an initial baseline resistance of the sensor in air. The change in resistance of the 

MOS that occurs during exposure to a test gas is due to a change in the 
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concentration of chemisorb oxygen species, which are consumed as a result with 

the surface reactions with gas molecules. 

  

 

1.3.1    Operating Mechanism in MOS Sensors 

 

MOS sensors function due to a change in the resistance of the sensing material. 

When the sensors are exposed to air and temperatures between 150 and 500 

degrees, oxygen is absorbed onto the surface of the metal oxide. Electrons from the 

bulk material are accepted onto the surface, which in turn increases the resistance 

of the material for an n-type semiconductor or decreases it for a p-type. The change 

in resistance occurs due to a range of processes such as, absorption/desorption, 

redox reactions and catalysis which occur at the surface, grain boundaries, and 

within the bulk of the metal oxide. The type of metal oxide semiconductor used can 

alter these processes due to their microstructure, morphology and concertation of 

charge carriers.  

 

When an n type semiconductor is within air, the metal oxide will be occupied with 

atmospheric oxygen. These oxygen atoms act as electron acceptors, which in turn 

become ionised to form O-, O2- or O2- species as shown in equations 1-3 below 59. 

Conversely, the temperature and humidity the metal oxides are exposed to assigns 

the concentration of each oxygen species on the surface of the metal oxide. The 

removal of electrons from the metal oxide leads to an electron depletion layer near 

the surface of the material, generating a Schottky barrier between the adjacent 

grains, which in turn determines the baseline resistance of the sensor when within 

air. 

O2 + e− → O2−	                                           (1) 

½O2 + e− → O−																																																																																											(2) 
O− + e− → O2−																																																																																														(3) 
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The Schottky barrier, is a potential barrier for electrical conduction across adjoining 

grains.60 It is altered due to the interactions between temperature dependent 

absorbed oxygen species on the surface of the metal oxide, which produce a 

depletion region. This interaction changes the resistivity of the metal oxide, as the 

conductivity of the material is dependent on the size of the depletion region. Hence 

an increase in conduction.  

 
Within an n-type semiconductor, when the material is combined with a reducing gas 

such as CO an oxidation reaction occurs with the oxygen species, which in turn form 

CO2 molecules as seen within figure 1.3.1a. The CO2 molecules diffuse away from 

the metal oxide and electrons are released into the depletion layer.61 Therefore, a 

decrease in the thickness of the depletion layer is seen, which changes the charge 

carrier concentration of the material and increases the conductivity of the sensing 

material. Surface reactions are reported as a full combustion to carbon dioxide 

(CO2), as seen within equations 4 and 5, where S refers to an unoccupied oxygen 

vacancy 62.  

  

      CO + O−  → CO2− → CO2 + e−																																										(4) 

 CO + 2O− → CO2 + O− + e−																																																																										(5) 

                                                              → CO2 + ½ O2 + 2e− + S 

 

An oxidising gas such as NO2, is a gas which contains oxygen. Exposing an oxidising 

gas to an n-type semiconductor produces an increase in resistance, as electrons 

leave the bulk material. In turn, a decrease in the charge carrier concentration and 

the size of the depletion layer increasing transpires,61 thus also increasing the 

sensing material’s resistance. The MOS sensors have reactions of NO2 on the sensor 

surface and have been reported as: 63   

 

NO2 + O− → NO + O2 + e−																																																																										(6) 

NO2 + O2− + 2e− → NO2− + 2O−																																																							(7) 
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Oxygen species are formed on the surface of the p-type metal oxide, which in turn 

forms a hole accumulation layer.61 Therefore, when a reducing gas, such as CO, is 

exposed to a p-type material it interacts with the oxygen species, which release 

electrons into the metal oxide, as seen within figure 1.3.1b. The electrons 

consequently interact with the positive holes within the hole accumulation layer, 

therefore decreasing the number of holes within the layer.61 Thus, increasing the 

resistance of the p-type material.  

 

When exposed to an oxidising gas, the p-type metal oxide surface rapidly decreases 

its concentration of electrons, which increase the conductivity of the material,60 

consequently, decreasing the metal oxides resistivity.  

 

 
Figure 1.3.1. A. The gas sensing mechanism of an n-type semiconductor when exposed to air (left) and exposed to CO (right). B. 

The gas sensing mechanism of a p-type semiconductor when exposed to air (left) and exposed to CO. 61 

 



 40 

The metal oxide and the test gas involved determine the mechanism of response as 

well as the change in resistance within the semiconducting metal oxide material, 

therefore classifying the type of semiconducting metal oxide, as seen in table 1.3.1. 

On exposure to a test gas, the resistance of n-type and p-type materials will change, 

depending on whether the test gas is oxidising or reducing. As the mechanism of 

the response varies by oxide and gas, this property is used to classify the 

semiconducting metal oxides. 

 

Table 1.3.1. The semiconducting metal oxide responses to oxidising and reducing gases. 

 
1.3.2 n-type and p-type Semiconductors  

 

The valence band is the highest energy band partially filled by the electrons within 

a semiconductor. The conduction band is the next excited state above the valence 

band, which the electrons can be excited into. An energy band gap separates the 

bands, which allows conductivity to occur by having electrons added or removed 

from the conductor band, or by holes being filled or becoming available within the 

valence band as seen within figure 1.3.2. The energy of the highest filled state within 

the energy band when at absolute zero is defined as the Fermi level.61  

 

Semiconductors have an energy gap between 0.5 and 5 eV. At energies above the 

Fermi level, electrons begin to occupy the conduction band, which leads to an 

increase in conductivity within the sensing material. The charge carriers of a 

semiconductor are electrons and holes. Therefore, when an electron is moved into 

the conduction band a pair of charges carriers, an electron and a hole are created. 

A semiconductor which has an even number of electrons and holes, and therefore 

does not contain any impurities, is known as an intrinsic semiconductor. As a result, 

Material Oxidising Gases Reducing Gases 

n type Resistance increases Resistance decreases 

p type Resistance decreases Resistance increases 
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within an intrinsic semiconductor the Fermi level would be placed within the mid-

point of the band gap.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3.2. a) An intrinsic semiconductor, b) A n type semiconductor and c) A p type semiconductor. 

 

Imperfections within the semiconductor, such as impurities or vacancies, can occur 

naturally or be added intentionally, otherwise known as doping. Semiconductors 

which have impurities are known as extrinsic semiconductors.  

 

Extrinsic semiconductors are the result of intrinsic semiconductors such as silicon, 

being doped with a metal impurity. The type of metallic atom being used as the 

dopant results in the extrinsic semiconductor being either n-type or p-type. An n-
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type semiconductor consists of an excess of negative charge carriers, or electrons, 

therefore a p-type semiconductor is the result excess positive charge carriers, or 

holes, dominating the semiconductor.  

 

The intrinsic semiconductor silicon possesses four valence outer-shell electrons, 

when in contact with an n-type dopant, such as phosphorous (P5+) which contains 

five valence electrons, results in an extra electron to become a negative charge 

carrier, thus promoting conduction. Aluminium (Al3+) has three valence electrons, 

thereby making it a p-type semiconductor, as when combined with silicon; an 

electron hole (a positive charge carrier) will be produced due to a deficiency of an 

electron.  

 

The addition of dopants into an intrinsic semiconductor such as silicon results in a 

change within the band energy of the semiconductor. For an n-type semiconductor 

the excess electron from the phosphorous will remain unstable, leading to the 

production of a donor level below the conduction band. The fabrication of a donor 

level, leads to an easier uptake of conduction electrons due to the energy barrier for 

producing a conduction electron being decreased. Due to the excess electrons within 

an n-type semiconductor, the fermi level is displaced upwards. 

 

Within a p-type semiconductor an acceptor level is formed just above the valence 

band, leading valence electrons from the silicon material to be excited into the 

acceptor band, producing an electron hole within the valence band. Similarly to the 

n-type semiconductor, the energy barrier is decreased in size resulting in the fermi 

level being shifted downwards towards the valence band.   

 

Most semiconductors currently research within gas sensing are n-type, although p-

type semiconductors have been examined. Due to the difference in charge carriers 

within the n and p type semiconductors, each type behaves differently when exposed 
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to reducing or oxidising gases. This difference will be discussed later within this 

chapter.  

  

 

1.3.3  Heterojunctions 

 

Semiconducting metal oxide gas sensors are well established for their high 

sensitivity; however, the selectivity of the sensors needs to be improved in order for 

an array to be combined into an electronic nose. There are several methods which 

have been suggested to improve selectivity, such as surface modifications and the 

use of heterojunction.64 A sensor which utilises two or more different metal oxides 

either admixed or layered could be an effective way to improve selectivity of the gas 

sensor. 

 

Heterojunctions are the combination of two different metal oxides admixed or 

layered together, which are essentially p–n, n-n and p-p diodes made from two 

pellets, a p-type and n-type semiconductor,65 Typically, the current is measured in 

the presence of gases by applying a forward bias voltage to the p–n contact.66  
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Figure 1.3.4. A p-n heterojunction. 

 
An p-n heterojunction is comprised of an n-type and a p-type semiconductor. The 

n-type materials have additional electrons and therefore have an overall negative 

charge. Whereas the p-type materials are lacking in electrons, have extra holes and 

thus acquires an overall positive charge. Figure 1.3.4 demonstrates the different 

states of a heterojunction. Figure 1.3.4a shows the two differing n and p-type 

semiconductors before they are chemically combined. With the n-type 

semiconductor shown on the left hand side and represented by blue negative signs 

and the p-type semiconductor shown on the right hand side of the figure 

represented by red circles.  

 

During the contact some electrons from the n-type material cross over onto the p-

type material and combine with the vacant holes. Once the negative electrons have 

Depletion region 
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filled the positive holes around the barrier of the p-type material, a electrons form a 

barrier inside the p-type material. As the electrons are negative they repel one 

another and so stop further diffusion of electrons from the n-type material, this 

process can be seen within figure 1.3.4b. Within figure 1.3.4c, the differing types of 

semiconductors have been chemically combined, producing a depletion area, due 

to the lack of electrons between the n-type and p-type materials. The p-type is still 

positive, the n-type is still negative however the heterojunction as a whole is now 

neutral. 

 

Heterojunctions can increase semiconducting metal oxide sensitivity.33 The 

resistance of the sensing layer varies based on the receptor and transducer 

functions. If a single oxide is used within gas sensing these two functions cannot be 

optimised independently. Therefore, by introducing another metal oxide, which is 

sensitive to the test gas, both functions may be optimised simultaneously allowing 

the sensor to become more sensitive to gases at lower concentration.36 This 

technique shows promising results for potential enhancement of gas sensing 

properties when combined within an electronic nose.  

 

Semiconducting metal oxides have been used previously within gas sensing when 

detecting nitrogen dioxide,67 ammonia,68 ethanol69 and carbon monoxide.70 A 

heterojunction is the combination of two dissimilar metal oxides with differing band 

gaps.71 Creating a heterojunction with metal oxides ZnO and SnO2 with wide band 

gaps of 3.37 eV and 3.6 eV respectively,72 has improved sensing properties.73 ZnO 

and SnO2 have previously shown enhanced sensitivity when tested against NO2 74 

and CO75. Therefore, having already yielded some promising results, ZnO and SnO2 

are a good heterojunction to be tested against the range of explosive associated 

gases. 

 

Both SnO2 and ZnO are widely used semiconducting metal oxides for their gas 

sensing n-type properties. Therefore, by incorporating the two metal oxides together 
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in a heterojunction through either admixing or layering the two metal oxides, an 

improvement in sensitivity towards selective gases may be seen. A heterojunction of 

these two metal oxides has been conducted before, however to the author’s 

knowledge, not for the purpose for explosive detection.  

 

 

1.4 Parameters Affecting Metal Oxide Semiconductors  

 

The sensing performance of semiconducting metal oxide gas sensors can be 

influenced through diffusion and a range of reaction processes such as 

adsorption/desorption, catalysis, and redox reactions occurring on the surface of the 

metal oxide as well as within the bulk material. The chemical reactions which occur 

both within and on the surface of the metal oxide can be dependent on the metal 

oxides properties. The influential properties include, the size of the metal oxide 

grains, the sensors microstructure, the film thickness, the addition of additives as 

well as the distribution of the grains within the sensor structure. Further factors can 

affect the sensor properties such as, sensor temperature, gas concentration and 

humidity. This section will examine some of these parameters which affect 

semiconducting metal oxide gas sensors in more detail.  

 

1.4.1 Temperature Effects on the Adsorption and Desorption of Gases  

 

Semiconducting metal oxide sensors function due to a change in the resistance of 

the sensing material. Oxygen species are absorbed onto the surface of the metal 

oxide when the sensors are exposed to air and temperatures between 150 and 500 

degrees.76 Due to the presence of oxygen species, electrons from the bulk material 

are accepted onto the surface altering the resistance of the sensor. The change in 

resistance occurs due to a range of processes such as, absorption/desorption of gas 
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molecules which can influenced by temperature. 77,78 

 

Both molecular (O2-) and atomic (O-, O2-) oxygen species can be found on the sensor 

surface.79 Below 150 a higher concentration of the molecular oxygen species occurs 

and above this, atomic oxygen species dominate.80 Therefore, the test gas interacting 

with the sensor may react to differing oxygen species as temperature increases, 

thereby the sensor response will also in turn differ with temperature. As temperature 

increases, sensor responses decrease due to the less surface coverage being 

available thereby fewer combustion reactions occur 81. 

 

A bell-shaped curve is commonly seen within semiconducting metal oxide sensor 

response to temperatures ranging from 150 ºC to 500 ºC. This response is due to 

the rate of reaction and the adsorption/desorption of gas molecules differing with 

temperature. As the temperature increases the gases may be adsorbed or react with 

the oxygen species on the surface dependent on their n-type or p-type behaviour. In 

order to access the sensors potential, gas sensing tests are typically conducted at a 

variety of temperatures in order to determine the optimal operating temperature for 

that material.  

 

When reacting to increasing temperature, different metal oxide sensors commonly 

produce a specific curved response, as seen within figure 1.4.1. Typically, the sensors 

response increases with temperature, once the sensors response has peaked, the 

responses rapidly decreases as the temperature continues to increase. When at low 

temperatures, Wang describes the resulting shape is due to the competition between 

slow kinetics and when high temperatures are introduced enhanced desorption 

occurs 82.  

 

 



 48 

 
Figure 1.4.1. A graph demonstrating the sensors responses when exposed to a range in temperature 82. 

 

When the metal oxide sensor is exposed to water vapour, this results in water 

molecules chemisorbing onto the available sites of the metal oxide surface to form 

two hydroxyl ions for each water molecule. The hydroxyl group adsorbs on the metal 

cations present on the surface of the sensor, resulting in a proton reacting with an 

adjacent surface O2- to form a second OH- group.83 Once the chemisorbed layer is 

formed, subsequent layers of water molecules are physically adsorbed on the first 

hydroxyl layer, this physisorbed water easily dissociates to form H30+ due to the high 

electrostatic fields.84 An H30+ molecule releases a proton, the proton ionizes with a 

nearby water molecule, resulting in the hopping of protons from one water molecule 

to another.85 This process is known as the Grotthuss chain reaction, as protons act 

as a charge carrier hopping from one water molecule to another.84 This process 

determines that at low RH values, the resistivity of some metal oxides can increase 

and a reduction of the baseline resistance of n-type semiconductors occurs due to 

less surface sites been available as the hydroxyl groups populate the surface of the 

metal oxide.84 However, prolonged exposure to humidity leads to the formation of 
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OH- chemisorbing onto the surface of the metal oxide, creating a drift in the 

resistance of the sensor.86 Therefore, the sensor must be heated the temperatures 

above 400 °C in order for the hydroxyl ions to be removed and baseline resistance 

to be restored.86 

 

1.4.2 Microstructural and Morphological Effect on Sensing Performance  

 
Microstructure and grain size are the two influential factors in sensing properties of 

semiconductor gas sensors. Therefore, in order to approve parameters such as 

stability, sensitivity, selectivity and response time, changing the microstructure and 

porosity of the metal oxides may be beneficial. Dopants can be added to metal 

oxides to enhance its properties as porous metal oxides with higher surface area 

demonstrate an increased sensitivity 87. The reduction in the particle growth rate can 

be controlled by using dopants when at high temperatures 88. 

 

The type of connectivity between grains directly affects the sensors resistance and 

responses to test gases. The connectivity produced between grains is influenced 

through the production and heat treatment the sensing material is exposed to, 

resulting in open necks, closed necks or the formation of grain contact boundaries. 

Open necks are produced in well-sintered materials where the electron depletion 

layer (EDL) is continuous between grains and the bulk region displays low resistance 

89. Open necks are dependent of the gas concertation for conductance to occur. For 

closed necks, the EDL between grains overlaps, resulting in a high resistance path in 

the centre of the necks for n-type metal oxides. Conductance is dependent on 

electrons being released back into the conduction band and reacting with the gas. 

Grain boundaries are formed by grains barely touching forming porous films with 

high energy barriers between the grains, also known as double Schottky barriers. 

Conductivity is dependent on the activation energy required to overcome the 

potential barrier.  
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Sensor response rapidly increases as grain size decreases 90. The sharp increase in 

sensitivity can be seen as the grain size is reduced just below the space-charge depth 

91. A study by Lu et al, demonstrated an increase in sensor response for SnO2 based 

sensors to 500 ppm CO when particle diameter is less than 10 nm 92. Similar results 

were found when exposing SnO2 based sensors to H2, responses proved 10 times 

more sensitive when using particles of 20 nm as appose to those in the range of 25-

40 nm 93.  

 

The grain size D, together with the width of the depletion layer around the surface 

of the crystallites L, determine the grain interactions. For larger grains, such as when 

D > 2L, most of the volume of crystallites remains unaffected by the surface reactions 

when exposed to a gas. The effect of the ambient gas atmosphere on the conductivity 

occurs through the grain boundaries barriers due to the trapped charged density at 

the surface of the crystallites. Therefore, for large grains, the response is controlled 

by the grain boundaries barriers which are independent of grain size. 

 
As the grain size decreases, the depletion region which surrounds each neck also 

decreases into the grains and the core region as seen within figure 1.4.2.1. This 

results in the conductivity being influenced by the grain boundaries barriers and the 

cross-section area of the grains becomes sensitive to the ambient gas composition. 

Therefore, the sensitivity to gases becomes grain size dependent and increases with 

crystallite size. 

 

As seen within figure 1.4.2.1, when D < 2L, the depletion region encompasses 

throughout the grain, resulting in the crystallites being almost fully depleted of 

mobile charge carriers. This results in the conductivity rapidly decreasing as there 

are no barriers for the crystallite charge carriers, the conductivity is therefore 

controlled by the grains. To summaries when D >> 2L, the grain barriers control the 
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resistance and sensitivity. When D ≈ 2L, the resistance is controlled by the necks 

produced and when D is < 2L, the grains control the sensor sensitivity. 

 

 

 
 

Figure 1.4.2.1 A figure demonstrating the grain size effect model. The highlighted region marks the core region of the grain, 

which is low in resistance. The unmarked region illustrates the electron depletion layer which is high in resistance. 61 

 

Another way to achieve sensor optimism is to increase the porosity of the sensing 

film. As seen within figure 1.4.2.2, the layout of the metal oxide gas sensor and the 

reactions that may occur due to the porosity of the sensor can be seen. Figure 

1.4.2.2a demonstrates the difference between a compact layer and a porous layer, 

for the compact layers the gas cannot penetrate the sensitive layer and therefore 

reactions only occur at the surface of the metal oxides. However, for the porous 

layers, produced through thick film methods as produced within this study, the gas 

can penetrate the sensitive layer down to the substrate, therefore allowing reactions 
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to occur at the grains surface, at grain to grain boundaries and at the interface 

between grains and the substrate and grain and the electrodes, as seen within Figure 

1.4.2.2b and 1.4.2.2c 94. 

 
 
 

  
 

Figure 1.4.2.2a-c. Illustration of the sensitive layer in a resistive gas sensor demonstrating the differences between compact and 

porous layers. 89 

 
 
 
1.4.3 Film Thickness Effects on Sensor Responses  

 

Film thickness of semiconducting metal oxide gas sensors has been proven to highly 

influence the sensors performance through affecting the sensors kinetics, 

optimisation temperature and film morphology. The thickness of the MOS sensors 

is determined as a “thick” or “thin” film and a range of different methods currently 

exist in order to produce these layers. Thin films range between 6 – 1000 nm and 

thick films have a range of 10 – 300 μm 95. 

 

Film thickness used within semiconducting metal oxide sensors has been shown to 

highly influence the sensors performance. Thick film sensors have been shown to 
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produce an increased sensitivity towards reducing gases 96, whereas thin film 

sensors show a higher sensitivity towards oxidizing gases 97. It has also been 

reported that by increase sensor film thickness an increase in sensitivity was 

produced, however other studies have observed a decrease in sensitivity when 

increase film thickness, thereby demonstrating the need of further research into this 

area 98. Thick film sensors are generally produced through screen-printing, however 

other methods such as drop coating and pipetting can also be used. On the other 

hand, many techniques are currently used to produce a thin film sensor, such as 

chemical vapour deposition (CVD), sol-gel deposition and sputtering. An overview of 

the different methods used for film production together with their advantages and 

disadvantages can be seen below. 

 
In general, the process of Chemical Vapour Deposition (CVD) occurs through the 

chemical reaction of one or more precursor gaseous reactants occurring within a 

reaction chamber. An oxidation reaction allows the gaseous reactants to be absorbed 

onto a heated substrate, producing a deposit which diffuses along the substrate. The 

by-products of this reaction are then transported away from the chamber leaving a 

solid film formed on the substrate 99. CVD yields a uniform film with the option of 

using a wide variety of chemical precursors at a low temperature, resulting in a 

sensor with a strong reproducibility. However, the process is of higher risk due to the 

hazards associated with the precursors used, as well as the process resulting in a 

higher cost than thick-film methods. The sensitivity of the resulting metal oxide film 

is often less than those produced through thick film methods and no further 

alterations of the material structure can be made once the process is completed. 

However, the process of CVD has previously enhanced the performance of thin film 

sensors through changing the microstructure, which in turn altered the baseline 

resistance as the resistance decreased as film thickness decreased 100.   

The most common thick film method is known as screen printing, this is the method 

used within this thesis. The procedure of screen printing is as follows, first a mixture 
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of the metal oxide and the organic vehicle are mixed together for 20 minutes within 

a pestle and mortar until the mixture was of the right consistency. The organic 

vehicle allows the metal oxide paste to be adhered onto the substrate once printing. 

Once the metal oxide paste is produced it is then placed onto a patterned mesh 

which is aligned with the substrate below. The paste is then screen-printed through 

the mesh by a squeegee onto the gold interdigitated patterned electrodes, on the 

alumina substrate. Once screen-printed, the ink is placed under an infrared lamp for 

approximately 10 minutes, once dry the substrates are allowed to cool prior to 

subsequent layers being printed. The alumina substrates are generally layered from 

three to five times with the appropriate metal oxide using this method. After screen-

printing the substrate, the individual sensor chips are detached from the strips and 

placed within a furnace for an hour at 600 °C, allowing the organic vehicle to be 

burnt off and to strengthen the metal oxide film to fully bind to the gold electrodes. 

The film thickness produced through the screen-printing method generally ranges 

between 10 and 300 μm 101. The screen-printing method is inexpensive, can be 

easily manufactured using a large-scale production, generating a high rate of 

reproducibility within sensor batches. The design of the mesh allows a variety of 

shapes and sizes of films to be produced, demonstrating diversity and high 

repeatability.  

A study by Korotcenkov, described how as the thickness of the film increased the 

optimal operating temperature decreased, demonstrating an advantage by reducing 

the power consumption needed for the sensors application 97. It has also been 

reported that the grain size of the metal oxides within thin films are influenced by 

the film thickness, however within thick films no effects have been observed. 

Korotcenkov and Cho also stated how grain size increased with film thickness within 

a thin filmed sensor, due to the thicker films being more densely packed due to the 

smaller grain sizes 98. The thickness produced within thick-film methods is also 

important, for instance if a film is produced too thick, cracking may occur. Cracking 

may result in a change of conductivity and gas-permeability, for instance response 
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and recovery times could be rapidly decreased, however the process of cracking is 

hard to control and may result in a lowered shelf life for the sensing array 102.  

 

 

1.5  Metal Oxide Semiconductors Applied to Sensors   

  

1.5.1 Zinc Oxide (ZnO)  

 

Zinc oxide (ZnO) is an II - VI n-type semiconductor with a wide band gap of 3.37 

eV.103 It has a range of applications due to its n-type properties such as, high 

chemical stability, having a high bond energy (60 meV) and a high electrochemical 

coupling coefficient.104 The pyroelectric properties of zinc oxide allow the metal 

oxide to be used as a converter, within energy generation and as a sensor.105 

Conversely leading to its use within solar cells, nanogenerators, catalysts and gas 

sensors.106 Zinc oxide crystals are composed of alternating layers of zinc and oxygen 

ions in a wurtzite hexagonal close packed arrangement with C6 symmetry. As seen 

within figure 1.5.1, each O2- ion is surrounded by four Zn2+ ions at the corners of a 

tetrahedron, with typical SP3 covalent bonding.107  

 

 

 

 

 

 

 

 

 

 

Figure 1.5.1. An illustration of zinc oxide, with Zn2+ ions in grey, and O2- ions in yellow.107 
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Zinc oxide was one of the first metal oxides to be investigated for its gas sensing 

properties. Since the discovery of its properties, ZnO has been used to detect many 

gases such as nitrogen dioxide,108 acetone,109 ethanol,110 and alcohols.111 A 

particularly good response has been reported with ammonia.112 Although ZnO is 

commonly found to have n-type properties, p-type ZnO may occur. The reasons for 

the change in semiconductor type are thus far unknown, however it is thought that 

doping ZnO with p-type materials may result in better sensitivity.113  

  

1.5.2 Tin Dioxide (SnO2)  

 

In the early 1970's, Taguchi patented SnO2 as the first metal oxide as a 

chemireceptive gas detecting device. Since then it has rapidly become the most 

utilised semiconducting metal oxide for gas sensing. It is well known for its high 

sensitivity when tested against poisonous gases such as CH4 and CO. However the 

metal oxide can identify a wide variety of gases such as NO2,114 CO,115 CO2,116 

methane117, ethanol118, ammonia.119 SnO2 is low cost and has a low toxicity, making 

it a suitable candidate for explosive detection. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5.2. An illustration of tin dioxide, with Sn2+ ions in pink, and O2- ions in yellow120. 
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When oxygen deficient, SnO2 is an n-type semiconductor with a wide band gap of 

3.6 eV.120 As seen within figure 1.5.2, SnO2 forms a tetragonal rutile crystal structure, 

where all the Sn2+ ions are six-fold coordinated to three-fold coordinated O2- ions.121 

Due to its structure, SnO2 has a wide range of applications such as oxidation 

catalysis, transparent conductor and gas sensing.122 Within gas sensing SnO2 is 

widely studied for its n-type properties and sensitivity responses for both oxidising 

and reducing gases. However, selectivity and stability remain low for this metal oxide. 

Due to its vast establishment within the gas sensing industry, SnO2 would make a 

strong candidate to be used within an array for a field less investigated through gas 

sensing, such as explosive detection. 

     

 

1.5.3 Tungsten Trioxide (WO3)  

 

Tungsten trioxide is an n-type metal oxide semiconductor with a band gap width of 

2.62 eV at room temperature, when in the monoclinic form.123 WO3 has been shown 

to be a ferroelectric insulator at low temperatures and a semiconductor at high 

temperatures.124 

 

All of the polymorphs of WO3 can be described as distortions from the cubic ReO2 

structure, which consists of three-dimensional network of corner-sharing MO6 

octahedra.125 Tungsten trioxide is characterised by a number of different 

temperature dependent phase transitions. The monoclinic ε-WO3 phase appears 

below −50°C, whereas the triclinic δ-WO3 phase shows itself between temperatures 

-50 to 17°C and the monoclinic ϒ-WO3 phase from 17 to 330 °C.125 The 

orthorhombic β-WO3 phase is identified between temperatures 330–740°C and the 

tetragonal α-WO3 phase is detected above 740°C.125 
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Figure 1.5.3. The monoclinic structure of WO3, with tungsten ions depicted in grey boxes and oxygen ions in red 124 

 

Tungsten trioxide has been reported to be a good photoelectrode within 

photoelectrolysis,126 as well as being a promising candidate for electrochromic 

devices.128 However within solid state gas sensing, WO3 has also been reported to 

have extremely high sensitivity to NO and NO2,129 as well as being an established 

candidate for gas sensing, H2S,130 NH3131 and C2 H5 OH.132 

  

  

1.5.4 Chromium Titanium Oxide (CTO)  

 

Chromium titanium oxide (CTO) is a p-type semiconducting metal oxide, with an 

eskoalite structure and composition of Cr2-xTixOy. It has a crystal structure consisting 

of layers of a distorted hexagonal with 6-fold Cr3+ ions coordinated to O2- ions. With 

a bandwidth of 1.5 eV,133 the main difference using a p-type semiconducting metal 

oxide is its resistance increases when in the presence of reducing gases; it has 

baseline stability, selectivity and negligible humidity interference.134 CTO is easily 
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fabricated, chemically stable at operating temperatures and produces a sensitive gas 

response.135 Currently little research has been performed in investigating p-type 

materials in comparison to n-type materials within gas sensing. CTO has been 

reported successful for the detection of reducing gases such as ethanol,136 

acetone,137 NH3,138,139 H2S,140 CO141 and oxidising gas NO2.142 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5.4. The structure of CTO, which adopts the structure of Cr2O3, with Cr3+ ions in red, and O2- ions in yellow.143 

 

           

1.6 Selection of Test Gases 

 

Details of the explosives vapours used within this study can be seen below. Alongside 

the explosive vapours exposed to the sensors, five in-house test gases associated 

with explosives were also decided upon. Both the explosives and materials 

associated with explosives used as test gases within this study are detailed below. A 

table showing the chemical structure of the test gases is seen within table 1.6. 
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2,4,6-trinitrotoluene (TNT) 

 

TNT is widely used within both commercial and military explosives due to its good 

chemical and thermal stability. TNT can be used by itself, or combined with other 

compounds such as RDX to give composition B. However, a disadvantage of TNT is 

the possibility of exudation of DNT and TNT isomers, leading to premature 

detonation. TNT has previously been found both within groundwater and soil144, 

which has resulted in adverse impacts on the biological habitats surrounding the 

aquatic environment.145 Due to the significant damage caused by the pressure of 

TNT and its degradation products, it has been listed as a pollutant by the USEPA.146  

 

Nitrogylcerine (NG) 

 

Nitrogylcerine is a very powerful secondary explosive with a high brisance. Its original 

form is a yellow oil, commonly used with propellants and commercial lasting 

explosives. Due to its sensitivity and ease of ignition, NG is always desensitised by 

either being absorbed into Kieselguhr which in turn produces dynamite or is gelled 

with nitrocellulose to produce a commercial blasting gel 147.  

 

Ethylene Glycol Dinitrate (EGDN) 

 

EGDN is a colourless liquid explosive currently used in sheet form or combined with 

RDX to make plastic explosive Semtex. As a secondary explosive, EGDN is an oxygen 

sufficient nitrate ester with a high-power index. EGDN, also known as nitro glycol, 

has been manufactured over the last 100 years 148 and has caused a high level of 

toxicity within the environment.149 Currently methods to extract EGDN from soil after 

detonation are being investigated. 150 
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Triacetone triperoxide (TATP) 

 

TATP has been previously used within terrorist IED’s due to the easy accessibility of 

its precursors. TATP is a powerful home-made explosive with a high vapour pressure, 

which unlike the majority of explosives lacks nitro groups. Due to the lack of nitro 

group, technology currently used within explosive detection struggles to identify the 

compound, for instance spectrometry techniques can not detect the compound as 

it does not fluoresce.   

 

Ammonia (NH3) 

 

Ammonia gas is a colourless gas with a pungent odor, which is primarily produced 

through combustion in motor vehicles and chemical plants.151 It is extensively used 

within the production of explosives,152 fertilizers,153 and as an industrial coolant.154 

Ammonia is a reducing gas and a potential indicator of homemade explosives.155 

 

2-Ethylhexanol (2-EH) 

 

2-Ethylhexanol is also associated with military explosives, it is a colourless chiral 

alcohol. Although 2-ethylhexanol has many purposes such as being required for 

solvents and fragrances, it is predominantly used as a precursor for plasticisers such 

as bis(2-ethylhexyl) phthalate (DEHP), found within C4.33 2-Ethylhexanol is also used 

to produce 2-Ethylhexyl nitrate which is used to improve the performance of diesel 

fuel. 156 

 

2,3-Dimethyl-2,3-dinitrobutane (DMNB) 

 

DMNB is a taggant placed within legally produced plastic explosives in order to aid 

detection90. DMNB was identified as a suitable taggant as it does not affect explosive 

characteristics such as shelf life and stability.155 Therefore, producing sensors which 
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is sensitive and selective towards DMNB will allow the detection of many military 

explosives.  

 

Nitromethane (MeNO2) 

 

Nitromethane is regularly used within rocket fuel34 and thus as a readily acquired 

liquid, it has also been used within the preparation of homemade explosives.32 

Nitromethane is a more energetic high explosive than TNT, therefore the detection 

of nitromethane within gas sensing is extremely important. There is limited research 

currently being conducted on the MOS gas sensing of MeNO2.  

 

Nitrogen dioxide (NO2) 

 

Nitrogen dioxide is an oxidising gas known as a toxic atmospheric pollutants.89 The 

materials used within military propellants and explosives are mostly organic 

compounds containing nitro groups.31 Consequently, the sensor responses to NO2 

for explosive detection are highly significant.  
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Test Gas Structure 

 

 

2,4,6-trinitrotoluene (TNT) 

 

 

 

 

 

Nitrogylcerine (NG) 

 

 

 

 

 

Ethylene Glycol Dinitrate (EGDN) 

 

 

 

 

 

Triacetone triperoxide (TATP) 
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Ammonia (NH3) 

 

 

 

 

 

 

 

2-Ethylhexanol (2-EH) 

 

 

 

 

 

 

2,3-Dimethyl-2,3-dinitrobutane 

(DMNB) 

 

 

 

 

 

 

Nitromethane (MeNO2) 
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Nitrogen dioxide (NO2) 

 

 

 

Table 1.6. A table showing the chemical structure of the test gases used within this thesis. 

   

   

1.7 Thesis Aims and Objectives   

 

The thesis investigates a range of semiconducting metal oxides materials when 

within a variety of different systems, in order to analyse the sensitivity and selectivity 

of the materials when exposed to explosive materials. The overall aim was to 

distinguish which metal oxide gas sensors were successfully able to identify and 

classify a range of explosive materials.       

 

The thesis had primarily four objectives, the first was to explore a range of metal 

oxide semiconductors, both n-type and p-type, for the detection of explosive 

materials. The four metal oxides used within the study were specifically chosen 

based upon their high sensitivity for a variety of explosive associated gases. Further 

experimental work was carried out to distinguish the metal oxides ability to identify 

in-house gases associated with explosives. All experiments carried out within the 

thesis were conducted using a range of temperatures and concentrations of the test 

gas, in order for the optimum conditions of the sensors to be identified.  

 

The second objective of the study was to investigate if the sensing performance of 

the four unmodified semiconducting metal oxides could be improved through 

mixing two of the metal oxides together in an admixed system or a 2-layered system. 

This would be achieved through exploring how the unmodified sensors compared to 
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the admixed and 2-layered systems in terms of sensitivity, selectivity, response and 

recovery times as well as repeatability and response to temperature and test gas 

concentration.  

 

The next objective was to explore whether the sensors produced could indeed detect 

explosive vapours and further to this be selective in doing so, whereby sensors could 

be produced to detect a range of different explosive materials. 

 

The final objective was to produce a realistic result by testing the sensors with a 

range of humidity, to access how different environments affect the sensing results.� 

 

 

1.8 Thesis Outline  

 

Chapter 1 is the introduction of the thesis, describing the motivations and objectives 

of the thesis, with the scientific background of the study. An overall picture of current 

technology used within the field and a detailed description of the science behind the 

technology proposed is displayed.  

Chapter 2 details the materials used within the study as well as the sensors 

compositions and a detailed description of the production of the sensors. Following 

this a description of the equipment and experimental procedures performed, 

together with schematics of the equipment and calculations for sensors response 

can be seen. Finally, a summary of the characterisation techniques performed on 

the sensors both before and after exposure to calcination and test materials is 

described. 

Chapter 3 describes the results produced from the WO3 – CTO containing sensors 

when exposed to explosive vapours from NG, TATP, TNT and EGDN as well as in-
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house gases. This chapter further discusses how the incorporation of admixtures 

and layered systems has affected the sensitivity and selectivity of the sensors. 

Further experiments were conducted in order to assess how the sensor 

microstructure and particle morphology affected sensing performance, together with 

experiments assessing variables affecting the sensors such as temperature and film 

thickness. Characterisation techniques were also carried out both before and after 

exposure to calcination and explosive vapours in order to analyse the sensors 

reproducibility.  

Chapter 4 portrays the results produced from ZnO – SnO2 containing sensors. The 

sensors was exposed to explosive vapours and in-house gases associated with 

explosives. The sensitivity and selectivity of each sensor is discussed and compared 

to the unmodified sensors within this array. Analysing the sensors performance in 

terms of response and recovery times, together with assessing how the sensor 

microstructure, sensor temperature and concertation of the test gas affected the 

sensing responses is deliberated. Finally, characterisation techniques were 

performed to analyse the sensors reliability and reproducibility.  

        

Chapter 5 discusses the ZnO – CTO containing sensors and the results produced 

when exposed to the explosive vapours and in-house gases. The combination of 

admixtures and layered systems is analysed in terms of the sensitivity and selectivity. 

Characterisation techniques were carried out to demonstrate the metal oxides 

sensors remained unchanged through the exposure to explosive vapours and high 

temperatures. The sensing performance were analysed against a range of 

temperatures and concentrations.  

 
Chapter 6 summarises the main findings of the thesis, specifically the results 

produced from the three sensing chapters and their responses produced to the 

explosive vapours and in-house test gases. A conclusion of the of thesis is presented 
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against the objectives originally set for this study, leading onto the proposed future 

development of the produced sensors. 
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2 Materials and Experimental Method 
 

Chapter 2 is compromised of the experimental produced used within this thesis. It 

details: 

 

• The materials used within the study as well as the sensors compositions and 

a detailed description of the production of the sensors.  

 

• A description of the equipment and experimental procedures performed when 

carrying out gas sensing experiments, including schematics of the equipment 

together with calculations for sensors response and examples of the gas 

sensing test programme.  

 
• A summary of the characterisation techniques performed on the sensors both 

before and after exposure to calcination and test materials, in order to assess 

any change to the sensors microstructure leading to the assessment of the 

sensors reproducibility and reliability. 

 

2.1 Materials and Target Analytes Selection and Sourcing  

 

To investigate the sensitivity and selectivity of the semiconducting metal oxide gas 

sensors when detecting explosive vapours, three different sensing arrays were 

produced. The arrays comprised of seven sensors, each array included unmodified, 

admixed and 2-layered metal oxide compounds. Four metal oxides were specifically 

chosen based upon their efficiency in detecting materials associated with explosives.  

 

Tungsten trioxide is a widely studied n-type semiconducting metal oxide with a wide 

band gap of 2.5-3.0 eV 156, which has been used in a variety of applications such as 

photocatalysts, within electrodes for use in solar cells as well as gas sensing 157. 
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Tungsten trioxide has previously shown excellent responses to a range of gases such 

as NO2, NH3 and H2S 158. Chromium titanium oxide (CTO) is a p-type semiconductor 

comprising of benefits such as baseline stability, selectively and negligible humidity 

interference 159. CTO has previously proven high sensitivity when detecting ethanol 

and IPA 160. Zinc oxide possesses a high chemical stability, making it a well-suited 

gas sensing material. The material has produced high sensitivity when detecting 

NO2161 as well as NH3162 consequently leading it to become a suitable metal oxide 

for the detection of explosives. Tin dioxide is one of the most popular gas sensing 

materials with a high sensitivity towards reducing gases as well as being able to 

operate at low temperatures 163. SnO2 is used commercially for a range of gases 

such as NO2, H2S and CO 164 making it a good gas sensing material for exploration 

within explosive detection. Table 2.1.1 displays the range of metal oxides used within 

this thesis together with its supplier.  

 

Unmodified Metal Oxide Supplier 

WO3 New Met and Chemicals 

CTO Made at UCL (see section 2.2.2) 

ZnO Sigma Aldrich 

SnO2 Sigma Aldrich 

Table 2.11. Unmodified sensing material used within this thesis together with their source. 

 

 

The sensors produced were exposed to a range of different target analytes. The 

target analytes properties, together with the motivation for using these analytes 

within the thesis was discussed within section 1.6. A table documenting the analytes 

and its acronym used within the thesis including its concentration range and 

supplier can be viewed within table 2.1.2. 
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Test Analyte Acronym Concentration 

Range 

Supplier 

Ethylene Glycol 
Dinitrate 

EGDN 70,000 – 200,000 

ppt 

DSTL 

Trinitrotoluene  TNT 20,000 – 50,000 

ppt 

DSTL 

Nitrogylcerine NG 50,000 – 200,000 

ppt 

DSTL 

Triacetone 
triperoxide 

TATP 75,000 – 750,000 

ppt 

DSTL 

2-Ethylhexanol 2EtOH 27 - 270 ppm Sigma Aldrich 

2,3-Dimethyl-2,3-
dinitrobutane  

DMNB 280 - 2800 ppb Sigma Aldrich 

Nitrogen Dioxide  NO2 100 - 1000 ppb BOC Gases 

Ammonia NH3 5 - 50 ppm BOC Gases 

Nitromethane Nitro 18 - 180 ppm Sigma Aldrich 

Table 2.1.2. A list of test analyte, together with their source concentration and supplier. 

   

     

2.2  Metal Oxide Semiconductor Gas Sensor Fabrication  

 

The sensor chips, supplied by Capteur Sensors, used for the sensor synthesis were 

3 mm by 3 mm LG alumina substrates with gold interdigitated patterned electrodes 

on the top of the substrate. The interdigitated gold electrodes facilitate the resistance 

measurements of the sensing material. On the base of the substrate lies an 

integrated platinum resistance heater track as seen within figure 2.2. The platinum 

heater track is responsible for providing the heat required for sensor operation. 

Approximately four layers of the selected metal oxide combination were screen-

printed on top of the gold electrodes on the alumni substrate. The arrays 

incorporated unmodified, admixed and 2-layered sensors, in order to investigate the 
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stability, selectivity and sensitivity of mixed semiconducting metal oxide sensors. 

 

 

 

 

 

 

 
Figure 2.2. An illustration of the semiconducting metal oxide sensor used within this report. Image courtesy of City 
Technology Ltd. 
 
 
 

2.2.1 Preparation of the Powder/Vehicle Mixture for Screen-Printing 

In order to produce a sensor, a paste of the sensing material is made which is then 

screen-printed onto the sensor substrate before being bonded to a sensor housing 

as seen within figure 2.2.1 The sensors were produced by firstly mixing the selected 

metal oxide(s) with an organic binder ESL-400 (Agmet, Ltd), in an agate mortar and 

pestle for 20 minutes to create a homogenous paste.   

 

 
 
Figure 2.2.1. A photograph displaying the production of a MOS sensor. 

 

Each metal oxide possessed a different particle size and surface area, therefore 

differing amount of the organic binder were needed in order to create the desired 



 73 

consistency. The make-up of each sensing array produced, together with the ratios 

developed can be seen within table 2.2.1.1-2.2.1.3. 

 

Sensor Composition  Mass of Metal 

Oxide (g) 

Mass of ESL-400 

(g) 

Ratio 
(Mass of metal 

oxide/mass of ESL) 
WO3 (100%) 2.02g 1.21g 1.67 

CTO (100%) 1.99g 1.01g 1.97 

50% WO3, 50% CTO 1.05g WO3, 1.02g CTO 1.13g 1.84 

75% WO3, 25% CTO 1.52g WO3, 0.5g CTO 1.18g 1.71 

75% CTO, 25% WO3 0.49g WO3, 1.5g CTO 1.07g 1.86 

2L WO3 -2 layers of 

WO3 over 2 layers of 

CTO 

1.01g WO3 

1.03g CTO 

0.76g 

0.57g 

1.53 

2L CTO – 2 layers of 

CTO over 2 layers of 

WO3 

0.99g WO3 

1.01g CTO 

0.72g 

0.62g 

1.50 

Table 2.2.1.1. The fabrication of the sensors containing WO3-CTO. 

 

Sensor Composition Mass of Metal 

Oxide (g) 

Mass of ESL-

400 (g) 

Ratio 
(Mass of metal 

oxide/mass of ESL) 
ZnO (100%) 2.04g 1.24g 1.65 

SnO2 (100%) 1.99g 1.34g 1.49 

50% ZnO, 50% SnO2 1.07g ZnO, 1g SnO2 1.32g 1.57 

75% ZnO, 25% SnO2 1.56g ZnO, 0.54g SnO2 1.26g 1.67 

75% SnO2, 25% ZnO 0.48g ZnO, 1.6g SnO2 1.36g 1.53 

2L ZnO -2 layers of ZnO 

over 2 layers of SnO2 

1g ZnO 

1.02g SnO2 

0.8g 

0.87g 

1.21 

2L SnO2 – 2 layers of 

SnO2 over 2 layers of 

ZnO 

1.01g ZnO 

0.98g SnO2 

0.76g 

0.87g 

1.22 

Table 2.2.1.2. The fabrication of the sensors containing ZnO-SnO2. 
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Sensor Composition Mass of Metal 

Oxide (g) 

Mass of ESL-

400 (g) 

Ratio 
(Mass of metal 

oxide/mass of ESL) 
ZnO (100%) 2.01g 1.13g 1.78 

CTO (100%) 1.99g 1.04g 1.91 

50% ZnO, 50% CTO 1.06g ZnO, 1.02g CTO 1.28g 1.63 

75% ZnO, 25% CTO 1.56g ZnO, 0.53g CTO 1.23g 1.70 

75% CTO, 25% ZnO 0.47g ZnO, 1.55g CTO 1.19g 1.70 

2L ZnO -2 layers of ZnO 

over 2 layers of CTO 

1.01g ZnO 

1g CTO 

0.81g 

0.74g 

1.75 

2L CTO – 2 layers of 

CTO over 2 layers of 

ZnO 

1.03g ZnO 

0.95g CTO 

0.85g 

0.78g 

1.63 

Table 2.2.1.3. The fabrication of the sensors containing ZnO-CTO. 

 

 

2.2.2  Synthesis of Chromium Titanium Oxide (CTO)  

 

The synthesis of CTO, with target stoichiometry Cr1.65Ti0.35O3, was carried out by ball 

milling stoichiometric amounts of TiO2 powder (Sigma Aldrich) and Cr2O3 powder 

(Sentury Reagents, 99.9 %) in 32mL of iso-propylalcohol (IPA) 164. The mixture of 

metal oxides, together with 6 mm alumina grinding balls in a Nannetti Speedy 1 

ball-milling machine, was ball milled for 5 minutes. This process was repeated three 

times to produce a viscous mixture. Once the solvent had evaporated, the powder 

was placed with in a furnace (Elite Thermal Systems Limited) for 5 hours to 

evaporate any IPA and dry the powder. An agate pestle and mortar was used to 

ground the dried powder, which was sieved through a150 μm sieve. In order for the 

final product to form, the powder was then placed into the furnace at 900 °C for 12 

hours.  
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2.2.3  Screen-Printing and Spot Wielding   

 

Once the consistency of the metal oxide/organic vehicle mixture was met, after 20 

minutes of mixing, the metal oxide paste was then screen-printed onto the gold 

interdigitated patterned electrodes on the 3 mm by 3 mm alumina substrates using 

a DEK 1202 screen-printer as seen within figure 3A. Once screen-printed the ink was 

allowed to dry under an infrared lamp for approximately 10 minutes, once dry the 

substrates were allowed to cool prior to subsequent layers being printed. The 

alumina substrates were layered four times with the appropriate metal oxide using 

this method. After screen-printing the substrate, the individual sensor chips were 

detached from the strips and placed in the Elite thermal systems BRF14/5-2416-

2116 furnace for an hour at 600 °C, allowing the organic vehicle to be burnt off and 

to strengthen the metal oxide film to fully bind to the gold electrodes.   

 

 

 

 

 

 

 

 

 

 
Figure 2.2.3. A) A photo displaying the DEK 1202 screen-printer and B) A photo displaying the Macgregor DC601 
spot-welder. 

 

 

Using a Macgregor DC601 parallel gap resistance welder (see figure 2.2.3B), 

platinum wire, supplied by Alfa Aesar, with a 0.0508 mm diameter and 99.95 % 

metals basis, was spot welded onto the gold contacts at the end of the platinum 

heater track on the base of the substrate and the gold electrode contacts on the top 
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of the substrate. Following this the chips were welded onto the metal pins of the 

sensor housings, from which the sensor chips could be suspended, therefore 

allowing the chip to be placed into the rig. Once welded the completed sensors were 

then exposed to air in a 100 cm3 flow of air at 500 °C for 2 hours on the rig.  

     

   

2.3  Gas Sensing Rig and Test Programmes  

 

Two gas sensing rigs were used within this thesis in order to analyse a range of 

different explosive vapours. Both rigs were custom built at UCL. AA rig was 

transported and rebuilt at Dstl (Defence Science Technology Laboratory) and 

therefore all experiments featuring explosive vapours were performed using AA rig. 

Sparky rig remained at UCL and was used to test the sensors against in-house gases 

and vapours associated with explosives. The protocol and design of both rigs 

together with the experimental design used within this thesis is detailed within this 

section.  

  

    

2.3.1 Protocol and Design of AA Rig 

 

AA rig was originally built by Dr Afonja at UCL, however to collect data relevant to 

this thesis it was re-built in order to incorporate a vapour generator. This was 

performed at Dstl, a schematic of the rig can be seen within figure 2.3.1.1 detailing 

all components used within the overall system. Figures 2.3.1.3 to 2.3.1.8 details how 

air/test gas was introduced into the system, the sensor chamber which housed the 

sensors as well as the components needed for sensor operation and data acquisition. 

The layout of the rig used within this thesis has been presented within figure 2.3.1.2. 
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Figure 2.3.1.1. A schematic showing the layout of the AA gas sensing rig including both electronics and air flow. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3.1.2. An image showing AA rig used to analyse explosive vapours. 
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The Gas Sensing Chamber 

 

The gas sensing chamber was able to house eight sensors and allowed the sensors 

to be exposed to the test gases within a confined environment. The chamber was 

made of PTFE due to its inert properties as a material when exposed to the range of 

test gases.  Figures 2.3.1.3 and 2.3.1.4 displays the configuration of the gas sensing 

chamber.  
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Figure 2.3.1.3. A cross section of the gas sensing chamber demonstrating the sensor mount of where the sensor 
would be placed as well as the exhaust from each individual sensor compartment. Eight compartments can be seen, 
each equal in size secured in place with the screw-in holder. At the base of the PTFE sensor chamber the gas inlet 
is displayed 165.  
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The chamber was cylindrical in shape allowing all eight sensors exposure to the test 

gases. The supply of air/test gas was introduced to the sensing chamber through 

the base, leading into the inner section of the chamber which was divided into eight 

different compartments, one for each sensor. This configuration allowed each sensor 

to simultaneously obtain a stable air flow, together with an equal volume of air 

received at the same time. Each compartment was designed to be small in size, 

therefore only allowing a small volume of the test gas within, thus producing a fast 

response time. In order to prevent the explosive vapours from leaking into the 

laboratory the sensing chamber was made to be air-tight. 

 

 

 

 

 

 

 

 

 

Figure 2.3.1.4 The design of the sensor mounts together with its screw-in top allowing an air-tight chamber. Each 
electronic connection pin was connected to a wire which was connected to the sensor heating board for sensor 
heating and the potentiostat needed for data acquisition 165.  

 

 

Each compartment had incorporated an outlet which was connected to the exhaust, 

as well as accommodating electrical connections to both the heater circuit boards 

and the potentiostat circuits necessary for sensor heating and data acquisition to 

occur. The sensor heating boards were designed to maintain the sensors at a stable 

temperature over timescales. In order to prevent damage to the temperature 

sensitivity of the Wheatstone bridge high precision metal film resistors were 

incorporated. Eight heater driver units were created and divided into over two single 

sided striped boards (368 mm × 117 mm × 1.6 mm). The supply of power to these 
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boards was powered by a PSD30- 3B DC. The heater circuit board would typically 

draw 0.25 – 0.30 A when the sensors were heated to temperatures 300 °C – 500 °C.

  

 

Sensor Resistance Measurements and Data Acquisition  

 

The sensors resistance measurements were determined through the use of a 

potentiostat, one for each sensor, a digital multimeter (NI 7½-digit DMM with model 

PXI-4701), a multiplexer PXI (NI PXI2503 Switch) and LabVIEW software on a PC. 

The LabVIEW software allowed real-time monitoring of the sensors response. The 

interdigitated electrodes upon each sensor were used to measure the change is 

resistance when the sensor was exposed to a tests gas; this was done by measuring 

the potential difference from the sensor using a potentiostat circuit. The potentiostat 

circuits were constructed upon single-sided strip-board with dimensions 368 mm × 

117 mm × 1.6 mm as seen within figures 2.3.1.5-2.3.1.6. 

 

 
Figure 2.3.1.5. The sensing heating unit used for heating the sensors within the sensor chamber. 
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Figure 2.3.1.6 The sensor heating board responsible for heating one sensor.  

 

Figure 2.3.1.7 displays diagrams of the different circuits used within the system for 

the potentiostat to function. Section A presents the circuits used to power the 

system; two PSU’s were used within this system and therefore delivered ±15 V, 200 

mA. Section B illustrates the 100 mV voltage necessary for sensor operation which 

is stated as Vp, whereas the circuit used for conductivity measurements of the DMM 

can be viewed in section C. Figure 2.3.1.8 details point A, B and C further. 
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Figure 2.3.1.7. A diagram showing the heating circuit used within the study in order to heat the gas sensors. 
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Figure 2.3.1.8. (A) Circuit diagram of the potentiostat supplying power to the system. (B) Control circuit responsible 
for supplying power to the probe voltage (Vp). (C) Circuit of the sensor measurement. The gold electrodes of the 
sensor are connected to points C and S in the diagram, the probe voltage is fixed and measured between ground 
and Vp and the potential difference across the sensor is measured across ground and Vs 61.  

 

The LabVIEW software installed onto the PC produces a real-time response activity 

of the sensors whilst an experiment is being undertaken. The NI DMM and Switch 

cards is measured by the voltage output produced from the potentiostat during the 

experiment and therefore allows the data to be visualised within LabVIEW. Voltage 

measurements in the range of ±10 nV – 1000 V, resistance measurements in the 

range of 10 μΩ – 5GΩ and current measurements in the range of ±1 pA – 3 A are 

delivered using the DMM card 163. An operational amplifier was used within the rig 

to translate the voltage output data into resistance values, the inverting operational 

amplifier equation can be seen below. 

 

Vout = -Vin * Rfb / Rin    (Equation 1) 
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From equation 1, the resistance value of the sensor can be calculated by 

incorporating the following data: 

Vout – the measured voltage (Vs) 

Vin – the voltage necessary for sensor operation (Vp) 

Rfb – the feedback resistor  

Rin – the sensor resistance to be calculated (Rs) 

The voltage necessary for sensor operation (Vp) is 100 mV, the output voltage (Vs) 

is given by LabVIEW software within real-time and the feedback resistor is manually 

changed to ensure the output voltage is still within range 0 – 10 V for sensor 

operation. From inputting these values the resistance value of the sensor (Rs) is 

calculated every 10 seconds.  

 

 

 

 

 

 

 

 

 

Figure 2.3.1.9. Schematic of the inverting operational amplifier used within the potentiostat system. 

 
 
Gas Sensing Delivery System 

 

The gas sensing delivery system was configured in order to allow a range of different 

delivery methods through the use of a vapour generator. The system allowed for the 

delivery of both dry and wet air as well as the test gases supplied through cylinder 

or as vapour produced through a bubbler. The system also incorporated the use of 

delivering mixtures of dry or humid air together with the test gases.  
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Figure 2.3.1.10. An image displaying the vapour generator used within this study. 

 

 

A vapour generator was used in order to produce a range of concentrations of the 

source materials. The vapour generator consisted of a laboratory oven, five mass 

flow controllers (MFC’s) and a variety of gas lines (see figure 2.3.1.10). The vapour 

source is held in place linked up to the tubing and confined within the oven. An air 

generator is used to flow air through the vapour source, through the use of MFC 1, 

leading to the output. MFC’s 2, 4 and 5 can be used to dilute the vapour source, 

whereas MFC 3 is used as a vent to extraction, all flows from these MFCs lead to the 

main flow path downstream of the vapour source. Humidity testing of the vapour 

output is carried out using MFC 4, through the use of 3 humidifiers. 

 

The vapour generator uses controlled temperature and gas flow rates to deliver a 

concentration of vapour produced from the material contained within the source. 

Placing the source within the oven ensures the concentration of the saturated vapour 

in the source is controlled. In order to change concentration of the vapour, the 
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temperature of the oven and the gas flows are altered. Similarly the relative humidity 

of the vapour output is changed through the increasing or decreasing of gas flows 

through the humidifiers. The tubing was also placed inside the oven resulting in a 

maintained temperature, eliminating the opportunity for the explosive material to 

stick to the tubing.   

 

The source was prepared in a different way for each explosive. For NG and EGDN 

10% of the explosive was mixed with an inert matrix and placed within two vials (50 

mg each). Glass wool was placed on top of the sample in order to stop particles 

other than the vapour of the source escaping into the system. The vials were linked 

up to one another, thereby two vials were used each with half the desired mass of 

the explosive with a steady flow running through vial 1 into vial 2 then leading into 

the sensor chamber through the vapour outlet. This method has been previously 

used by Dstl and ensured the vapour was fully saturated as well as increasing the 

lifetime of the source. The alternative method was to use liquid NG/EGDN and drop 

coat the glass wool, this method would result in a quicker saturation however, only 

1 µg could be used as opposed to the 100 mg used with the vial housing system 

method.  

 

For the TNT source, 0.1 g of TNT flake was dissolved within acetone and then applied 

onto the glass wool. The solution on the glass wool was left to evaporate so only the 

TNT remained, before placing the source within the vapour generator. The TATP 

source was produced within an inert matrix, thereby making the source more reliable 

and safe for use. Each source was placed in the vapour generator several days before 

use in order to establish a stable saturated source. The dry air flow through the 

source is kept low at 30 ml/min in order to achieve a constant saturated vapour and 

vapour output. A flow of dry air is passed over the source, before being diluted a 

further 3 times before reaching the vapour output. The vent allows up to 95% of the 

explosive material from the source to be extracted before reaching the vapour 

output, this results in lower concentrations to be produced without the need for 
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additional dilution flows. 

 

The temperature at which the sample would be heated to was configured through 

the use of an output vapour calculator. The calculator was used to analyse the 

maximum possible range of the explosive materials when used within the vapour 

generator. The calculator operates by calculating the output vapour concentration 

by incorporating the data from the flows through the MFCs and the temperature of 

the oven. The calculation is derived from an equation of the exponential trendline 

between temperature and explosive vapour pressure, resulting in a prediction of the 

saturated vapour pressure within the source at oven temperature 164. Following this 

the rate of flows through the MFCs are used to calculate the desired dilution of the 

saturated vapour.  

 

The MFCs are connected to the PC and operate through the use of Brooks Software 

as seen within figure 2.3.1.11. The data produced from the output vapour calculation 

regarding the MFCs is inputted into the software, allowing the MFCs to be digitally 

altered when changing flow rates through the use of the software. 
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Figure 2.3.1.11. A screenshot displaying the Brooks software used to control the MFCs. 

 

 

Thermal desorption gas chromatography mass spectrometry (TD-GC-MS) 

 

Thermal desorption gas chromatography mass spectrometry (TD-GC-MS) was used 

to quantify the vapour generator output using proprietary Dstl air sampling 

techniques. GC/MS is widely used across forensics, environmental monitoring and 

biological analysis, being regarded as the most reliable method for identification of 

organic compounds 165. Gas chromatography is a method used for separating VOCs 

based on their affinity for the mobile phase, helium, or the stationary phase, fused 

silica bonded to the internal wall of a capillary column. Tenax TA is an adsorbent 

polymer resin matrix used to capture volatile organic compounds (VOC) when 

passed through a sampling tube at room temperature.  
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By attaching a calibrated air pump at 1 L/min to a sample tube and placing the tube 

on the outlet of the vapour generator, air is drawn through the tube for 30 seconds. 

This method allows the Tenax inside the sampling tube to absorb any compounds 

from the vapour generator outlet, the complex is stable and the compounds are only 

removed once heated. By analysing the amount of material on the sampling tube 

and combining this data with the known volume of air sampled, the vapour 

concentration can be calculated. In order to quantify the explosive vapours, a set of 

standards were produced and used within every run of the TD-GC-MS.  

 

Thermal desorption is a technique in which the compounds from the sample tube 

are released into the gas chromatography column. Firstly within the two-step 

desorption method, the compounds are carried by a flow of nitrogen into the cold 

trap, maintained at -10 °C. Once within this trap the compounds are heated and are 

carried away by a flow of helium onto the column. A back flush is incorporated for 

the cryo-focussing, thereby allowing a more accurate peak shape and increased 

recovery time. The benefits of using a two-step desorption method are the prevention 

of damage to the sample tubes by purging before heating, as the oxygen present 

within the Tenax causes oxidation when heated and in turn this method allows for a 

faster desorb thereby achieving a good resolution by allowing all analytes to reach 

the column at the same time. The use of a split flow also allows for samples to be 

further diluted therefore being in range of the mass spectrometry detector.    

 

Once thermal desorption is complete, the compounds within the gas 

chromatography column are carried by helium, before being separated through the 

interactions of the stationary phrase (the coating of the column) and the mobile 

phase (helium). The column ends at the entrance to the ion source, in which the 

compounds are converted to ions through the use of a heated transfer line. Within 

this study an electron ionization (EI) method was incorporated, in which a beam of 

electrons ionized the sample molecules subsequently leading to the loss of one 

electron and the production of the molecular ion. The molecular ion (M+), usually 
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fragments producing smaller ions, resulting in a “fingerprint” for that molecular 

structure and thereby leads to the identification of the compounds. Following the 

positively charged ions separation, they are transported to the single quadrupole 

mass spectrometer detector. The detector sends the information to a computer, 

recording all of the data produced. The software used for the GC-MS was 

MassHunter.  

 

A sample of each of the four explosive materials exposed to the sensor was taken in 

order to confirm the materials concentration. Through the use of air sampling 

techniques triplicate samples were taken after every exposure to the sensors The 

vapour generator where the explosive sample was situated allowed a scientific 

estimate of the concentration of the vapour output. However, the TD-GC-MS allowed 

a confirmative result. The chromatogram and mass spectra produced for each 

explosive source can be viewed below within figure 2.1.3.12 – 2.1.3.19.  

 

Mass Spectrometry analysis of Nitrogylcerine 

 

 

Figure 2.3.1.12. A chromatogram showing the retention time produced for Nitrogylcerine. 

 
The chromatogram produced for nitrogylcerine (NG) as seen within figure 2.3.1.12, 

showed a retention time of 4.573 minutes. Within figure 14 two smaller peaks can 

be viewed, both peaks were identified as alcohols. Under the same conditions, the 
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same material will elute at the same retention time, thereby confirming its chemical 

composition. To further investigate the samples composition, a mass spectrum is 

produced.  The mass spectrum displays the intensity of the sample against its mass 

to charge (m/z) ratio. Figure 2.3.1.13 presents the mass spectra of NG, being readily 

identified by ions 46 mz and 76 mz.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.1.13. The mass spectrum for explosive sample Nitrogylcerine.  
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Mass Spectroscopy analysis of EGDN 

 

 

Figure 2.3.1.14. A chromatogram showing the retention time produced for Ethylene Glycol Dinitrate. 

 

A retention time of 2.220 minutes was produced within the analysis of EGDN, as 

seen within figure 2.3.1.14. For the analysis of EGDN, as the materials m/z values 

were already known the analysis was conducted in SIM mode, thereby only 

preselected ions would be illustrated. Due to the chemical similarities between NG 

and EGDN, the same method was used in order to identify the samples. The mass 

spectra produced for EGDN samples can be seen within figure 2.3.1.15. 
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Figure 2.3.1.15. The mass spectrum for explosive sample Ethylene Glycol Dinitrate.  

 

Mass Spectroscopy analysis of TATP 

 

 

Figure 2.3.1.16. A chromatogram showing the retention time produced for Triacetone triperoxide. 
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The chromatogram produced for the TATP samples, viewed within figure 2.3.1.16, 

demonstrates a tailing peak with retention time 2.562 minutes. This material was 

run on a scan mode on the GC-MS producing the mass spectrum displayed within 

figure 2.3.1.17. The mass spectrum displays characteristic ions at 41 mz and 75 

mz in accordance with Sigmen et al.166 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.1.17. The mass spectrum for explosive sample Triacetone triperoxide.  
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Mass Spectroscopy analysis of TNT 

 

Figure 2.3.1.18. A chromatogram showing the retention time produced for 2,4,6-Trinitrotoluene. 

 

Explosive material TNT, produced a chromatogram with retention time 6.959 

minutes, as seen within figure 2.3.1.18. The samples were run in SIM mode for 

selected ions 63 mz, 89 mz and 210 mz. The mass spectrum produced can be 

seen below within figure 2.3.1.19. 
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Figure 2.3.1.19. The mass spectrum for explosive sample 2,4,6-Trinitrotoluene.  

 

The TD-GC-MS method conditions for each of the explosives used within this study 

can be seen within table 2.3.1.1-2.3.1.3. 
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Thermal Desorption Method  
Instrument Markes Unity 2 
Tube Desorb 175 oC, 7 min, desorb flow 50 mL/min, 

split flow 90 mL/min 
Trap Desorb Trap low: -10 oC, trap high: 175 oC, 

split flow 70 mL/min 
Flow Path Temp 155 oC 

GC-MS Method  
Instruments Aligent 7890A with 5975C MSD in EI 

mode 
Column Restek Rtx-5MS 15 m x 250 µm x 0.25 

µm 
Mode: Constant flow 
Flow: 1.4 mL/min 

Oven Programme Initial Temperature: 70 oC hold time: 1 
min 
Ramp: 20 oC/min to 175 oC, hold time 
2 min 
Run time: 8.25 min 

Aux 230 oC 
MS MS quad: 150 oC 

MS Source: 230 oC 
Scan Settings Solvent delay: 1 min 

Start mass: 41 m/z 
End mass: 250 m/z 
Scan speed: 781 [N=3] 

SIM Ions 46 m/z and 76 m/z 
Table 2.3.1.1. Method conditions for the NG and EGDN quantification method. 
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Table 2.3.1.2. Method conditions for the TATP quantification method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Thermal Desorption Method  
Instrument Markes Unity 2 
Tube Desorb 250 oC, 5 min, desorb flow 50 mL/min, 

split flow 20 mL/min 
Trap Desorb Trap low: -10 oC, trap high: 225 oC, 

split flow 14 mL/min 
Flow Path Temp 170 oC 

GC-MS Method  
Instruments Aligent 7890A with 5975C MSD in EI 

mode 
Column Restek Rtx-5MS 15 m x 250 µm x 0.25 

µm 
Mode: Constant flow 
Flow: 15 mL/min 

Oven Programme Initial Temperature: 70 oC hold time: 1 
min 
Ramp: 20 oC/min to 230 oC, hold time 
2 min 
Run time: 11 min 

Aux 230 oC 
MS MS quad: 150 oC 

MS Source: 230 oC 
Scan Settings Solvent delay: 1 min 

Start mass: 50 m/z 
End mass: 250 m/z 
Scan speed: 1562 [N=2] 

SIM Ions 41 m/z, 58 m/z and 75 m/z 
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Table 2.3.1.3. Method conditions for the TNT quantification method. 

 

 

2.3.2 Gas Sensing Experiment Design of AA Rig 

 

The heating of the sensors was performed through the integrated platinum heater 

track on the base of the sensors being electrically connected to the Wheatstone 

bridge circuit board. The changing of temperatures was achieved through the use of 

an excel programme designed by Dr Pratt, of which combined the voltage ratios 

between points A, B and C. Within the programme additional data was included such 

as the desired temperature, the current room temperature, the heater track 

resistance at room temperature as well as the resistance of the 3R3 resistors on 

Thermal Desorption Method  
Instrument Markes Unity 2 
Tube Desorb 200 oC, 7 min, desorb flow 50 mL/min 
Trap Desorb Trap low: -10 oC, trap high: 165 oC, 

split flow 18 mL/min 
Flow Path Temp 170 oC 

GC-MS Method  
Instruments Aligent 7890A with 5975C MSD in EI 

mode 
Column Restek Rtx-5MS 15 m x 250 µm x 0.25 

µm 
Mode: Constant flow 
Flow: 2.0 mL/min 

Oven Programme Initial Temperature: 70 oC hold time: 1 
min 
Ramp: 20 oC/min to 175 oC, hold time 
2 min 
Run time: 8.25 min 

Aux 230 oC 
MS MS quad: 150 oC 

MS Source: 230 oC 
Scan Settings Solvent delay: 1 min 

Start mass: 41 m/z 
End mass: 250 m/z 
Scan speed: 781 [N=3] 
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each heater circuit board. The combination of the data created voltage ratios in 

which would produce the desired temperature for each sensor. Before starting a new 

experiment the sensors would be exposed to dry air for 2 hours and heated to 500 

°C to allow any residual gas from the sensor surface to desorb as well as to clean 

the PTFE tubes used to carry gases. The integrated platinum heater tracks on the 

base of the sensors were heated to temperatures ranging from 300 °C and 500 °C.  

 

In order to determine the baseline resistance of the sensors within dry air, an initial 

20-minute pulse was used within the experimental design. Following this a 10-

minute pulse of the test gas was introduced followed by another 20-minute air gas 

pulse to regain baseline resistance. In total five different 10-minute pulses of test 

gas were used within the experiment. The responses produced by each sensor were 

calculated by comparing the resistance of the sensors when at baseline resistance 

(R0) with the response produced when exposed to a test gas (R). When analysing 

the response produced from an n-type semiconductor, the calculation produced was 

R/R0 for a resistive response, for when an increase in resistance is seen and for a 

conductive response, when a decrease in resistance is seen, R0/R was used. The 

opposite calculations are used for a p-type semiconducting material. Rmax is the 

calculation of the maximum response produced by each sensor to each test gas. 

The magnitude of response, S, was calculated as S = Rmax – R0. 

   

    

2.3.3 Protocol and Design of Sparky Rig  

 

The tests performed at UCL consisting of in-housing gas testing and which are later 

detailed within chapters 3, 4, 5 and 6 were conducted on sparky rig. The experiments 

performed were accomplished using an in-house testing rig within the Department 

of Chemistry within University College London (UCL). The rig consisted of 12 glass 

chamber ports, where the sensors would become exposed to the test gases and 

potential divider circuits, in which the sensor resistance measurements were 
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collected, when coupled to an analogue-to-digital converter and a PC. Mass flow 

controllers (model FC-260) and Bürkert 2/2-way Solenoid Valves (model 0124) were 

used to regulate the gas flow through to the glass chamber ports where the sensors 

resided. Spark rig can be seen within figure 2.3.3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.3.1. A photograph displaying sparky rig used within this thesis. 

 

 

The layout of the rig can be seen within figure 2.3.3.2 which shows four different 

flow channels leading to the glass chamber ports. Each channel provided a different 

stream to control different factors in the experiment. Channel 1 controls the flow of 

wet air and humidity, channel 2 controls dry air, channel 3 regulators the test gases 

flow rate and channel 4 was assigned for vapour flow or headspace sampling. A 
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Wheatstone bridge circuit and a platinum heater track found on the back of each 

sensor produced within the lab were used to accomplish sensor heating. The sensors 

were exposed to five test gases associated with explosives at temperatures of, 300 

°C, 400 °C and 500 °C. 

 
Figure 2.3.3.2. The layout of the rig. Including the MFC’s (mass flow controllers) and SV’s (solenoid valves) 168 
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Once the experiment was completed, the data was transferred from the rig to a 

computer. From this the raw data was analysed to calculate R (the resistance of the 

sensor during test gas exposure), R0 (the resistance of the sensor in a flow of dry air, 

measured during the initial 30 minutes) and R/R0 (the sensor response). When a 

decrease in resistance was seen, such as within a p type sensor, the inverse 

calculation was used (R0/R). The magnitude of response was calculated by analysing 

the difference between each peak maximum, and the baseline value for that sensor 

just before the test gas was introduced.  

 

 

2.3.4 Gas Sensing Experiment Design of Sparky Rig 

 

All experiments used the same gas sensing protocol, with the flow rates set to 1000 

cm3/min and all gases carried out at 1 bar allowing a natural air pressure to be 

achieved. The sensors were tested against varying gas concentrations and 

temperatures ranging from 300 °C to 500 °C. To allow the baseline resistance to be 

established, before any exposure to the test gases, all sensors were exposed to dry 

air for 30 minutes. In order to gain maximum responses, the test gases were 

introduced in 600 second pulse lengths in a range of 5 – 100% of their source 

concentration, specifically NO2 (1 ppm), 2-ethylhexanol (270 ppm), DMNB (2.8 

ppm), nitromethane (180 ppm), ammonia (50 ppm). To allow the sensors to regain 

their baseline resistance, 2000 seconds of dry air was exposed to the sensors 

between each test gas pulse.  

 

Once a test gas exposure was completed, dry air was exposed to the sensors for 30 

minutes, to remove any test gas from the sensor chamber, therefore allowing no 

contamination for the subsequent test gas exposures. To show repeatability at least 

3 repeat measurements were carried out.  
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Ammonia and Nitrogen Dioxide were provided by BOC, in cylinders with synthetic 

air mix at a known concentration.  Whereas Sigma Aldrich supplied the 2-

ethylhexanol, nitromethane and 2,3-Dimethyl-2,3-dinitrobutane (DMNB) in liquid 

and solid form respectively. The gases were produced by bubbling synthetic air into 

the liquids/ over the solid in order to sample the headspace vapour. The 

concentration of the latter is dependent on the vapour pressure of the sample at 

ambient temperature (2.8 mmHg, 25 ◦C). 

 

 

2.4 Calculation of Error Margins 

 

The response and recovery times of each sensors was analysed in order to determine 

the optimal number of layers required for achieving the fastest times. The sensors 

were tested against a range of gases and temperatures ranging from 300 °C – 500 

°C. The response time produced by the sensor is the time taken to reach 90 % of its 

maximum resistance value once exposure to the test gas began. The recovery time 

of the sensor is the time taken to return to 10 % of the sensors original baseline 

resistance when exposure to the test gas has concluded. The standard responses 

produced by the metal oxide sensors produced a shark fin response, which shows 

reactive sites were still available on the sensor surface as the response plateaus and 

therefore allows the response and recovery times to be comparable. The error 

margins produced for both response and recovery times are shown in the tables 

alongside the responses produced. The error margins were calculated using the 

standard deviation of the 3 repeat tests performed. The error margins produced for 

the sensor response were calculated in the form of 95% confidence intervals. The 

95% confidence interval (CI) demonstrates the interval which has a 95% probability 

of comprising the average sensor response. This calculation shows the repeatability 

of the sensor responses and is displayed within the gas sensing figures. 
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2.5  Materials Characterisation Techniques 

  

Characterisation techniques were performed both before and after the sensors was 

exposed to the test gases, in order to establish any modification to the sensing 

material. All sensors produced underwent several characterisation techniques, 

including X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Energy-

Dispersive X-ray Spectroscopy (EDX) and Raman spectroscopy. 

   

2.5.1 X-Ray Diffraction (XRD)  

 

X-Ray Diffraction (XRD) patterns were collected on a Bruker Discover D8 

diffractometer with Vantec 500 detector, over the 2θ range 20◦ to 55◦, step size 18◦ 

and using Cu Kα radiation (λ = 0.15418 nm). The XRD diffraction patterns were 

analysed through EVA software. 

 

2.5.2 Scanning Electron Microscopy (SEM)  

 

Scanning Electron Microscopy (SEM) was carried out on a Hitachi S-3400N 

microscope, using a 20 kV SEM probe, with the images being recorded with Inca 

software.  

 

2.5.3 Energy Dispersive X-Ray Spectroscopy (EDX)  

 

Energy-Dispersive X-ray Spectroscopy (EDX) analysis was performed using a 20 kV 

SEM probe coupled with Oxford Instruments’ INCA X-Sight system. All sensors were 

previously carbon coated and thus carbon was excluded from the analysis.  

 

2.5.4 Raman Spectroscopy  

 

Raman spectroscopy was performed using a Renshaw inVia Raman Microscope, with 
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Leica DMLM stage and analysed using the provided WIRE software. All sensors were 

analysed using a green argon-ion laser with wavelength 514 nm. 

 

 

2.6  Nomenclature of Sensors 

 

Tables 2.6.1 – 2.6.3 detail the nomenclature of the sensors produced and used 

throughout this thesis.  

 

Sensor Abbreviation Metal Oxide Wt% (4 layers) 

WO3 WO3 (100%) 

CTO Chromium titanium oxide (100%) 

2L WO3 2 layers of WO3 over 2 layers of CTO 

2L CTO 2 layers of CTO over 2 layers of WO3 

75% WO3 75% WO3, 25% CTO 

75% CTO 75% CTO, 25% WO3 

50/50 50% CTO, 50% WO3 

Table 2.6.1. The abbreviations of the metal oxides used within the WO3 and CTO containing sensors. 
 
 
 
 
 
 

Sensor Abbreviation Metal Oxide Wt% (4 layers) 

ZnO ZnO (100%) 

SnO2 SnO2 (100%) 

2L ZnO 2 layers of ZnO over 2 layers of SnO2 

2L SnO2 2 layers of SnO2 over 2 layers of ZnO 

75% ZnO 75% ZnO, 25% SnO2 

75% SnO2 75% SnO2, 25% ZnO 

50/50 50% ZnO, 50% SnO2 

Table 2.6.2. The abbreviations of the metal oxides used within the ZnO and SnO2 containing sensors. 
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Sensor Abbreviation Metal Oxide Wt% (4 layers) 

ZnO ZnO (100%) 

CTO CTO (100%) 

2L ZnO 2 layers of ZnO over 2 layers of CTO 

2L CTO 2 layers of CTO over 2 layers of ZnO 

75% ZnO 75% ZnO, 25% CTO 

75% CTO 75% CTO, 25% ZnO 

50/50 50% ZnO, 50% CTO 

Table 2.6.3. The abbreviations of the metal oxides used within the ZnO and CTO containing sensors. 

 

 

Chapter 3 describes the results produced from WO3 – CTO containing sensors when 

exposed to explosive vapours from NG, TATP, TNT and EGDN as well as in-house 

gases. This chapter further discusses how the incorporation of admixtures and 

layered systems has affected the sensitivity and selectivity of the sensors. Further 

experiments were conducted in order to assess how the sensor microstructure and 

particle morphology affected sensing performance, together with experiments 

assessing variables affecting the sensors such as temperature and film thickness. 

Characterisation techniques were also carried out both before and after exposure to 

calcination and explosive vapours in order to analyse the sensors reproducibility.  
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3.  Results and Discussion of WO3 and CTO 

Containing Sensors 
 

Chapter 3 describes the results produced to the WO3 and CTO containing sensors, 

incorporating unmodified, admixed and 2-layered sensors. The unmodified sensors 

were first analysed in terms of their responses to film thickness, response and 

recovery times and temperature ranges. These results were then compared to the 

responses attained from the modified sensors. The modified sensors was then 

exposed to a range of explosive vapours and in-house testing gases in order to assess 

their sensitivity and selectively. Humidity testing was also carried out when the 

sensors was exposed to the explosive vapours. The results produced were analysed 

in terms of their microstructure, sensitivity and response to temperature.  

 

 

3.1 Sensor Characterisation  

 

The syntheses of seven semiconducting metal oxides, comprising of unmodified, 

admixed and 2-layered sensors containing WO3 and CTO, were specifically chosen 

based on their sensitivity to gases associated with explosives and produced using a 

thick film screen-printing technique. All seven sensors were exposed to five gases 

and to temperatures, 300 °C, 400 °C and 500 °C. All sensors produced underwent 

several characterisation techniques, both before and after being exposed to the test 

gases, including Scanning Electron Microscopy (SEM), X-Ray Diffraction (XRD), 

Energy-Dispersive X-ray Spectroscopy (EDX) and Raman Spectroscopy.  
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3.1.1 X-ray Diffraction    

 

The Brucker GADDS D8 diffractometer XRD with 2θ range 22◦ to 65◦, produced 

diffraction patterns of the sensors before analysis can be seen within figure 3.1.1, 

which confirm the chemical make-up of the unmodified metal oxides, the 2-layered 

and admixed sensors. Both metal oxides were shown to be crystalline. The 

unmodified CTO eskoalite structure had strong peaks at 2θ = 24.5◦, 34◦, 36.0◦, 42◦ 

and 55◦, which has been within the Joint Committee on Powder Diffraction 

Standards (JCPDS pattern 33-408). WO3 displays a monoclinic system, with 

characteristic peaks at 2θ = 23.1◦, 23.6◦, 24.4◦ and 34.2◦, which are apparent in all 

WO3 containing samples. The WO3 monoclinic structure can be matched with the 

JCPDS (number: 71-1465). The 2-layered CTO sensor (2 layers of CTO over 2 layers 

of WO3) shows WO3 peaks, as tungsten is a larger atom than either titanium or 

chromium and thus scatters the X-rays much more strongly, whereas no titanium or 

chromium can be seen within the 2L WO3 sensor (2 layers of WO3 over 2 layers of 

CTO). No changes within the structure of the metal oxides were detected. 
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Figure 3.1.1. XRD diffraction patterns of seven sensors, (top) WO3, CTO, 2L WO3 (2 layers of WO3 over 2 layer of 
CTO), 2L CTO (2 layers of CTO over 2 layer of WO3), 75% WO3 (75% WO3 admixed with 25% CTO), 75% CTO 
(75% CTO admixed with 25% WO3), and 50/50 (50% of WO3 admixed with 50% of CTO). 

 

 

3.1.2 Scanning Electron Microscopy  

 

The micrographs produced using the Hitachi S-3400N microscope with a 20 kV SEM 

probe show the porous nature of the metal oxide sensors, both unmodified and 

admixed. All sensors show spherical crystallites ranging in size. The measurements 

of the crystallites were taken from the x2000 zoom using a length measuring tool 

within the Hitachi S3400N software. The unmodified WO3 showed the larger 

crystallites with an average size of 9.4 μm. The unmodified CTO crystallite size on 

average was 7.7 μm. Figure 3.1.2 shows the micrographs produced for unmodified 

WO3 and CTO sensors. 
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Figure 3.1.2. SEM micrographs of (top left moving in the right direction) A: WO3, B: CTO, C: 2L WO3, D: 2L CTO, E: 
75% WO3, F: 75% CTO, G: 50/50 all at x900 magnification and H: a view from x 25 magnification of WO3 to show 
the overall sensor. 

 

 

3.1.3 Energy-Dispersive X-ray Spectroscopy   

 

The EDX analysis was preformed to determine the composition of the sensors. The 

weight percentages produced from the EDX with 20 kV SEM probe coupled with 

Oxford Instruments’ INCA X-Sight system for each sensor before exposure to test 

gases, showed the resulting atom types for all sensors as expected. The weight 

percentages of the sensors can be seen within Table 3.1.3.  

 

 

 

 

 

 

 

A B C D 
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Table 3.1.3. A table showing EDX weight percentages produced from the WO3-CTO containing sensors. 

 

 

3.1.4 Raman Spectroscopy   

 

Raman spectroscopy was performed using a Renshaw inVia Raman Microscope 

using 514 nm laser and wavenumbers ranging from 200 cm-1 to 2000 cm-1; above 

1000 cm-1 there were no noticeable peaks. The major vibrational modes seen within 

the WO3 containing samples in figure 3.1.4 were 270 cm-1 (a), 718 cm-1 (b) and 808 

cm-1 (c). These modes correlate to the stretching of O-W-O, the stretching of O-W 

and the bending of O-W-O respectively170,171. The bending of O-W-O specifically 

associated with the bending modes of monoclinic γ-WO3 and thus confirm the 

compound as monoclinic tungsten trioxide172. However, the unmodified CTO sensor 

produced its dominant peak at 548 cm-1, this peak corresponded with the A1g band, 

which is characteristic of crystalline α-Cr2O3 173,174. The remaining peaks 305cm-1, 

346.5cm-1 and 610.4cm-1 were corresponding to Raman band Eg, modes 1, 2 and 4 

Sensor O W Cr Ti Total 

WO3 21 79 - - 100 

CTO 33 - 56 11 100 

2L WO3 (2 layers of WO3 over 2 

layer of CTO) 

21 79 - - 100 

2L CTO (2 layers of CTO over 2 

layer of WO3) 

    33 - 56 11 100 

75% WO3 (75% WO3 admixed 

with 25% CTO) 

25 52 19 4 100 

75% CTO (75% CTO admixed 

with 25% WO3) 

30 21 41 8 100 

50/50 (50% of WO3 admixed 

with 50% of CTO) 

26 42 28 4 100 
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respectfully, therefore confirming the chemical composition of CTO. The Raman 

peaks produced from this study for CTO and their corresponding bands coordinated 

to those from Cr2O3 can be seen within table 3.1.4. All characterisations were 

repeated after exposure to the test gases and high temperatures. No changes within 

the structure of the metal oxides were detected.  

 

Figure 3.1.4. Raman spectra of seven sensors (top) WO3, CTO, 2L WO3 (2 layers of WO3 over 2 layer of CTO), 2L 
CTO (2 layers of CTO over 2 layer of WO3), 75% WO3 (75% WO3 admixed with 25% CTO), 75% CTO (75% CTO 
admixed with 25% WO3), and 50/50 (50% of WO3 admixed with 50% of CTO).   
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Table 3.1.4. A table showing the Raman bands used to identify the CTO containing sensors. 174 

 

 

3.2 Effects of Parameters Affecting Unmodified WO3 and CTO Gas Sensors 

 

Understanding the effects of the parameters which affect the gas sensing responses 

is critical in order to produce a reliable, reproducible and sensitive sensors. In order 

to investigate this, the unmodified materials within the sensors were analysed. The 

sensors used within this thesis were produced through the process of screen-

printing, with 4 layers of the metal oxide being applied. For investigative purposes 

sensors of 3 – 5 layers of the unmodified sensing material were produced to assess 

how film thickness affects the gas sensing response. The unmodified sensors were 

also exposed to a range of temperatures (300 °C – 500 °C), where response and 

recovery times were also analysed. All the data produced was evaluated to establish 

which process would provide the optimal gas sensing responses.  

 

 

 

 

 

Raman Band Cr2O3 CTO (chromium titanium oxide) 

Eg Mode 4 609.7 cm-1 610.4 cm-1 

A1g 551.1 cm-1 548.1 cm-1 

Eg Mode 2 349.8 cm-1 346.5 cm-1 

Eg Mode 1 306.3 cm-1 305 cm-1 
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3.2.1 Effects of Film Thickness on the Kinetics of Unmodified WO3 and CTO Gas 

Sensors  

 

The response and recovery times of each sensors was analysed in order to determine 

the optimal number of layers required for achieving the fastest times. The 3-layered, 

4-layered and 5-layered sensors were tested against NO2 and temperatures ranging 

from 300 °C – 500 °C. The response time produced by the sensor is the time taken 

to reach 90 % of its maximum resistance value once exposure to the test gas began. 

The error margins produced for both response and recovery times are shown in the 

tables alongside the responses produced. The error margins were calculated using 

the standard deviation of the 3 repeat tests performed. 

 

Table 3.2.1a shows the response times produced for the 3,4 and 5 layered 

unmodified WO3 sensors. The results show the response times become rapidly 

slower as temperature increased, with the 3-layered sensor showing a response time 

of 380 seconds at 300 °C and 110 seconds when tested at 500 °C. The 4-layered 

sensor with a response time of 70 seconds at 500 °C was the most opimal sensor, 

however the 3-layered sensors shows response times of 380 seconds when tested 

at the lowest temperature, improving response times on both 4-layered and 5-

layered sensors. Overall the 4-layered sensor produces slightly slower response 

times than the 3-layered and 5-layered systems when exposed to temperatures 300 

°C and 350 °C, however it produces the most sensitive responses from 450 °C – 500 

°C. The 4-layered sensor was the chosen sensor for this thesis, it was hoped that the 

incorporation on admixed and 2-layered sensors would improve the response times. 
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  Response Times (sec)  

Temperature 3 Layers 4 Layers 5 Layers 

300 380 (±30.15) 550 (48.80) 390 (±30.25) 

350 370 (±29.94) 510 (±45.48) 370 (±31.62) 

400 140 (±9.66) 220 (±18.51) 260 (±20.02) 

450 130 (±9.07) 110 (±8.43) 140 (±9.37) 

500 110 (±7.98) 70 (±6.12) 120 (±8.69) 

Table 3.2.1a. The response times and error margins produced by the 3, 4 and 5-layered unmodified WO3 sensors 
when exposed to temperature ranges from 300 °C to 500 °C. 

 

The unmodified CTO sensor has its response times displayed within Table 3.2.1b for 

the 3,4 and 5 layered sensors. All response times are lowered as temperature 

increases. Overall the 5-layered sensor proves to be the quickest when responding 

to the NO2 test gas throughout the range of temperature tested ranging from 60 

seconds at 500 °C to 200 seconds at 300 °C. Although it was expected for the 3-

layered sensor to produce a decreased response time due to the thinner film, it has 

been suggested that cracking may occur within thicker filmed sensors, increasing 

the surface area of the sensor and therefore decreases the response time 173. The 5-

layered CTO sensor, produced responses of half the size when compared to the 

unmodified WO3 sensor. For example at 300 °C the CTO 5-layered sensor produced 

a response time of 60 seconds, whereas the WO3 5-layered sensor produced a 120 

second response time. For the unmodified CTO sensor, the 4-layered sensor proved 

the longest for response time of 510 seconds at 300 °C, however produced the most 

sensitive responses as seen within figure 3.2.2b. 
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  Response Times (sec)  

Temperature 3 Layers 4 Layers 5 Layers 

300 370 (±30.28) 510 (±44.70) 200 (±14.33) 

350 280 (±19.07) 440 (±36.72) 190 (±11.85) 

400 250 (20.14) 400 (±34.17) 120 (±8.94) 

450 220 (±18.47) 310 (±26.50) 80 (±0603) 

500 160 (±10.38) 200 (±17.44) 60 (±5.05) 

Table 3.2.1b. The response times produced by the 3, 4 and 5-layered unmodified CTO sensors when exposed to 
temperature ranges from 300 °C to 500 °C. 

 

The recovery time of the sensor is the time taken to return to 10 % of the sensors 

original baseline resistance when exposure to the test gas has concluded. The 

recovery times produced for the WO3 layered systems can be seen within Table 

3.2.1c. Overall the recovery times decreased as temperature increased, with the 5 

layered sensors recovering at the fastest rate at 500 °C with a recovery rate of 40 

seconds when compared to the 4-layered sensor at 60 seconds. However, the 4-

layered sensor produces a recovery time of 110 seconds at the lower temperatures, 

showing this sensor to be very responsive and efficient. However, the recovery times 

for the 4-layered sensor remain stationary from 400 °C to 500 °C, whereas the other 

layered systems improve their recovery time as temperature increases. 
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  Recovery Times (sec)  

Temperature 3 Layers 4 Layers 5 Layers 

300 230 (±18.32) 110 (±8.93) 260 (±19.20) 

350 120 (±9.18) 90 (±6.74) 120 (±9.35) 

400 90 (±7.93) 60 (±5.02) 90 (±7.21) 

450 90 (±7.40) 60 (±4.94) 80 (±6.18) 

500 80 (±6.25) 60 (±4.18) 40 (±3.64) 

Table 3.2.1c. The recovery times produced by the 3, 4 and 5-layered unmodified WO3 sensors when exposed to 
temperature ranges from 300 °C to 500 °C. 

 

For the unmodified CTO sensor, as seen within Table 3.2.1d, the 3-layered sensor 

produces the fastest recover time of 180 seconds at 300 °C, whereas the 5-layered 

sensor produced the fastest recovery time of 50 seconds at 500 °C. Overall the 

sensors recovery time quickly decreased as temperature increased from 300 °C to 

500 °C, at which all 3 sensors produced their swiftest recovery times of 80 seconds, 

90 seconds and 50 seconds for the 3-layered, 4-layered and 5-layered sensors 

respectively.. 

 

  Recovery Times (sec)  

Temperature 3 Layers 4 Layers 5 Layers 

300 180 (±12.33) 210 (15.61) 340 (±29.18) 

350 170 (±11.94) 190 (±13.49) 200 (±16.13) 

400 130 (±9.87) 150 (±12.14) 80 (±6.94) 

450 120 (±8.55) 100 (±8.76) 60 (±5.82) 

500 80 (±6.26) 90 (±7.15) 50 (±3.45) 

Table 3.2.1d. The recovery times produced by the 3, 4 and 5-layered unmodified CTO sensors when exposed to 
temperature ranges from 300 °C to 500 °C. 
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3.2.2 Effects of Film Thickness on the Unmodified WO3 and CTO Gas Sensing 

Responses. 

 

The baseline resistance of the sensor when within air (R0), was compared to the 

resistance when exposed to the test gas (R) in order to establish the sensitivity of 

the sensor. The gas sensing response for an oxidising gas tested against an n-type 

semiconducting metal oxide is known as a resistive response R/R0. A conductive 

response R0/ R is produced when an n-type semiconducting metal oxide is exposed 

to a reducing gas. The opposite reaction occurs for a p-type material.  

 

The magnitude of response, S, was calculated as S = Rmax – R0, where Rmax was the 

maximum sensitivity produced. The unmodified WO3 and CTO sensors were 

produced in 3,4 and 5-layered systems through screen printing. The sensors were 

exposed to 800 ppb and 1 ppm of NO2 at a range of temperatures from 300 °C to 

500 °C as seen within figures 3.2.2a to 3.2.2d. This test was carried out to determine 

where the sensors were affected by film thickness. The lower temperature range was 

used within this study as generally this proves to produce more sensitive responses 

to some metal oxides. Shown below are the results of the two pulses of gas 

concentration at 300 °C and 350 °C, demonstrating the difference in response 

produced from the different layered system.  
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Figure 3.2.2a. The unmodified 3, 4 and 5-layered WO3 sensors when exposed to 800 ppb and 1 ppm of nitrogen 
oxide at 350 °C. 

 

At 350 °C the 5-layered sensor produces a sensitive response of 120 R/R0, followed 

by the 4-layered response at 63 R/R0 and the 3-layered response at 26 R/R0 at 1 

ppm, as seen within figure 3.2.2a. Both the 4-layered and 5-layered sensors remain 

noisy however a vast decrease has been seen in sensitivity for the 3-layered 

response. However, this is vastly improved as the temperatures increases from 350 

°C to 500 °C. At 300 °C the 3-layered WO3 sensor produces a very high sensitive 

response to NO2 with a response of 210 R/R0 at 1 ppm, as seen within figure 3.2.2b. 

The second most responsive sensor is the 4-layered sensor at 130 R/R0 and followed 

by the 5-layered sensor at 66 R/R0. The 4-layered and 5-layered sensor produce a 

noisy response, this could be due to poor particle connectivity within the structure. 
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Figure 3.2.2b. The unmodified 3, 4 and 5-layered WO3 sensors when exposed to 800 ppb and 1 ppm of nitrogen 
oxide at 300 °C. 

 
The CTO layered sensors showed the 3-layered sensor to be the most sensitive at 

both temperatures tested, closely followed by the 5-layered sensor then the 4-

layered sensor. In figure 3.2.2d, the 3-layered sensor produces a peak shape 

indicating it has reached its peak response rapidly and therefore produces a 

stationary point throughout the remaining gas pulse. However, at this temperature 

the 4-layered and 5-layered sensors in particularly took long to recover. Whereas as 

seen within figure 3.2.2c at 350 °C, all sensors display the typical shark fin response, 

demonstrating that there were enough reactive sites still available for the NO2 gas 

molecules to interact, therefore not allowing the sensor to saturate and produce a 

steady stationary effect. It has also been suggested that the film thickness effect on 

sensor response is also gas specific, therefore further investigation should be carried 

out to understand how this parameter affects the sensing response when exposed 

to a range of different gas types. 
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Figure 3.2.2c. The unmodified 3, 4 and 5-layered CTO sensors when exposed to 800 ppb and 1 ppm of nitrogen 
oxide at 350 °C. 

 
Figure 3.2.2d. The unmodified 3, 4 and 5-layered CTO sensors when exposed to 800 ppb and 1 ppm of nitrogen 
oxide at 300 °C. 
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3.2.3 Effects of Film Thickness and Temperature on the Gas Sensing Response  

 

The unmodified 3,4 and 5-layered WO3 and CTO sensors were exposed to 1ppm of 

NO2 and were heated to temperatures ranging from 300 °C – 500 °C. The unmodified 

WO3 sensors showed their highest response at 350 °C, produced by the 3-layered 

sensor as seen within figure 3.2.3a. However, this sensor shows a steep decline at 

400 °C. For the rest of the 4-layered responses, they behaved as expected and 

responses decreased as temperature increased. A bell-shaped curve can be seen for 

the 4-layered sensor, peaking at 350 °C before decreasing in response as 

temperature increases. The bell-shaped curve occurs due to the surface reactions 

increasing as temperature increases. The 5-layered sensor shows it highest response 

at 300 °C and decreases steadily as temperature increases. 

 

 

 
Figure 3.2.3a. The unmodified 3, 4 and 5-layered WO3 sensors exposed to nitrogen oxide at a range of 
temperatures from 300 °C – 500 °C 
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Figure 3.2.3b. The unmodified 3, 4 and 5-layered CTO3 sensors exposed to nitrogen oxide at a range of 
temperatures from 300 °C – 500 °C 

 

The unmodified CTO 3,4 and 5-layered sensors as shown within figure 3.2.3b show 

the optimal response was produced by the 3-layered sensor at 300 °C.  This sensors 

response decreases steadily as temperature increases to 500 °C. Whereas the 

opposite effect can be seen for the 4-layered sensors which increase in response as 

temperature increases. This could be due to lower rates of reaction at the lower 

temperatures meaning the test gas is not able to react to with the chemisorbed 

oxygen at a fast-enough rate. However, as the temperature increases the sensor 

response will improve as the reactions occur quicker and therefore alter gas diffusion 

by decreasing the depth of the sensing layer the gas needs to penetrate. The 5-

layered sensor follows the same pattern as the 3-layered sensor but remains 

stationary from 450 °C to 500 °C. 

 

Both WO3 and CTO layered systems have demonstrated the film thickness and 

temperature does impact the gas sensing response. It has been reported that film 
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thickness can both increase and decrease sensor response176, demonstrating film 

thickness is a parameter which needs further investigation. As well as film thickness 

and temperature, it is clear that the metal oxide (n-type or p-type) and test gas can 

also affect the gas sensing responses, therefore further investigation within this 

thesis will study if admixtures and 2-layered sensors also affect sensing response.  

 

 

3.3 Modification of the WO3 and CTO Sensors 

 

The unmodified WO3 and CTO sensors were placed alongside admixed and 2-layered 

combination of the two unmodified sensors. The admixed and 2-layered sensors 

were produced by the same screen-printing method as the unmodified sensors as 

seen within chapter 2. Table 3.3 provides the details of the sensors produced 

alongside the acronyms used within this thesis.      

 

Sensor Abbreviation Metal Oxide Wt% (4 layers) 

WO3 WO3 (100%) 

CTO Chromium titanium oxide (100%) 

2L WO3 2 layers of WO3 over 2 layers of CTO 

2L CTO 2 layers of CTO over 2 layers of WO3 

75% WO3 75% WO3, 25% CTO 

75% CTO 75% CTO, 25% WO3 

50/50 50% CTO, 50% WO3 

Table 3.3. The abbreviations of the metal oxides used within the WO3 and CTO containing sensors. 

 

The baseline resistance of the sensor when within air (R0), was compared to the 

resistance when exposed to the test gas (R) in order to establish the sensitivity of 

the sensor. The gas sensing response for an oxidising gas tested against an n-type 

semiconducting metal oxide is known as a resistive response R/R0. A conductive 

response R0/ R is produced when an n-type semiconducting metal oxide is exposed 

to a reducing gas. The opposite reaction occurs for a p-type material.  
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Within this thesis, selectivity is defined as the capability of a sensor to respond to a 

specific test gas. The magnitude of response, S, was calculated as S = Rmax – R0, 

where Rmax was the maximum sensitivity produced. The results demonstrate the 

magnitude of response increasing with analyte concentration. The sensitivity of the 

sensors generally decreases with operating temperature, in particular when exposed 

to an oxidising gas.  

 

The error margins produced for the sensor response were calculated in the form of 

95% confidence intervals. The 95% confidence interval (CI) demonstrates the 

interval which has a 95% probability of comprising the average sensor response. 

This calculation shows the repeatability of the sensor responses and is displayed 

within the gas sensing figures. 

 

 

3.3.1 Exposure of 2,4,6-Trinitrotoluene to the WO3 and CTO Containing Sensors 

 

The WO3 and CTO containing sensors was exposed to concentrations of 2,4,6-

Trinitrotoluene (TNT) from 5 ppb, 10 ppb, 25 ppb and 50 ppb at temperatures 

ranging from 300 °C to 500 °C as seen within figure 3.3.1a. The sensors 

demonstrated its highest responses at 300 °C, with unmodified CTO producing the 

highest response at 2.04 R/R0. This sensors response alongside sensor 50/50, 

reduces at 400 °C and increases again at 500 °C, demonstrating the difference 

between responses based upon microstructure and desorption rates as temperature 

increases. Both CTO and 50/50 are sensitive to TNT, alongside 75% CTO which 

produced the highest response at 400 °C. The remaining sensors produce relatively 

low responses throughout the range, therefore indicating WO3 and CTO containing 

sensors may not be suited for detecting TNT. 
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Figure 3.3.1a. The magnitude of response for the WO3 and CTO containing sensors exposed to 2,4,6-Trinitrotoluene 

at 300 °C, 400 °C and 500 °C. 

 

300 oC WO3 CTO 2L WO3 2L CTO 75% WO3 75% CTO 50/50 
5 ppb 1.05 ±0.01 1.08 ±0.02 1.08 ±0.02 1.02 ±0.01 1.03 ±0.01 1.05 ±0.01 1.17 ±0.03 

10 ppb 1.07 ±0.02 1.10 ±0.01 1.09 ±0.01 1.03 ±0.01 1.04 ±0.01 1.06 ±0.01 1.22 ±0.04 
25 ppb 1.08 ±0.02 1.12 ±0.02 1.10 ±0.02 1.05 ±0.01 1.06 ±0.01 1.07 ±0.01 1.25 ±0.04 
50 ppb 1.10 ±0.02 1.15 ±0.03 1.12 ±0.03 1.06 ±0.01 1.07 ±0.01 1.09 ±0.02 1.31 ±0.03 
400 oC        
5 ppb 1.01 ±0.01 1.03 ±0.01 1.04 ±0.01 1.03 ±0.01 1.01 ±0.01 1.23 ±0.06 1.03 ±0.01 

10 ppb 1.02 ±0.01 1.04 ±0.01 1.09 ±0.02 1.04 ±0.01 1.02 ±0.01 1.32 ±0.05 1.04 ±0.01 
25 ppb 1.02 ±0.01 1.05 ±0.01 1.16 ±0.01 1.09 ±0.02 1.04 ±0.02 1.38 ±0.07 1.07 ±0.01 
50 ppb 1.03 ±0.01 1.05 ±0.01 1.21 ±0.05 1.10 ±0.02 1.06 ±0.01 1.53 ±0.07 1.09 ±0.01 
500 oC        
5 ppb 1.02 ±0.02 1.64 ±0.11 1.08 ±0.01 1.01 ±0.01 1.01 ±0.01 1.17 ±0.02 1.33 ±0.03 

10 ppb 1.03 ±0.01 1.79 ±0.14 1.12 ±0.02 1.01 ±0.01 1.02 ±0.01 1.19 ±0.04 1.42 ±0.02 
25 ppb 1.03 ±0.01 1.98 ±0.32 1.14 ±0.01 1.01 ±0.01 1.02 ±0.01 1.20 ±0.03 1.48 ±0.02 
50 ppb 1.04 ±0.01 2.04 ±0.19 1.2 ±0.04 1.02 ±0.01 1.03 ±0.01 1.23 ±0.03 1.54 ±0.07 

 

Table 3.3.1a. A table showing the magnitude of response for the WO3 and CTO containing sensors when exposed to 

2,4,6-Trinitrotoluene alongside the 95% CI internal error margin. 
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Throughout the temperature ranges 75% WO3 and 2L CTO produce consistently low 

responses. Overall the 2-layered sensors produce some of the lowest responses 

throughout the temperature ranges, however the admixed and unmodified sensors 

prove to be more sensitive. TNT is most commonly seen within military explosives, 

hence if a sensor was included, the unmodified CTO sensor would complement the 

array as it produced the highest response at the lowest temperature, making it the 

most practical for “in life” use. The lowest concentration of TNT exposed to the 

sensors was 5 ppb, in which all sensors successfully detected the test gas and 

therefore showed a limit of detection (LOD) of 5 ppb. 

 

The humidity levels used within this study were 5% RH, 10% RH and 15% RH 

measured at 300 °C. The humidity results from exposing the WO3 and CTO 

containing sensors to TNT can be seen within figure 3.3.1b. The unmodified WO3, 

unmodified CTO and the 2L CTO sensors all remained relatively level throughout the 

humidity increase. However, the 2L WO3 and 50/50 strongly react to the increase in 

humidity, therefore displaying both these sensors as not suitable to “in life” use. The 

results from this humidity testing together with the results produced above, 

demonstrate the unmodified CTO sensor to be the most efficient sensor within this 

chapter for TNT testing.  
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Figure 3.3.1b. The magnitude of response for the WO3 and CTO containing sensors exposed to 2,4,6-Trinitrotoluene 

at relative humidity 5%, 10% and 15% measured at 300 °C. 

 

 WO3 CTO 2L WO3 2L CTO 75% WO3 75% CTO 50/50 
5 % 1.10 ±0.02 1.21 ±0.01 2.29 ±0.31 1.16 ±0.01 1.58 ±0.07 1.69 ±0.5 1.71 ±0.05 
10 % 1.12 ±0.02 1.23 ±0.03 2.59 ±0.30 1.25 ±0.04 1.75 ±0.03 1.74 ±0.8 2.50 ±0.23 
15 % 1.20 ±0.02 1.25 ±0.02 3.08 ±0.21 1.30 ±0.02 1.88 ±0.10 1.79 ±0.08 2.71 ±0.26 

 

Table 3.3.1b. A table showing the magnitude of response for the WO3 and CTO containing sensors when exposed to 

2,4,6-Trinitrotoluene with relative humidity alongside the 95% CI internal error margin. 

 

 

3.3.2 Exposure of Nitrogylcerine to the WO3 and CTO Containing Sensors 

 

The concentrations tested of nitrogylcerine (NG) within this study for the WO3 and 

CTO containing sensors are 25 ppb, 50 ppb, 75 ppb and 100 ppb as shown within 

figure 3.3.2a. The most sensitive responses produced within this study was 

performed at 400 °C, with unmodified WO3 producing the highest response of 1.8 
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R/R0. Following this the 2L CTO and 75% WO3 sensors were the next most responsive 

at 400 °C. Throughout the NG testing of this chapter the unmodified WO3 sensor 

produced high responses, followed closely by the 2L CTO sensor which peaked at 

500 °C. The admixed sensors generally produce low responses throughout the 

temperature and concentration ranges. At 300 °C, a steep increase in response is 

seen from the unmodified CTO sensor between the 50 ppb and 100 ppb 

concentrations, this pattern can also be seen with the unmodified WO3 sensor. The 

50/50 sensor produced the lowest response at each temperature tested, therefore 

showing having a dominance of one metal oxide is more suitable for NG detection. 

 

 
Figure 3.3.2a. The magnitude of response for the WO3 and CTO containing sensors exposed to Nitrogylcerine at 
300 °C, 400 °C and 500 °C. 
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300 oC WO3 CTO 2L WO3 2L CTO 75% WO3 75% CTO 50/50 
25 ppb 1.21 ±0.01 1.01 ±0.01 1.03 ±0.01 1.04 ±0.01 1.03 ±0.01 1.03 ±0.01 1.02 ±0.01 
50 ppb 1.22 ±0.01 1.04 ±0.01 1.05 ±0.01 1.04 ±0.01 1.03 ±0.01 1.04 ±0.01 1.02 ±0.01 
75 ppb 1.27 ±0.02 1.13 ±0.01 1.05 ±0.01 1.05 ±0.01 1.04 ±0.01 1.05 ±0.01 1.02 ±0.01 
100 ppb 1.33 ±0.02 1.19 ±0.01 1.06 ±0.01 1.07 ±0.01 1.05 ±0.01 1.05 ±0.01 1.03 ±0.01 
400 oC        
25 ppb 1.16 ±0.01 1.02 ±0.01 1.06 ±0.01 1.21 ±0.02 1.12 ±0.01 1.03 ±0.01 1.02 ±0.01 
50 ppb 1.34 ±0.02 1.03 ±0.01 1.06 ±0.01 1.29 ±0.02 1.14 ±0.01 1.03 ±0.01 1.02 ±0.01 
75 ppb 1.80 ± 0.04 1.05 ±0.01 1.12 ±0.01 1.31 ±0.02 1.20 ± 0.01 1.03 ±0.01 1.02 ±0.01 
100 ppb 2.10 ±0.07 1.07 ±0.01 1.17 ±0.02 1.40 ±0.02 1.28 ±0.02 1.04 ±0.01 1.03 ±0.01 
500 oC        
25 ppb 1.27 ±0.01 1.06 ±0.01 1.04 ±0.01 1.32 ±0.02 1.06 ±0.01 1.11 ±0.01 1.03 ±0.01 
50 ppb 1.29 ±0.02 1.11 ±0.01 1.10 ±0.01 1.36 ±0.04 1.11 ±0.01 1.14 ±0.01 1.05 ±0.01 
75 ppb 1.31 ±0.02 1.26 ±0.02 1.14 ±0.01 1.47 ±0.04 1.19 ±0.02 1.20 ±0.02 1.09 ±0.01 
100 ppb 1.35 ±0.02 1.29 ±0.03 1.18 ±0.02 1.57 ±0.04 1.25 ±0.03 1.26 ±0.04 1.13 ±0.02 

 

Table 3.3.2a. A table showing the magnitude of response for the WO3 and CTO containing sensors when exposed to 

Nitrogylcerine alongside the 95% CI internal error margin. 

 

Both the admixed and 2-layered sensors generally remained low when exposed to 

NG at all temperatures tested, therefore if producing an array for this material an 

unmodified sensor would be more appropriate. NG has previously been used within 

commercial mining within dynamite and is also gelled with nitrocellulose to produce 

a commercial blasting gel, therefore the unmodified WO3 or 2L CTO would produce 

the most sensitive sensor for this type of detection. All sensors showed a LOD of 25 

ppb when exposed to a NG from 300 °C – 500 °C.   

 

The humidity levels used within this study were 12.5% RH, 25% RH and 35% RH 

measured at 300 °C. The humidity results from exposing the WO3 and CTO 

containing sensors to nitroglycerine can be seen within figure 3.3.2b. A rapid 

increase can be seen with the 75% WO3 sensor between humidity pulses 12.5% and 

25%, this can also be seen with the 75% CTO sensor, whereas the 50/50 sensor and 

2L CTO and 2L WO3 sensors rapidly increase from pulse 25% and 35% residual 

humidity. All sensors reacted to the change in humidity, with the least reactive being 

unmodified WO3, making it a suitable sensor for “in-life” use. Both 2-layered and 

admixed sensors strongly reacted to the humidity making them the least unreliable 

when testing NG within a humid environment.  
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Figure 3.3.2b. The magnitude of response for the WO3 and CTO containing sensors exposed to Nitrogylcerine at 
relative humidity 12.5%, 25% and 35% measured at 300 °C. 

 

 WO3 CTO 2L WO3 2L CTO 75% WO3 75% CTO 50/50 
12.5 % 1.04 ±0.01 1.42 ±0.02 1.51 ±0.04 1.11 ±0.01 1.25 ±0.02 1.42 ±0.08 1.06 ±0.02 
25 % 1.12 ±0.01 1.48 ±0.04 1.52 ±0.02 1.13 ±0.01 1.39 ±0.02 1.63 ±0.09 1.12 ±0.02 
35 % 1.15 ±0.04 1.52 ±0.03 1.67 ±0.03 1.27 ±0.04 1.41 ±0.05 1.70 ±0.12 1.29 ±0.07 

 

Table 3.3.2b. A table showing the magnitude of response for the WO3 and CTO containing sensors when exposed to 

Nitrogylcerine with relative humidity alongside the 95% CI internal error margin. 

 
 
3.3.3 Exposure of Ethylene Glycol Dinitrate to the WO3 and CTO Containing 

Sensors 

 

The Ethylene Glycol Dinitrate (EGDN) concentrations used within this study are 100, 

200, 600 and 900 ppb. The most sensitive responses produced within this study 

was performed at 300 °C, with sensors unmodified CTO and 2L WO3 producing the 

highest responses of 3.65 R0/R and 4.18 R/R0 respectively as seen within figure 
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3.3.3a. Both these sensors rapidly increase from 200 ppb to 900 ppb, however the 

rest of the sensors at 300 °C remain steady with small increases in response as 

concentration increases.  At 400 °C the unmodified CTO and 2L WO3 sensor 

decrease in response, leaving 75% CTO to produce the largest response at 1.68 

R/R0, followed by 2L CTO and 75% WO3. Similarly, to the 300 °C experiment, the 

remaining sensors stay relatively stationary as concentration increases. At 500 °C 

the unmodified CTO sensor increases in response to become to most sensitive 

response again, leaving the remaining sensors to produce relatively stationary 

responses. All sensors showed a LOD of 100 ppb of EGDN at all temperatures 

measured. 

 

 
Figure 3.3.3a. The magnitude of response for the WO3 and CTO containing sensors exposed to Ethylene Glycol 
Dinitrate at 300 °C, 400 °C and 500 °C. 
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300 oC WO3 CTO 2L WO3 2L CTO 75% WO3 75% CTO 50/50 
100 ppb 1.48 ±0.04 1.18 ±0.02 1.09 ±0.01 1.12 ±0.02 1.05 ±0.01 1.23 ±0.04 1.27 ±0.04 
200 ppb 2.08 ±0.18 1.21 ±0.02 1.10 ±0.01 1.21 ±0.02 1.08 ±0.01 1.59 ±0.09 1.31 ±0.03 
600 ppb 2.98 ±0.29 1.40 ±0.03 1.15 ±0.01 1.37 ±0.04 1.11 ±0.02 2.91 ±0.16 1.44 ±0.03 
900 ppb 3.65 ±0.33 1.59 ±0.03 1.17 ±0.02 1.44 ±0.05 1.13 ±0.01 4.18 ±0.51 1.61 ±0.04 
400 oC         

100 ppb 1.02 ±0.01 1.17 ±0.02 1.03 ±0.01 1.03 ±0.01 1.08 ±0.01 1.04 ±0.01 1.13 ±0.01 
200 ppb 1.02 ±0.01 1.21 ±0.02 1.04 ±0.01 1.04 ±0.01 1.24 ±0.03 1.09 ±0.02 1.21 ±0.02 
600 ppb 1.04 ±0.01 1.48 ±0.05 1.09 ±0.01 1.07 ±0.01 1.60 ±0.04 1.16 ±0.02 1.34 ±0.03 
900 ppb 1.06 ±0.01 1.68 ±0.06 1.10 ±0.02 1.09 ±0.01 1.80 ±0.07 1.21 ±0.03 1.70 ±0.03 
500 oC        

100 ppb 1.06 ±0.01 1.15 ±0.02 1.05 ±0.01 1.05 ±0.01 1.08 ±0.01 1.04 ±0.01 1.06 ±0.01 
200 ppb 1.08 ±0.01 1.26 ±0.02 1.09 ±0.01 1.06 ±0.01 1.12 ±0.01 1.07 ±0.02 1.07 ±0.01 
600 ppb 1.11 ±0.02 1.47 ±0.09 1.11 ±0.01 1.07 ±0.01 1.14 ±0.02 1.08 ±0.01 1.12 ±0.01 
900 ppb 1.13 ±0.02 1.71 ±0.09 1.12 ±0.02 1.08 ±0.01 1.20 ±0.02 1.10 ±0.01 1.15 ±0.02 

 

Table 3.3.3a. A table showing the magnitude of response for the WO3 and CTO containing sensors when exposed to 

Ethylene Glycol Dinitrate alongside the 95% CI internal error margin. 

 

The 2L WO3 sensor has produced relatively low responses through the explosive 

materials testing in this chapter, therefore proving selective towards EGDN. 

Therefore, allowing 2L WO3 to be a good option within an electronic nose aimed at 

detection EGDN. Overall within these sensors when tested against EGDN, the most 

responsive sensors were the unmodified and 2-layered sensors which produced the 

highest sensitive responses at all temperatures tested. The unmodified WO3 sensor 

produced low responses through the EGDN testing which is useful as it has 

previously shown good responses when testing against NG. 

 

Figure 3.3.3b shows the humidity levels used when exposing the WO3 and CTO 

containing sensors to EGDN at 5% RH, 15% RH and 25% RH measured at 300 °C. 

Overall these sensors do not produce a large increase in response to humidity when 

exposed to EGDN. This result is positive demonstrating when using a sensor from 

this chapter within the field, the data will not be dramatically altered due to the 

increase in humidity from a laboratory environment to the field. The biggest increase 

within the sensors is by sensor 75% WO3, which increases faster from when the 

humidity increases from 15% RH to 25% RH.  
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Figure 3.3.3b. The magnitude of response for the WO3 and CTO containing sensors exposed to Ethylene Glycol 
Dinitrate at relative humidity 5%, 15% and 25% measured at 300 °C. 

 
 WO3 CTO 2L WO3 2L CTO 75% WO3 75% CTO 50/50 

5 % 1.46 ±0.03 1.11 ±0.02 1.21 ±0.02 1.23 ±0.02 1.19 ±0.02 1.09 ±0.02 1.12 ±0.01 
15 % 1.51 ±0.03 1.19 ±0.02 1.30 ±0.02 1.40 ±0.03 1.21 ±0.02 1.12 ±0.02 1.40 ±0.03 
25 % 1.59 ±0.05 1.25 ±0.02 1.60 ±0.03 1.50 ±0.03 1.37 ±0.04 1.20 ±0.03 1.47 ±0.04 

 

Table 3.3.3b. A table showing the magnitude of response for the WO3 and CTO containing sensors when exposed to 

Ethylene Glycol Dinitrate with relative humidity alongside the 95% CI internal error margin. 

 
 
3.3.4 Exposure of Triacetone triperoxide to the WO3 and CTO Containing Sensors 

 

All sensors were exposed to concentrations of 100 ppb, 200 ppb, 400 ppb and 800 

ppb of Triacetone triperoxide (TATP). The WO3 and CTO containing sensors 

produced the highest sensitive responses with TATP out of all the explosive materials 

tested as seen within figure 3.3.4a. The highest sensitivity could be seen at 300 °C 

for 2L CTO (2 layers of CTO over 2 layers of WO3) and unmodified CTO at R0/R 8.36 
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and R0/R 6.14 respectively, demonstrating CTO to be highly effective when sensing 

TATP. The 50/50 sensor also produces a high response of 3.43 R/R0 at 300 °C. For 

the 400 °C and 500 °C experiments the unmodified CTO sensor produced a much 

lower response, demonstrating operating temperature can greatly impact the 

sensors response. As temperature increases, the reactions occurring at the surface 

of the metal oxide are reduced, resulting in a decrease of resistivity.  This theory may 

explain the decrease in response of the sensors, when the operating temperature 

increased from 300 °C to 500 °C.  

 

 
Figure 3.3.4a. The magnitude of response for the WO3 and CTO containing sensors exposed to Triacetone 
triperoxide at 300 °C, 400 °C and 500 °C. 
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300 oC WO3 CTO 2L WO3 2L CTO 75% WO3 75% CTO 50/50 
100 ppb 1.07 ±0.01 1.40 ±0.02 1.49 ±0.04 1.25 ±0.03 1.66 ±0.04 1.79 ±0.10 3.47 ±0.20 
200 ppb 1.08 ±0.01 1.43 ±0.03 1.76 ±0.06 1.23 ±0.04 1.66 ±0.04 2.13 ±0.18 3.70 ±0.27 
400 ppb 1.13 ±0.02 1.48 ±0.06 2.08 ±0.09 1.46 ±0.05 2.21 ±0.06 3.01 ±0.28 5.07 ±0.44 
800 ppb 1.20 ±0.02 1.84 ±0.08 2.23 ±0.08 1.50 ±0.05 3.43 ±0.11 6.14 ±0.42 8.36 ±0.91 
400 oC        

100 ppb 1.02 ±0.01 1.24 ±0.10 1.02 ±0.01 1.01 ±0.01 1.12 ±0.01 1.09 ±0.02 1.36 ±0.03 
200 ppb 1.02 ±0.01 1.56 ±0.13 1.05 ±0.01 1.02 ±0.01 1.34 ±0.03 1.31 ±0.02 1.67 ±0.03 
400 ppb 1.03 ±0.01 2.07 ±0.21 1.14 ±0.02 1.04 ±0.01 1.54 ±0.02 1.60 ±0.03 3.24 ±0.41 
800 ppb 1.04 ±0.01 3.26 ±0.33 1.13 ±0.02 1.05 ±0.01 1.61 ±0.05 1.68 ±0.04 4.86 ±0.37 
500 oC        

100 ppb 2.12 ±0.14 1.10 ±0.01 1.97 ±0.08 1.09 ±0.02 1.04 ±0.01 1.02 ±0.01 1.11 ±0.01 
200 ppb 2.28 ±0.13 1.10 ±0.01 2.25 ±0.09 1.17 ±0.02 1.05 ±0.01 1.05 ±0.01 1.21 ±0.02 
400 ppb 2.48 ±0.10 1.12 ±0.02 2.34 ±0.09 1.19 ±0.02 1.08 ±0.02 1.07 ±0.01 1.24 ±0.02 
800 ppb 2.70 ±0.21 1.20 ±0.02 2.38 ±0.09 1.19 ±0.02 1.09 ±0.02 1.10 ±0.02 1.39 ±0.04 

 

Table 3.3.4a. A table showing the magnitude of response for the WO3 and CTO containing sensors when exposed to 

Triacetone triperoxide alongside the 95% CI internal error margin. 

 

2L CTO (2 layers of CTO over 2 layers of WO3), remains the most sensitive sensor at 

400 °C with response of 4.82 R0/R, followed by the unmodified WO3 sensor with a 

response of 3.26 R/R0. However, at 500 °C the 2-layered tungsten sensor (2L WO3) 

produces the highest resistive response at 2.70 R/R0. Overall from analysing the 

results produced from exposing the sensors to TATP, both 2-layered sensors within 

the chapter produce the most sensitive responses demonstrating that 2-layered 

sensors can increase sensitivity on the unmodified material. TATP has previously 

been used within terrorist attacks, therefore including the 2L CTO sensor within an 

array dedicated to this type of detection is promising. The lowest concentration of 

TATP exposed to the sensors was 100 ppb, in which all sensors successfully detected 

the test gas and therefore showed a LOD of 100 ppb. 
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Figure 3.3.4b. The magnitude of response for the WO3 and CTO containing sensors exposed to Triacetone 
triperoxide at relative humidity 5%, 15% and 25% measured at 300 °C. 

 
 WO3 CTO 2L WO3 2L CTO 75% WO3 75% CTO 50/50 

5 % 1.42 ±0.02 1.05 ±0.01 1.55 ±0.05 1.05 ±0.01 3.07 ±0.31 3.02 ±0.16 2.10 ±0.21 
15 % 1.53 ±0.03 1.07 ±0.01 1.76 ±0.09 1.17 ±0.02 4.12 ±0.32 5.42 ±0.37 2.30 ±0.19 
25 % 1.65 ±0.07 1.21 ±0.02 2.59 ±0.21 1.24 ±0.03 6.03 ±0.52 7.19 ±0.41 3.54 ±0.15 

 

Table 3.3.4b. A table showing the magnitude of response for the WO3 and CTO containing sensors when exposed to 

Triacetone triperoxide with relative humidity alongside the 95% CI internal error margin. 

 
 
Figure 3.3.4b shows the humidity levels 5% RH, 15% RH and 25% RH used when 

exposing TATP to the WO3 and CTO containing sensors at 300 °C. Within the 

humidity testing of TATP the most responsive sensor is the unmodified CTO sensor, 

which also produced high responses within the non-humidity testing of TATP. The 

2L WO3 also inhibits strong responses when exposed to humidity, producing the 

largest responses from humidity testing alongside the unmodified CTO sensor. 

Sensors 75% WO3, unmodified WO3 and 2L WO3 have stable responses to the 
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increase in humidity, making them more reliable in life. This result is positive 

demonstrating when using a sensor within the field, the data will not be dramatically 

altered due to the increase in humidity from a laboratory environment to the field.  

  

 

3.4 Gas Sensing Results on In House Gases 

 

3.4.1 Exposure of Ammonia to the WO3 and CTO Containing Sensors   

 

The complex oxidation reaction mechanism of ammonia (NH3) may give rise to many 

different reaction pathways, all competing simultaneously. The three most common 

pathways for the oxidation of NH3 can be seen within equations 1-3. An n-type 

semiconductor when exposed with a reducing gas, such as ammonia, creates an 

oxidation reaction with the oxygen species on the surface of the oxide, which in turn 

may form N2, 2NO or N2O molecules depending on which pathway is used (equation 

1-3). These molecules disperse from the metal oxide and electrons are released into 

the depletion layer, producing a decrease in resistivity.   

            2NH3 +3O-  à N2 + 3H2O + 3e-               (equation 1)
 

2NH3 + 5O- à 2NO + 3H2O + 5e-  (equation 2)
 

2NH3 + 4O- à N2O + 3H2O + 4e-    (equation 3)
  

 

Oxygen species are formed on the surface of the p-type metal oxide, which in turn 

forms a hole accumulation layer (HAL). Therefore, when a reducing gas, such as 

ammonia, is exposed to a p-type material it interacts with the oxygen species, which 

release electrons into the metal oxide. The electrons consequently interact with the 

positive holes within the HAL, thus increasing the resistance.  
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Figure 3.4.1. The magnitude of response for sensors exposed to ammonia at 300 °C, 400 °C and 500 °C. 

 

300 oC WO3 CTO 2L WO3 2L CTO 75% WO3 75% CTO 50/50 
5 ppm 1.03 ±0.01 1.35 ±0.02 1.37 ±0.02 1.02 ±0.01 1.02 ±0.01 1.44 ±0.03 1.02 ±0.01 
10 ppm 1.11 ±0.01 1.49 ±0.02 1.52 ±0.03 1.06 ±0.01 1.05 ±0.01 1.61 ±0.04 1.05 ±0.01 
20 ppm 1.08 ±0.01 1.60 ±0.04 1.61 ±0.04 1.14 ±0.01 1.08 ±0.01 1.85 ±0.05 1.10 ±0.01 
40 ppm 1.43 ±0.02 1.34 ±0.03 1.58 ±0.05 2.03 ±0.16 1.54 ±0.02 2.06 ±0.11 1.37 ±0.02 
50 ppm 4.68 ±0.31 1.38 ±0.03 1.51 ±0.04 3.88 ±0.27 2.16 ±0.17 2.09 ±0.13 1.98 ±0.07 
400 oC        
5 ppm 1.09 ±0.01 1.03 ±0.01 1.06 ±0.01 1.15 ±0.01 1.08 ±0.01 1.20 ±0.02 1.23 ±0.02 
10 ppm 1.12 ±0.01 1.07 ±0.01 1.10 ±0.01 1.24 ±0.02 1.08 ±0.01 1.38 ±0.03 1.25 ±0.02 
20 ppm 1.13 ±0.01 1.11 ±0.01 1.15 ±0.01 1.56 ±0.04 1.14 ±0.01 1.69 ±0.06 1.30 ±0.02 
40 ppm 1.16 ±0.01 1.44 ±0.03 1.16 ±0.01 1.77 ±0.06 1.19 ±0.02 1.80 ±0.07 1.28 ±0.03 
50 ppm 1.43 ±0.02 2.02 ±0.17 1.18 ±0.01 1.88 ±0.06 1.21 ±0.02 1.87 ±0.07 1.24 ±0.03 
500 oC        
5 ppm 2.79 ±0.21 1.03 ±0.01 1.43 ±0.02 2.90 ±0.21 1.42 ±0.03 1.06 ±0.01 1.46 ±0.04 
10 ppm 2.93 ±0.23 1.10 ±0.01 1.64 ±0.03 3.78 ±0.28 1.61 ±0.04 1.12 ±0.01 1.68 ±0.04 
20 ppm 5.14 ±0.40 1.14 ±0.01 1.72 ±0.05 6.17 ±0.44 1.64 ±0.05 1.19 ±0.02 1.95 ±0.07 
40 ppm 6.92 ±0.51 1.19 ±0.02 1.85 ±0.06 8.81 ±0.51 1.69 ±0.04 1.24 ±0.02 2.18 ±0.12 
50 ppm 8.44 ±0.69 1.23 ±0.02 1.98 ±0.06 10.77 ±0.77 1.76 ±0.05 1.30 ±0.02 2.37 ±0.18 

 

Table 3.4.1. A table showing the magnitude of response for the WO3 and CTO containing sensors when exposed to 

ammonia alongside the 95% CI internal error margin. 
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All sensors were exposed to concentrations of 5, 10, 20, 40 and 50 ppm of ammonia 

and can be seen within figure 3.4.1. The highest sensitivity could be seen at 500 °C 

for unmodified WO3 and 2L CTO (2 layers of CTO over 2 layers of WO3) at R0/R 8.5 

and R/R0 10.7 respectively. This result proved surprising as unmodified CTO 

produced one of the lowest resistive responses, showing 2-layered sensors to 

increase sensitivity. Previous research on gas sensing in advance of 100 ppm of 

ammonia using tungsten trioxide has produced low responses of 2.5 R0/R when 

carried out at 300 oC175. The study conducted here produced an increased 

conductive response of the unmodified WO3 to 50 ppm of ammonia at R0/R at 300 

oC, with the 2L CTO sensor (2layers of CTO over 2 layers of WO3) producing a resistive 

response of 3.8 R/R0. Therefore, the sensitivity has significantly improved using the 

sensors when tested against ammonia.  

     

 

3.4.2 Exposure of 2-Ethylhexnaol to the WO3 and CTO Containing Sensors 

 

The sensors was exposed to 30, 59, 118, 237 and 296 ppm of 2-ethylhexanol as 

seen within figure 3.4.2a. The optimum performance for 2-ethylhexanol was 

displayed at 300 °C, with the unmodified CTO sensor producing a very high response 

of 3621 R/Ro. This response dominated the sensors with the next sensitive sensor 

being 58-fold decrease as seen within figure 3.4.2a. However, for the 400 and 500 

experiments the unmodified sensor produced a much lower response, 

demonstrating the operating temperature to have a large influence on the sensor’s 

response. As the operating temperature increased from 300 °C to 500 °C, the 

responses of the sensors decreases. With increasing temperature, leading to the 

rapid increase in thermal energy, the reactions occurring at the surface of the metal 

oxide are reduced, resulting in a decrease of resistivity.   
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Figure 3.4.2a. The magnitude of response sensors exposed to 2-ethylhexanol at 300 °C, 400 °C and 500 °C. 

 

300 oC WO3 CTO 2L WO3 2L CTO 75% WO3 75% CTO 50/50 
30 ppm 15.90 ±0.91 7.61 ±0.80 2.60 ±0.21 23.11 ±1.18 9.24 ±0.81 2.02 ±0.07 1.50 ±0.04 
59 ppm 24.97 ±1.22 36.80 ±2.44 3.64 ±0.25 34.59 ±3.21 13.45 ±0.92 1.91 ±0.05 1.50 ±0.03 
118 ppm 25.00 ±1.87 240.65 ±19 4.59 ±0.36 34.59 ±3.30 13.45 ±1.14 1.92 ±0.08 1.51 ±0.04 
237 ppm 41.46 ±2.41 1855.39 ±113 5.41 ±0.41 59.68 ±5.32 21.57 ±1.73 1.99 ±0.08 1.53 ±0.04 
296 ppm 43.77 ±3.39 3802.44 ±205 5.65 ±0.47 62.81 ±5.72 22.21 ±2.04 2.02 ±0.23 1.55 ±0.06 
400 oC        
30 ppm 20.53 ±1.55 2.33 ±0.31 1.24 ±0.02 31.08 ±2.81 17.27 ±1.34 4.98 ±0.29 3.87 ±0.28 
59 ppm 28.94 ±2.79 3.54 ±0.32 1.35 ±0.02 41.82 ±4.49 22.97 ±2.45 5.38 ±0.32 4.11 ±0.029 
118 ppm 37.82 ±3.21 5.93 ±0.63 1.46 ±0.03 51.88 ±4.24 22.97 ±2.65 5.66 ±0.41 4.19 ±0.33 
237 ppm 51.04 ±3.80 12.97 ±1.01 1.81 ±0.05 62.74 ±5.82 33.75 ±3.01 5.78 ±0.58 4.24 ±0.36 
296 ppm 62.52 ±5.11 19.21 ±0.99 1.97 ±0.05 67.04 ±5.17 35.49 ±3.46 5.83 ±0.55 4.35 ±0.31 
500 oC        
30 ppm 24.18 ±2.03 1.17 ±0.02 1.40 ±0.04 16.28 ±1.32 4.02 ±0.43 7.61 ±0.77 5.43 ±0.41 
59 ppm 37.04 ±2.65 1.33 ±0.04 2.36 ±0.18 26.18 ±2.08 6.64 ±0.72 9.04 ±0.81 7.10 ±0.53 
118 ppm 44.38 ±3.06 1.53 ±0.04 2.54 ±0.019 36.29 ±3.37 8.92 ±0.75 10.03 ±1.14 7.90 ±0.60 
237 ppm 52.84 ±4.22 1.85 ±0.07 2.63 ±0.20 47.14 ±4.03 10.60 ±0.99 10.77 ±1.44 7.91 ±0.61 
296 ppm 55.61 ±4.83 2.00 ±0.20 2.68 ±0.24 49.73 ±3.80 11.07 ±1.03 11.07 ±1.52 7.95 ±0.53 

 

Table 3.4.2. A table showing the magnitude of response for the WO3 and CTO containing sensors when exposed to 

2-ethylhexanol alongside the 95% CI internal error margin. 
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The two most responsive sensors for the 400 °C and 500 °C results were the 2L CTO 

and unmodified WO3 sensors, both rapidly increasing in response after the second 

gas pulse of 59 ppm. However, within the magnitude of response figure 3.4.2a, the 

50/50 sensor when exposed to the test gas at 500 °C demonstrated a steep decrease 

in response at the second pulse of 2-ethylhexanol. The sensor appears to initially 

react in a p-type manor when expected to be n-type. This pattern continues until the 

concentration of 2-ethylhexanol increases. It is possible this is reacting p-type due 

to an oxygen induced band bending as the p-type responses are only seen at the 

lower concentrations of 2-ethhylhexanol. 

 

Figure 3.4.2b. The magnitude of response sensors exposed to 2-ethylhexanol at 500 °C. 
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3.4.3 Exposure of 2,3-dimethyl-2,3-dinitrobutane to the WO3 and CTO Containing 

Sensors 

 

2,3-dimethyl-2,3-dinitrobutane (DMNB) was exposed to the sensors through head 

space analysis, with an increasing volume of air being flown over the solid material 

in five pulses. The response produced from the five pulse of increasing concentration 

were exposed to 300 °C to 500 °C. It is well known that temperature effects gas 

sensing responses176. Unusually, the highest sensitivities produced from the sensors 

appeared at 500 °C, where more commonly the optimum temperature for the 

sensors of sensors is at 300 °C, as the heterojunction generally enhances the 

sensitivity due to an increase in charge carriers, thus resulting in an increase in 

response. However, the higher temperature also provides an enhanced desorption 

rate, which may result in some gases displaying their optimum response at higher 

temperatures. This behaviour has previously been seen within ethanol gas sensing, 

in which the optimum temperature was 450 oC177. 

The first four gas pulses for DMNB produced low responses throughout the sensors, 

until resulting in a vast increase in response to the material on the final gas pulse. 

Due to the analysis being performed through head space analysis, this result could 

be due to the dry air passing over the solid not producing enough friction/movement 

of the solid material therefore limiting the desorption of electrons. This result may 

also be due to the sensor surface being saturated and unable to occupy the increase 

concentration of DMNB. However, when the concertation is increased to 100% flow 

of dry air through to the DMNB an increased response is seen for the entire sensor 

set.  

Within figure 3.4.3 the magnitude of responses can be viewed. The 2L CTO (2 layers 

of CTO over 2 layers of WO3) produced the highest response of the sensor set over 

the whole range of temperatures. The remaining sensors follow a similar trend which 

show a slow increase is response to increasing concentration. Conversely, the 

unmodified WO3 sensor and the 75% CTO sensor (75% CTO with 25% WO3) also 
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show a gradual increase with increasing concentration, however produce a higher 

sensitive response within the final gas pulse of the test. Therefore, showing DMNB 

to be sensitive to unmodified, admixed and 2 layered sensors. However ultimately 

the 2L CTO (2 layers of CTO over 2 layers of WO3) sensor produced the most sensitive 

and selective response. 

 

Figure 3.4.3. The magnitude of response sensors exposed to 2,3-dimethyl-2,3-dinitrobutane at 300 °C, 400 °C and 
500 °C.  
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300 oC WO3 CTO 2L WO3 2L CTO 75% WO3 75% CTO 50/50 
280 ppb 1.05 ±0.01 1.00 ±0.01 1.75 ±0.05 1.19 ±0.02 1.06 ±0.01 1.26 ±0.01 1.02 ±0.01 
560 ppb 1.12 ±0.02 0.90 ±0.01 1.79 ±0.05 1.17 ±0.02 1.08 ±0.01 1.27 ±0.02 1.06 ±0.01 

1120 ppb 1.17 ±0.02 0.84 ±0.01 1.78 ±0.06 1.20 ±0.02 1.10 ±0.02 1.28 ±0.02 1.10 ±0.01 
2440 ppb 1.22 ±0.02 0.80 ±0.01 1.79 ±0.07 1.24 ±0.02 1.14 ±0.02 1.31 ±0.02 1.14 ±0.01 
2800 ppb 10.37 ±0.03 2.94 ±0.21 1.74 ±0.08 16.15 ±0.93 9.38 ±0.77 1.70 ±0.06 1.23 ±0.03 

400 oC        
280 ppb 1.08 ±0.01 1.02 ±0.01 1.03 ±0.01 1.02 ±0.01 1.04 ±0.01 1.01 ±0.01 1.02 ±0.01 
560 ppb 1.09 ±0.02 1.03 ±0.01 1.06 ±0.01 1.04 ±0.01 1.05 ±0.01 1.04 ±0.01 1.06 ±0.02 

1120 ppb 1.09 ±0.02 1.03 ±0.01 1.08 ±0.02 1.06 ±0.01 1.05 ±0.01 1.06 ±0.01 1.09 ±0.02 
2440 ppb 1.10 ±0.02 1.04 ±0.01 1.10 ±0.03 1.09 ±0.01 1.05 ±0.02 1.08 ±0.01 1.11 ±0.02 
2800 ppb 14.98 ±0.93 2.59 ±0.23 1.62 ±0.05 25.27 ±0.21 11.11 ±0.83 5.00 ±0.44 3.17 ±0.25 

500 oC        
280 ppb 1.56 ±0.04 1.00 ±0.01 1.20 ±0.02 1.18 ±0.02 1.00 ±0.01 1.04 ±0.01 1.00 ±0.01 
560 ppb 1.46 ±0.04 1.01 ±0.01 1.28 ±0.02 0.96 ±0.01 0.99 ±0.01 0.92 ±0.01 1.00 ±0.01 

1120 ppb 1.48 ±0.03 1.01 ±0.01 1.27 ±0.02 0.94 ±0.01 1.32 ±0.02 0.89 ±0.01 0.99 ±0.01 
2440 ppb 1.66 ±0.05 1.01 ±0.01 1.36 ±0.02 0.95 ±0.01 1.01 ±0.01 0.91 ±0.01 1.01 ±0.01 
2800 ppb 56.05 ±3.66 1.65 ±0.05 2.71 ±0.15 60.28 ±4.28 12.45 ±1.38 7.74 ±0.65 5.22 ±0.49 

 

Table 3.4.3. A table showing the magnitude of response for the WO3 and CTO containing sensors when exposed to 

2,3-dimethyl-2,3-dinitrobutane alongside the 95% CI internal error margin. 

 

 

3.4.4 Exposure of Nitromethane to the WO3 and CTO Containing Sensors   

 

All seven sensors were tested against nitromethane (MeNO2) at temperatures 300°C 

to 500°C. A fall in resistance could be seen when exposed to the reducing test gases 

due to the oxidation of oxygen species on the surface of the sensor. The CTO 

containing sensors produced the highest resistive response, as seen within figure 

3.4.4, with unmodified CTO producing an R/R0 of 617 when tested at 300 °C. 

Consequently, showing the unmodified CTO as being highly sensitive when tested 

against nitromethane. The next two sensors to produce the highest resistive 

response are 2L CTO (2 layers of CTO over WO3) and 75% CTO (75% CTO and 25% 

WO3), therefore showing CTO to be sensitive when testing against nitromethane.  
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Figure 3.4.4. The magnitude of response for sensors exposed to nitromethane at 300 °C, 400 °C and 500 °C. 

 
300 oC WO3 CTO 2L WO3 2L CTO 75% WO3 75% CTO 50/50 

1800 ppm 1.04 ±0.01 244.38 ±17.23 3.94 ±0.26 2.05 ±0.16 1.57 ±0.04 4.03 ±0.37 3.08 ±0.22 
3600 ppm 1.15 ±0.01 298.71 ±25.06 4.05 ±0.31 2.48 ±0.23 1.82 ±0.06 7.72 ±0.65 5.51 ±0.42 
7200 ppm 1.44 ±0.02 448.63 ±38.05 6.71 ±0.48 2.93 ±0.28 1.94 ±0.06 9.03 ±0.75 7.83 ±0.54 

14400 ppm 1.70 ±0.04 589.19 ±42.30 7.04 ±0.55 4.03 ±0.31 2.08 ±0.07 9.57 ±0.83 9.43 ±0.76 
18000 ppm 1.73 ±0.05 617.03 ±55.41 7.89 ±0.53 4.49 ±0.33 2.31 ±0.08 9.93 ±0.87 10.54 ±0.92 

400 oC        
1800 ppm 4.33 ±0.22 8.94 ±0.72 18.32 ±0.93 9.39 ±0.84 5.48 ±0.41 6.93 ±0.55 7.89 ±0.63 
3600 ppm 4.86 ±0.27 13.33 ±1.04 22.05 ±1.34 10.10 ±1.03 6.18 ±0.38 7.41 ±0.63 8.22 ±0.59 
7200 ppm 5.03 ±0.38 32.58 ±2.80 27.39 ±1.70 12.04 ±0.94 6.84 ±0.39 7.69 ±0.57 8.61 ±0.72 

14400 ppm 5.16 ±0.41 93.45 ±7.10 29.71 ±2.41 12.74 ±1.05 7.18 ±0.51 8.12 ±0.68 8.83 ±0.73 
18000 ppm 5.89 ±0.37 180.06 ±13.46 30.11 ±2.78 13.38 ±1.18 7.32 ±0.54 8.44 ±0.69 9.14 ±0.81 

500 oC        
1800 ppm 1.30 ±0.02 1.93 ±0.71 7.94 ±0.63 8.89 ±0.73 2.05 ±0.14 5.43 ±0.48 4.48 ±0.29 
3600 ppm 1.51 ±0.03 2.89 ±0.23 10.61 ±0.89 13.08 ±0.94 2.28 ±0.17 6.87 ±0.55 6.19 ±0.44 
7200 ppm 1.48 ±0.03 3.65 ±0.27 12.23 ±1.03 15.40 ±1.21 2.13 ±0.19 7.09 ±0.73 7.91 ±0.59 

14400 ppm 1.76 ±0.05 4.40 ±0.36 16.70 ±1.24 17.33 ±1.42 2.11 ±0.20 8.01 ±0.69 9.43 ±0.65 
18000 ppm 1.92 ±0.06 5.31 ±0.44 16.88 ±1.42 18.01 ±1.66 2.08 ±0.16 8.63 ±0.74 10.12 ±0.81 

 

Table 3.4.4. A table showing the magnitude of response for the WO3 and CTO containing sensors when exposed to  

nitromethane alongside the 95% CI internal error margin. 

 

The magnitude of response is conductive for n-type sensors, as MeNO2 is a reducing 

gas. The response increases with decreasing temperatures as seen within figure 
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3.4.4. As the concentration of MeNO2 was increased, the magnitude of response was 

increased due to more MeNO2 being available at the sensor surface. Unmodified 

CTO was the most responsive sensor, with the highest resistive response shown at 

300°C. However, at 500°C, a strong response can still be seen. 2L WO3 (2 layers WO3 

over 2 layers of CTO) and 2L CTO (2 layers of CTO over 2 layers of WO3) also show 

promising responses throughout the temperature range. All admixed and 

unmodified WO3 containing sensors produce low conductive responses over all three 

temperatures. Therefore, showing CTO as being selective towards detection of 

nitromethane. Literature on the gas sensing properties of nitromethane are limited, 

therefore these results prove promising for establishing the successful responses 

produced when exposed to a p-type material.   

     

3.4.5 Exposure of Nitrogen Dioxide to the WO3 and CTO Containing Sensors 

 

The sensors was exposed to five concentrations ranging between 0.1 and 1 ppm of 

nitrogen dioxide (NO2). Exposing an oxidizing gas to an n-type results in a resistive 

response (R/R0), as electrons leave the metal oxide surface. The outcome produces 

a decrease in the charge carrier concentration results and an increase within the 

depletion layer (eqn 3). 

 

NO2 (g) + ē à NO2-        (3) 

 

The sensors sensitivity gradually increased with gas concentration and decreasing 

temperature, accordingly displaying maximum responses at 300 °C, as seen within 

figure 3.4.5. Tungsten trioxide produced an extremely high resistive response of 512 

R/R0, when exposed to NO2. Previous studies have shown a resistive response of 

WO3 to 100 ppm NO2 at 200 R/R041, where a resistive response of 215 R/R0 at 40 

ppm of NO2 can be seen within this study; therefore, establishing an increase within 
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sensitivity.  

 

 
Figure 3.4.5. The magnitude of response for sensors exposed to nitrogen dioxide at 300 °C, 400 °C and 500 °C. 

 
300 oC WO3 CTO 2L WO3 2L CTO 75% WO3 75% CTO 50/50 

100 ppb 8.21 ±0.73 1.00 ±0.01 1.04 ±0.01 1.55 ±0.04 1.31 ±0.03 1.19 ±0.02 1.07 ±0.01 
200 ppb 19.40 ±0.98 1.07 ±0.01 1.09 ±0.01 2.68 ±0.11 2.21 ±0.18 1.78 ±0.05 1.27 ±0.03 
400 ppb 44.01 ±2.21 1.19 ±0.02 1.10 ±0.02 11.43 ±0.87 4.27 ±0.37 5.16 ±0.40 2.29 ±0.22 
800 ppb 164.59 ±7.33 1.90 ±0.07 2.19 ±0.12 63.31 ±4.50 4.17 ±0.44 28.80 ±1.02 13.36 ±0.99 

1000 ppb 527.84 ±28.76 2.61 ±0.11 3.71 ±0.25 111.92 ±8.83 4.35 ±0.38 46.15 ±3.31 20.26 ±1.30 
400 oC        

100 ppb 1.41 ±0.03 1.00 ±0.01 1.07 ±0.02 1.04 ±0.01 1.01 ±0.01 1.04 ±0.01 1.05 ±0.01 
200 ppb 2.32 ±0.25 0.99 ±0.01 1.10 ±0.02 1.23 ±0.02 1.07 ±0.01 1.17 ±0.02 1.19 ±0.03 
400 ppb 6.45 ±0.74 1.01 ±0.01 1.31 ±0.03 2.32 ±0.19 1.23 ±0.03 1.66 ±0.03 1.62 ±0.03 
800 ppb 32.02 ±1.87 1.08 ±0.02 1.45 ±0.03 25.14 ±0.22 1.72 ±0.05 4.88 ±0.05 3.43 ±0.31 

1000 ppb 105.30 ±8.90 1.15 ±0.02 1.47 ±0.05 65.89 ±0.58 1.92 ±0.06 6.63 ±0.05 4.23 ±0.36 
500 oC        

100 ppb 0.81 ±0.01 1.06 ±0.01 1.07 ±0.01 1.35 ±0.03 1.02 ±0.01 1.19 ±0.02 1.91 ±0.06 
200 ppb 0.91 ±0.01 1.04 ±0.01 1.06 ±0.01 1.48 ±0.03 1.05 ±0.01 1.24 ±0.02 2.03 ±0.16 
400 ppb 1.29 ±0.03 1.04 ±0.01 1.11 ±0.02 2.07 ±0.16 1.09 ±0.01 1.32 ±0.03 2.12 ±0.17 
800 ppb 4.82 ±0.45 1.04 ±0.01 1.13 ±0.02 7.14 ±0.63 1.26 ±0.03 2.54 ±0.17 2.18 ±0.20 

1000 ppb 12.61 ±0.92 1.05 ±0.01 1.36 ±0.04 10.06 ±0.84 1.51 ±0.03 2.94 ±0.23 2.24 ±0.25 

 
Table 3.4.5. A table showing the magnitude of response for the WO3 and CTO containing sensors when exposed to  

nitrogen dioxide alongside the 95% CI internal error margin. 
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As seen within the results, when exposed to an oxidising gas the p-type metal oxide 

surface rapidly decreases its concentration of electrons, consequently decreasing 

the metal oxides resistivity and producing a conductive response. Conversely, all CTO 

based sensors produced a conductive response significantly lower than unmodified 

WO3. However, the CTO modified sensors showed a substantial response when 

compared to the unmodified CTO sensor. A conductive response of 261 R0/R was 

produced by 75% CTO (75% CTO and 25% WO3) which is 37.2-fold increase than 

the unmodified CTO. The 50/50 (50% CTO and 50% WO3) sensor also produced an 

elevated conductive response of R0/R 152, indicating that the doping of p-type CTO 

with n-type WO3 can successfully increase sensitivity against gases associated with 

explosives. The admixed sensors demonstrated a significant improvement within 

sensitivity when tested against NO2 and when compared against the 2-layered 

sensors. The highest of the 2-layered sensors 2L WO3 (2 layers of WO3 over 2 layers 

of CTO) produced a resistive response of 86 R/R0. 

 

At 500 oC for the first two gas pulses of NO2 at 0.1 and 0.2 ppm, the resistive 

resistance decreased for the unmodified WO3 sensor and the admixed sensors 75% 

WO3 and 50/50 and therefore displayed p-type behavior. The cause of this is thought 

to be due to the low ratio of NO2 molecules to oxygen species on the surface of the 

metal oxides. Kida et al. states that the resistance change of a metal oxide to NO2 is 

determined by the concentration of NO2.177 During the gas pulse, the NO2 molecules 

must compete against the oxygen species absorption reactions occurring 

simultaneously. The resistance of the metal oxide will increase if the NO2 absorbs 

more strongly to the surface than the competing oxygen species. As the change in 

resistance was seen at low concentrations, it is suggested that the oxygen species 

were more dominant on the surface of the high WO3 containing metal oxides than 

the NO2. However, the next gas pulse of 0.4 ppm NO2, increased the ratio of NO2 

molecules to oxygen species and thus the normal n-type behavior was seen. 
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3.5  Summary of Gas Sensing Results  

 

3.5.1 Temperature Effects on the WO3 and CTO Containing Sensors 

 

The optimal temperature for the unmodified, admixed and 2-layered sensors 

generally were the same for the majority of test gases, however it was seen that the 

75% CTO admixed sensor and unmodified WO3 sensor produced their highest 

response at 400 °C when exposed to EGDN and TNT for the 75% CTO sensor and 

TATP for the unmodified WO3 sensor, whereas the remaining admixed, unmodified 

and 2-layered sensors produced their most responsive results at 300 °C. The similar 

effect can be seen within the EGDN testing, where the majority of the sensors 

produced their highest responses at 300 °C, whereas the 2L CTO, 75% WO3 and 

75% CTO sensors peak at 400 °C. The NG results proved the sensors which 

contained the majority metal oxide as CTO, performed the best at 500 °C, this 

included the unmodified CTO, 2L CTO and 75% CTO sensors, whereas all other 

sensors produced their highest response at 400 °C. The results demonstrate that 

the incorporation of admixed and 2-layered sensors does make a significance 

difference to the gas sensing response. 

 

Overall the most sensitive responses were produced at 300 °C for all test gases other 

than, NG which peaked at 400 °C and DMNB and ammonia which peaked at 500 

°C. When analysing the top performing sensors for each test gas, the most sensitive 

sensor to TNT, nitromethane and 2-ethylhexnaol was the unmodified CTO sensor. 

Following this was the 2L CTO sensor which produced the most sensitive responses 

for TATP, DMNB and ammonia. Therefore, it is clear to see that having a sensor with 

a top layering of CTO being present is the most responsive to both explosive vapours 

and in-house testing gases. Also, responsive to the remaining test gases were sensors 

unmodified WO3 and 2L WO3, therefore demonstrating that the most responsive 

sensors within this chapter were the unmodified and 2-layered sensors when tested 

at the optimum temperature.  
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All sensors were exposed to humidity alongside the explosive vapours in order to 

assess how humidity affects the sensing responses. The humidity exposed to the 

sensors can be viewed in Table 3.5.1. Within the TNT testing the unmodified WO3, 

unmodified CTO and the 2L CTO sensors all remained relatively level throughout the 

humidity increase. The unmodified WO3 also remained relatively stable when tested 

against NG and TATP making this overall as one of the most suitable sensors for 

humidity testing explosive materials. The 2L WO3 and 50/50 strongly reacted to the 

increase in humidity with TNT and NG, therefore displaying both these sensors as 

not suitable to “in life” use. The unmodified CTO and 2L WO3 sensor produced strong 

responses to the humidity when also exposed to TATP. 

 

Test Gas Humidity tested 

TNT 5%, 10% and 15% 

NG 12.5%, 25% and 35% 

EGDN 5%, 15% and 25% 

TATP 5%, 15% and 25% 

Table 3.5.1. A table showing the humidity levels used when exposed to a range of explosive vapours. 

 

Overall this sensor set did not produce a large increase in response to humidity when 

exposed to EGDN. This result is positive demonstrating when using a sensor within 

the field, the data will not be dramatically altered due to the increase in humidity 

from a laboratory environment to the field. However, both 2-layered and admixed 

sensors strongly reacted to the humidity when tested against NG, making them the 

least unreliable when testing NG within a humid environment.  

 

 

3.5.2 Microstructural Effects on the WO3 and CTO Containing Sensors 

 

The microstructure of a sensor can influence the gas sensing response through the 
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surface area created within the sensing material. The sensing responses may be 

affected by the diffusion of the test gas through the sensing material as well the 

kinetics and reactions which occur at the sensor surface 160. Therefore, it is important 

to assess whether admixed and 2-layered sensors affect the gas sensing response 

due to a change in microstructure. The unmodified WO3 and CTO sensors were 

analysed at the beginning of this chapter and their responses will be analysed 

against the modified sensors. 

 

The WO3 and CTO array could distinguish between the different test gases they were 

exposed to, making this suitable for in-life testing. It has previously been reported 

that some arrays are unable to distinguish themselves between different test gases, 

due to the molecular or functional group similarities of the test gases 160. However, 

this has not presented itself within this study. The diffusion of the gas molecules 

through the sensing material is determined by the particles of metal oxides. 

Therefore, by incorporated admixed and 2-layered sensors the diffusion of the gas 

molecules through the sensing materials may cause a delayed response time, 

particularly within the admixed sensors. It has also been suggested that cracking 

may occur within sensors which would therefore decrease the response times. 

 

The response and recovery times for the WO3 and CTO containing sensors can be 

seen within table 3.5.2a and 3.5.2b. The sensors was exposed to 1 ppm of NO2 at a 

range of temperatures from 300 °C to 500 °C. The results shown within Table 3.5.2a, 

demonstrate the response times decreasing as temperature increases. The opimal 

response produced out of the sensors was the 2L CTO and 75% WO3 sensors with 

a response time of 20 seconds at 500 °C. The 75% WO3 reacted very unusually as 

the response times were extremely rapid at all temperatures measured, this was due 

to the sensor peaking as soon as it was exposed to the test gas. Following this peak, 

the responses tailed off. The 75% WO3 sensor shows response ranging from 50 

seconds to 20 seconds, showing the sensors ability to respond rapidly. Overall the 

50/50 sensor and 2L CTO sensor show rapid decrease in response time as 
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temperature increases, demonstrating both admixed and 2-layered sensors have 

improved response times on the unmodified metal oxides. 

 

  Response Times (sec)  

Sensors 300 °C 400 °C 500 °C 

WO3 250 (±19.32) 140 (±10.18) 30 (±2.12) 

CTO 160 (±10.44) 90 (±5.65) 50 (±2.87) 

2L WO3 270 (±21.47) 230 (±19.28) 100 (±8.14) 

2L CTO 240 (±19.83) 40 (±3.09) 20 (±1.47) 

75% WO3 50 (±4.32) 30 (±2.54) 20 (±1.33) 

75% CTO 280 (±20.65) 220 (±17.16) 160 (±11.98) 

50/50 360 (±28.77) 110 (±9.29) 30 (±2.03) 

Table 3.5.2a. The response times produced by the WO3 and CTO containing sensors when exposed to temperature 
ranges from 300 °C to 500 °C. 

 

The recovery times of the sensors can be seen within Table 3.5.2b and they have 

been calculated as the time taken to return to 10 % of the sensors original baseline 

resistance when exposure to the test gas has concluded. Overall the recovery times 

decreased as temperature increased, with the unmodified CTO sensor recovering at 

the fastest rate at as temperature increased from 120 seconds at 300 °C to 50 

secods at 500 °C. However, the unmodified CTO, 2L CTO and 50/50 sensors 

produced a very low recovery time of 120 seconds, 110 seconds and 120 seconds 

repectively at the lower temperatures, showing these sensors to be very responsive 

and efficient. Interestingly, the recovery times for the 50/50 and 2L CTO sensors 

remain relatively stationary from 400 °C to 500 °C, whereas the other layered 

systems improve their recovery time as temperature increases. 
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  Recovery Times (sec)  

Sensors 300 °C 400 °C 500 °C 

WO3 240 (±19.28) 180 (±13.80) 70 (±5.63) 

CTO 120 (±6.43) 100 (±8.20) 50 (±3.82) 

2L WO3 140 (±11.02) 100 (±8.73) 70 (±4.90) 

2L CTO 110 (±9.43) 90 (±6.84) 90 (±6.93) 

75% WO3 160 (±12.67) 60 (±4.32) 20 (±1.55) 

75% CTO 310 (±28.80) 160 (±10.34) 100 (±7.61) 

50/50 120 (±8.95) 80 (±6.11) 70 (±5.18) 

Table 3.5.2b. The recovery times produced by the WO3 and CTO containing sensors when exposed to temperature 
ranges from 300 °C to 500 °C. 

 

 

3.5.3 Sensitivity of the WO3 and CTO Containing Sensors 

 

Previous studies on n-type metal oxides have been carried out, with metal oxides 

such as WO3, being well examined 180. New development on p-type metal oxide 

semiconducting sensors have been undertaken recently, including studies on the 

material CTO 181,182. However, further investigation is needed, especially on p-type 

materials in order to fully understand the sensors optimal performance and 

reactivity against a range of test gases. Previous studies have been carried out on n-

p heterojunction sensing arrays such as CTO-Fe2O3 183, CuO-ZnO 184 and CTO-ZnO 

185. Zeng et al, reported an enhanced number of reaction sites are present within 

mixed oxide systems, which in turn have shown enhanced gas sensing properties 

186. 



 157 

 

The optimal performances produced by semiconducting metal oxide sensors is 

influenced by temperature187, 188, as well as other factors such as rate of adsorption 

and desorption of oxygen and the concentration of charge carriers within the sensing 

material189. The semiconducting metal oxides optimal responses influenced by 

temperature due to the number of ionized oxygen species adsorbed onto the sensor 

increasing as temperature also increases until a maximum limit is reached190. 

Therefore, the response produced by the sensor when exposed to the test gas is 

dependent on the greater number of oxygen species which result in an increase in 

electrons released back into the Electron Depletion Layer�(EDL) and therefore 

produce a larger response for an n-type material.  

 

The sensors demonstrated its highest responses for 2,4,6-Trinitrotoluene (TNT) 

exposure at 300 °C, with unmodified CTO producing the highest response of the 

sensor set at 2.04 R/R0. Both the unmodified CTO and 50/50 sensors are sensitive 

to TNT within this sensor set, alongside 75% CTO which produced the highest 

response at 400 °C. The remaining sensors produce relatively low responses 

throughout the range, therefore indicating WO3 and CTO containing sensors may not 

be suited for detecting TNT. Throughout the temperature ranges the 75% WO3 and 

2L CTO sensors produce consistently low responses. Overall the 2-layered sensors 

within this chapter produce some of the lowest responses throughout the 

temperature ranges, however the admixed and unmodified sensors prove to be more 

sensitive. 

 

The most sensitive responses produced within the nitrogylcerine (NG) testing were 

performed by the unmodified WO3, 2L CTO and 75% WO3 sensors producing the 

highest response at 400 °C. At 300 °C, a steep increase in response is seen from the 

unmodified CTO sensor between the 50 ppb and 100 ppb concentrations, this 

pattern can also be seen with the unmodified WO3 sensor. The 50/50 sensor 

produced the lowest response at each temperature tested, therefore showing having 
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a dominance of one metal oxide is more suitable for NG detection. Both the admixed 

and 2-layered sensors generally remained low when exposed to NG at all 

temperatures tested, therefore if producing sensors for this material an unmodified 

sensor would be more appropriate.  

 

The unmodified CTO and 2L WO3 produced the highest responses of 3.65 R0/R and 

4.18 R/R0 respectively when exposed to Ethylene Glycol Dinitrate (EGDN) at 300 °C, 

with both these sensors rapidly increase from 200 ppb to 900 ppb. At 400 °C the 

unmodified CTO and 2L WO3 sensor decrease in response, leaving 75% CTO to 

produce the largest response at 1.68 R/R0, followed by 2L CTO and 75% WO3. At 

500 °C the unmodified CTO sensor increases in response to become to most 

sensitive response again, leaving the remaining sensors to produce relatively 

stationary responses. The 2L WO3 sensor has produced relatively low responses 

through the explosive materials testing in this chapter, therefore proving selective 

towards EGDN. Overall when tested against EGDN, the most responsive sensors were 

the unmodified and 2-layered sensors which produced the highest sensitive 

responses at all temperatures tested.  

 

The sensors was exposed to Triacetone triperoxide (TATP) and produced the highest 

sensitive responses out of all the explosive materials tested. The highest sensitivity 

could be seen at 300 °C for 2L CTO and unmodified CTO at R0/R 8.36 and R0/R 

6.14 respectively, demonstrating CTO to be highly effective when sensing TATP. The 

50/50 sensor also produces a high response of 3.43 R/R0 at 300 °C. 2L CTO remains 

the most sensitive sensor at 400 °C with response of 4.82 R0/R, followed by the 

unmodified WO3 sensor with a response of 3.26 R/R0. However, at 500 °C the 2-

layered tungsten sensor (2L WO3) produces the highest resistive response at 2.70 

R/R0. Overall from analysing the results produced from exposing the snesors to 

TATP, both 2-layered sensors within the set produce the most sensitive responses 

demonstrating that 2-layered sensors can increase sensitivity on the unmodified 

material.  
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The WO3 and CTO containing sensors was exposed to concentrations of 5, 10, 20, 

40 and 50 ppm of ammonia. The highest sensitivity was produced at 500 °C by the 

unmodified WO3 and 2L CTO at R0/R 8.5 and R/R0 10.7 respectively. Interestingly 

the unmodified CTO produced one of the lowest resistive responses, showing the 2- 

layered CTO sensor (2 layers of CTO over 2 layers of WO3) to increase sensitivity. At 

400 °C the sensors produce relatively similar responses, with the unmodified CTO 

sensor just producing the largest sensitivity at 2 R0/R, whereas this sensor produced 

the lowest responses at both 300 °C and 500 °C. At 300 °C the responses of the 

sensors increase, with the unmodified WO3 and the 2L CTO sensor again producing 

the most sensitive responses of the sensor set. Therefore, the WO3 and CTO 

containing sensors has shown their responses are dependent upon the operating 

temperature, with the 2-layered CTO sensor, producing the highest response at 500 

°C, showing sensitivity has significantly improved using a modified sensors when 

tested against ammonia. 

 

The sensors was exposed to 30, 59, 118, 237 and 296 ppm of 2-ethylhexanol. The 

unmodified CTO sensor produced a very high response of 3621 R/R0, this response 

dominated the sensor set with the next sensitive sensor being a 58-fold decrease. 

Interestingly the unmodified CTO produced low responses at increased 

temperatures of 400 °C and 500 °C. This result shows the operating temperature to 

have a large influence on the sensors response. Similarly, to the ammonia testing, 

the unmodified WO3 and 2L CTO sensors are the most responsive at 400 °C and 

500 °C. At 400 °C the 75% WO3 sensor also shows a high response of 45 R/R0, this 

is positive as this sensor is commonly low responding to other explosive test gases, 

showing selectively to 2-ethylhexanol. At 500 °C the 50/50 sensor demonstrated a 

steep decrease in response at the second pulse of 2-ethylhexanol. The sensor 

appears to initially react in a p-type manor when expected to be n-type. This pattern 

continues until the concentration of 2-ethylhexanol increases. It is possible this is 

reacting p-type due to an oxygen induced band bending as the p-type responses are 
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only seen at the lower concentrations of 2-ethylhexanol. 

 

The WO3 and CTO containing sensors was exposed to 2,3-dimethyl-2,3-dinitrobutane 

(DMNB) at concentrations 0.28, 0.56, 1.12, 2.24 and 2.28 ppm. The highest 

sensitivities produced appeared at 500 °C, where the higher temperature provided 

an enhanced desorption rate. It was seen that the first four gas pulses of DMNB 

produced low responses throughout the sensor set, with the final gas pulse of 2.8 

ppm showing a high increase in response. This could be due to the analysis being 

performed through head space analysis, with the dry air passing over the solid not 

producing enough friction of the solid material and therefore limiting the desorption 

of electrons. The 2L CTO (2 layers of CTO over 2 layers of WO3) produced the highest 

response of the array over the whole range of temperatures. The remaining sensors 

follow a similar trend which show a slow increase in response to increasing 

concentration. The unmodified WO3 sensor and the 75% CTO sensor also show a 

gradual increase with increasing concentration, therefore, showing DMNB to be 

sensitive to unmodified, admixed and 2 layered sensors. 

 

The sensors was exposed to concentrations of 1800, 3600, 7200, 14400 and 18000 

ppm of nitromethane. The CTO containing sensors produced the highest responses 

with the unmodified CTO sensor producing an R/R0 of 617 when tested at 300 °C. 

The 2L CTO (2 layers of CTO over WO3) and 75% CTO (75% CTO and 25% WO3) 

sensors showed the next sensitive responses, therefore showing CTO to be sensitive 

when testing against nitromethane. All admixed and unmodified WO3 containing 

sensors produce low conductive responses over all three temperatures. Therefore, 

showing CTO as being selective towards detection of nitromethane. Literature on the 

gas sensing properties of nitromethane are limited, therefore these results prove 

promising for establishing the successful responses produced when exposed to a p-

type material. 

 

The WO3 and CTO containing sensors was exposed to five concentrations ranging 
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between 0.1 and 1 ppm of nitrogen dioxide (NO2). The unmodified WO3 sensor 

produced an extremely high resistive response of 512 R/R0, when exposed to NO2 

at 300 °C. This sensor produced the highest responses throughout the temperature 

range tested, followed by the 2L CTO sensor. All the CTO based sensors produced a 

conductive response significantly lower than the unmodified WO3 sensor. However, 

the CTO modified sensors showed a substantial response when compared to the 

unmodified CTO sensor. A conductive response of 261 R/R0 was produced by 75% 

CTO which was a 37.2-fold increase in response when compared to the unmodified 

CTO sensor. The 50/50 sensor also produced an elevated conductive response of 

R0/R 152, indicating that the doping of p-type CTO with n-type WO3 can successfully 

increase sensitivity against gases associated with explosives. Interestingly, at 500 °C 

for the first two gas pulses of NO2 at 0.1 and 0.2 ppm, the resistance decreased for 

the unmodified WO3 sensor and the admixed sensors 75% WO3 and 50/50 and 

therefore displayed p-type behaviour. This is thought to be due to the low ratio of 

NO2 molecules to oxygen species on the surface of the metal oxides. During the gas 

pulse, the NO2 molecules must compete against the oxygen species absorption 

reactions occurring simultaneously. Previous studies have reported a change in type 

of metal oxide for WO3, for instance from n-type to p-type, due to oxidation reactions 

which occur on the surface of the metal oxide altering the reaction process. 191,192 

 

Overall, the most sensitivity for an oxidising gas was unmodified WO3, and the three 

admixture sensors, 75% CTO, 50/50 and 75% WO3 suggesting n-type 

semiconductors to be more sensitive towards NO2. Previous research has yielded 

evidence of admixed sensors producing more sensitive results than the unmodified 

metal oxide.178 WO3 has been investigated and used within metal oxide admixtures 

and has produced a higher sensitivity than its unmodified version.179 Suchorska-

Woźniak et al. states WO3 has been previously used within a hetero-contact gas 

sensor, which modified the parameters of the sensor and thus increased its 

sensitivity.193 A recent study by Siriwong et al, showed WO3 sensors with 

incorporated ZnO nanoparticles to display a 5-fold increase in sensor response when 
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exposed to 50 ppm of NO2, demonstrating the incorporation of additional metal 

oxides within sensors to improve responses194 .It is thought that the admixed sensors 

improve sensitivity due to the change within pore structure as seen from the SEM 

results. 75% CTO produced a response of 261 R0/R, this potentially may be due to 

CTO having a smaller range of pore size compared to WO3 and thus may create a 

larger surface area when admixed. Therefore, further investigation of WO3 within a 

heterojunction, in particularly admixed with a p-type material, should be conducted. 

 

The highest sensitive sensors for a reducing gas were unmodified CTO, 2L CTO, (2 

layers of CTO over 2 layers of WO3), 2L WO3 (2 layers of WO3 over 2 layers of CTO) 

and 75% CTO (75% CTO and 25% WO3). Therefore, it is clear that CTO containing 

sensors produces a high response against all three reducing gases. However, within 

the ammonia testing unmodified WO3 also produced a sensitive result of 8.5 R0/R 

at 50 ppm, whereas Stivastava et al, found a poor sensitivity response of 1 R0/R 

produced when sensing WO3 to 1000 ppm of ammonia.195 Both 2-layered sensors 

also provided high responses when exposed to the reducing gases, such as 2L CTO 

producing a R/R0 value of 21 when exposed to nitromethane at 400°C. Research 

has shown 2-layered sensors, such as WO3 and SnO2 to produce high sensitivities 

when exposed to hydrogen sulphide178. Multiple layers of different metal oxides 

heterojunctions have been investigated, although 2-layered semiconducting gas 

sensors may improve sensitivity, it may also decrease it 196, as seen within the gas 

sensing of nitromethane and ethanol. However, 2-layered sensors can be 

characterised by producing better selectivity when exposed to the test gases. 

 
The characterisation techniques used within the study, validate that the gas sensors 

are able to retain their structures. They are not physically changed due to gas 

exposure or calcination, after over 40 experimental cycles, therefore suggesting long 

term microstructural stability. The response values produced also remained 

consistent throughout the 40 experimental cycles, consequently also signifying 

response stability. Each experiment was conducted a minimum of three times, in 
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order to investigate the consistency of the sensors. Given the experiments produced 

little variation between each experiment, the authors suggest the sensors to be 

reliable in producing a dependable technique for gas sensing. The sensors is easily 

reproducible through the screen-printing method, with a low cost associated with 

the production.  All sensors successfully detected the lowest concentrations of test 

gases exposed, therefore showed a LOD of 5 ppm of Ammonia, 30 ppm of 2-

ethylhexanol, 280 ppb of DMNB, 1800 ppm of nitromethane and 100 ppb of NO2. 
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4 Results and discussion of ZnO and SnO2 

Containing Sensors 
 

Chapter 4 describes the results produced to the ZnO and SnO2 containing sensors, 

incorporating unmodified, admixed and 2-layered sensors. The unmodified sensors 

were analysed in terms of their responses to film thickness, response and recovery 

times and temperature ranges. The modified sensors was then compared to the 

responses attained from the unmodified sensors. The modified sensors was then 

exposed to a range of explosive vapours and in-house testing gases to assess their 

sensitivity and selectively. Humidity testing was also carried out when the sensors 

was exposed to the explosive vapours. The results produced were analysed in terms 

of their microstructure, sensitivity and response to temperature.  

 

4.1 Sensor Characterisation  

 

Seven sensors created for the detection of explosives were produced using a thick-

film screen-printing method and thereafter were exposed to five gases associated 

with explosives at a range of temperature; 300 °C, 400 °C and 500 °C. All sensors 

produced underwent several characterisation techniques, comprising of X-Ray 

Diffraction (XRD), Scanning Electron Microscopy (SEM), Energy-Dispersive X-ray 

Spectroscopy (EDX) and Raman spectroscopy, both before and after being exposed 

to the test gases. The abbreviations of the sensors used within this chapter can be 

seen within Table 4.1 
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Sensor Abbreviation Metal Oxide Wt% (4 layers) 

ZnO ZnO (100%) 

SnO2 SnO2 (100%) 

50/50 50% ZnO, 50% SnO2 

75% ZnO 75% ZnO, 25% SnO2 

75% SnO2 75% SnO2, 25% ZnO 

2L ZnO 2 layers of ZnO over 2 layers of SnO2 

2L SnO2 2 layers of SnO2 over 2 layers of ZnO 

Table 4.1. The abbreviations of the metal oxides used within the ZnO and SnO2 containing sensors. 

       

4.1.1 X-ray Diffraction   

 

The X-ray Diffraction (XRD) diffraction patterns produced from the sensors before 

exposed to the test gases are displayed in figure 4.1.1, which confirm the crystalline 

chemical make-up of the unmodified, admixed and 2-layered sensors. The ZnO 

containing sensors, corresponding to the reference ZnO pattern (ICDD 36-1451) 

shows a hexagonal wurzite single phase structure with characteristic peaks at 2θ = 

31.73◦, 34.37◦, 36.21◦, 38.07◦and 47.48◦. The SnO2 containing sensors show a 

tetragonal structure with peaks at 2θ = 34.06◦, 38.36◦, 51.59◦, 64.89◦and 66.24◦ 

matching the reference pattern (JCPDS 41-1445). The 2L SnO2 displays some of the 

ZnO peaks, suggesting the layers of that sensor to be thinner compared with the 2L 

ZnO sensor. 
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Figure 4.1.1. XRD diffraction patterns of seven sensors. (Top) ZnO, SnO2, 50/50 (50% of ZnO admixed with 50% of 
SnO2), 75% ZnO (75% ZnO admixed with 25% SnO2), 75% SnO2 (75% SnO2 admixed with 25% ZnO), 2L ZnO (2 
layers of ZnO over 2 layer of SnO2) and 2L SnO2 (2 layers of SnO2 over 2 layer of ZnO).  

   

 

4.1.2 Scanning Electron Microscopy   

 

The Scanning Electron Microscopy (SEM) micrographs, as shown in figure 4.1.2a, 

clearly demonstrates the differences between the two metal oxides. All micrographs 

shown below are at 30000x magnification. Figure 4.1.2aA shows the unmodified ZnO 

sensor displaying a rectangular shape with smooth curved edges, the ZnO particle 

size showed a broad range from 0.1 to 0.9 µm. The morphology of SnO2 is displaying 

a more irregular shape with rough edges and with a much smaller particles size than 

ZnO showing a range between 0.05 to 0.3 µm within figure 4.2.2aB. All admixed 

sensors, figures 4.1.2aC-E, show both ZnO and SnO2 materials within the 

micrographs at the appropriate quantity based upon the admixture composition.  
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The 2-layered sensors display only the top layered metal oxide, as also confirmed 

within EDX. Figure 4.1.2aH shows the sensor substrate at 25x magnification, showing 

the overall porous nature of the metal oxide composition.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.2a. SEM micrographs of (top left moving in the right direction) A: ZnO, B: SnO2, C: 50/50, D: 75% ZnO, 
E: 75% SnO2, F: 2L ZnO, G: 2L SnO2 all at x30,000 magnification and H: a view from x 25 magnification of 50/50 
to show the overall sensor. 

 

The 2-layered sensors were then analysed through using the SEM and EDX 

from a side point of view. As seen within figure 4.1.2b the sides of the sensor 

substrate are indented slightly in a curved formation. At 500x magnification 

both the 2-layered sensors were analysed using the mapping function in EDX. 

A clear division can be seen within the images with the first metal oxide to be 

printed filling the indentations within the sensor substrate and the other metal 

oxide being layered on top. Figure 4.1.2b shows the 2L ZnO sensor (2 layers 

of ZnO over 2 layers of SnO2) with the ZnO being mapped as red and SnO2 

mapped as green. A clear line can be seen of the SnO2 curving round the 

alumina substrate. The ZnO is layered on top, a slightly darker red colour can 

be viewed at the top of the image which is showing the top surface of the 

metal oxide due to the angle of the sensor within the SEM. On average the ZnO 

layering within the 2L ZnO sensor when curving around the substrate is on 

A B C D 

E F G H 
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average 25 µm and 10 µm for ZnO and SnO2 respectively. When the metal 

oxide is within the indentation the size of the ZnO and the SnO2 layer is 70 

µm. Conversely, it thought the SnO2 layering continues down the indentation, 

however shadowing within the SEM machine meant this was not detected. The 

2L SnO2 sensor as seen within figure 3C, displays the base metal oxide ZnO 

filling up the entire indentation within the substrate, with a SnO2 layering on 

top. Around the substrate curves the ZnO particle size ranges from 1 to 10 µm 

and the SnO2 particle size ranging from 5 to 20 µm. As the ZnO metal oxide 

fills up the indentation the ZnO layer is thought to be 2 µm deep. With the 

SnO2 layering reaching a 55 µm depth.  

 

 

 

 

 

 

 

ZnO = 

SnO2
 =  

Figure 4.1.2b. SEM micrographs of A: a side view of the screen-printed sensor substrate, B: mapping of the 2L ZnO 
sensor and C: mapping of the 2L SnO2 sensor. (Left to right respectively) 

   

   

4.1.3 Energy-Dispersive X-ray Spectroscopy  

 

Within the Energy-Dispersive X-ray Spectroscopy (EDX) analysis the atomic 

percentages showed the resulting atom types for the sensors. A compound 

percentage was also used which allowed easier identification of the metal oxide 

compounds. The sensors chemical composition was confirmed by EDX with the 

atomic weight and compound percentage corresponding to the experimental 

measurements taken.  

A 

B C 
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Table 4.1.3. A table showing EDX weight percentages produced from the ZnO-SnO2 containing sensors. 

   

4.1.4 Raman Spectroscopy        

 

Raman spectroscopy was scanned over the range of 200 cm-1 to 1500 cm-1, the data 

produced can be seen within figure 4.1.4 The unmodified ZnO sensor produced 

peaks at 378 cm-1, 416 cm-1, 439 cm-1, 578 cm-1 and 1159 cm-1; each peak was 

visible within each ZnO containing sensor. The 378 cm-1, 439 cm-1 and 1159 cm-1 

peaks are recognised by the A1 (TO) symmetry mode of ZnO197, the optical phonon 

E2198 mode and E3199 mode respectively. The unmodified SnO2 sensor produced 

peaks at 634 cm-1 and 778 cm-1 for modes A1g200 and B2g201 respectively, producing 

much higher intensity peaks when compared to the unmodified ZnO. After exposure 

to the test gases the characterisation techniques were repeated, no changes to the 

structure of the metal oxides were detected.  

 

Sensor Zn Sn O Total 

ZnO 80 - 20 100 

SnO2 - 78 22 100 

2L ZnO (2 layers of ZnO over 2 

layer of SnO2) 

80 - 20 100 

2L  SnO2 (2 layers of  SnO2 over 2 

layer of ZnO) 

-     78 22 100 

75% ZnO (75% ZnO admixed with 

25%  SnO2) 

58 14 28 100 

75%  SnO2 (75%  SnO2admixed 

with 25% ZnO) 

25 54    21 100 

50/50 (50% of ZnO admixed with 

50% of  SnO2) 

41 38 21 100 
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Figure 4.1.4.  Raman spectra of seven sensors (top) ZnO, SnO2, 50/50 (50% of ZnO admixed with 50% of SnO2), 
75% ZnO, 75% ZnO admixed with 25% SnO2), 75% SnO2 (75% SnO2 admixed with 25% ZnO), 2L ZnO (2 layers 
of ZnO over 2 layer of SnO2) and 2L SnO2 (2 layers of SnO2 over 2 layer of ZnO). 

 

4.2 Effects of Parameters Affecting ZnO and SnO2 Gas Sensing Response 

 

In order to analyse how the parameters, affect the gas sensors, sensors of 3 – 5 

layers of the unmodified sensing materials of ZnO and SnO2 were produced. 

Evaluations to assess how film thickness and temperature affect the gas sensing 

response were carried out. Characterisation techniques were undertaken to examine 

if any changes within the sensors morphology and microstructure through the use 

of increased layering. The sensors were exposed to a range of temperatures (300 °C 

– 500 °C), where response and recovery times were also analysed. All the data 

produced was evaluated to establish which process would provide the optimal gas 

sensing responses.  
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4.2.1 Effects of Film Thickness on the Kinetics of ZnO and SnO2 Gas Sensing 

Responses 

 

The response and recovery times of each sensors was analysed in order to determine 

the optimal number of layers required for achieving the fastest times. The 3-layered, 

4-layered and 5-layered sensors were tested against temperatures ranging from 300 

– 500 °C and exposed to NO2, with the results produced displayed within the tables 

shown below. The response time produced by the sensor is the time taken to reach 

90 % of its maximum resistance value once exposure to the test gas began. The 

error margins produced for both response and recovery times are shown in the 

tables alongside the responses produced. The error margins were calculated using 

the standard deviation of the 3 repeat tests performed. 

 

Table 4.2.1a showing the response times produced for all 3 sensors, show that 

response times became rapidly slower as temperature increased, with the 3-layered 

sensor showing a response time of 390 seconds at 300 °C and 140 seconds when 

tested at 500 °C. The quickest response produced out of the sensors was the 5-

layered sensor with a response time of 130 seconds at 500 °C, however the 3-layered 

sensors shows the quickest response times when tested at the lowest temperatures, 

390 seconds and 300 seconds for temperatures 300 °C and 350 °C respectively. 

Overall the 4-layered sensor produces slightly slower response times than the 3-

layered and 5-layered systems, however it produces the most sensitive responses as 

seen later in chapter 4.1.2. 
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Table 4.2.1a. The response times produced by the 3, 4 and 5-layered unmodified SnO2 sensors when exposed to 
NO2 and temperature ranges from 300 °C to 500 °C. 

 

Shown within Table 4.2.1b is the response times for the 3,4 and 5-layered 

unmodified ZnO sensors. Overall it is seen that all response times decrease as 

temperature increases. The 5-layered sensor produces the fastest response times 

from 400 °C – 500 °C, from 200 seconds to 130 seconds repectively, however the 

3-layered sensor produces the quickest response times at the lower temperatures 

300 °C – 350 °C, 140 seconds to 170 seconds respectively, when responding to the 

NO2 test gas. The below results suggest that cracking may have taken place within 

the 5-layered sensor, thus increasing the surface area of the sensor and therefore 

decreasing the response time. The 4-layered sensor overall produced an increased 

response times throughout the temperatures tested, when compared to the 3-

layered and 5-layered sensors, however it is anticipated that the incorporation of 

admixed and 2-layered sensors will increase the response times.  

 

 

 

 

 

 

  Response Times (sec)  

Temperature 3 Layers 4 Layers 5 Layers 

300 370 (±29.31) 510 (±42.11) 200 (±18.43) 

350 280 (±20.43) 440 (±37.09) 190 (±13.28) 

400 250 (±19.77) 400 (±33.02) 120 (±9.90) 

450 220 (±15.62) 310 (±26.55) 80 (±6.13) 

500 160 (±10.29) 200 (±18.13) 60 (±4.42) 
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  Response Times (sec)  

Temperature 3 Layers 4 Layers 5 Layers 

300 390 (±30.15) 530 (±46.91) 450 (±39.25) 

350 300 (±22.44) 460 (±37.13) 350 (±28.18) 

400 220 (±17.89) 370 (±29.57) 200 (±15.47) 

450 170 (±11.90) 300 (±23.88) 140 (±10.03) 

500 140 (±9.35) 190 (±12.54) 130 (±8.42) 

Table 4.2.1b. The response times produced by the 3, 4 and 5-layered unmodified ZnO sensors when exposed to 
temperature ranges from 300 °C to 500 °C. 

 

The unmodified 3,4 and 5-layered unmodified ZnO sensors, as seen within Table 

4.2.1c, produce decreased recovery times at all temperatures when compared to the 

layered SnO2 sensors. Both the 3-layered sensor and 5-layered sensor produces 

their fastest recovery time at 500 °C, 80 seconds and 50 secodns respectively, 

whereas the 4-layered sensor produced a recovery time of 20 seconds at 450 °C. 

The 4-layered sensor then increases its recovery time by 30 seconds as the 

temperature increases from 450 °C to 500 °C. The 4-layered sensor produces the 

lowest recovery time of 20 seconds, out of all the unmodified layered sensors tested 

against NO2, which include WO3, CTO and SnO2. Overall the sensors produced their 

fastest recovery times of 80 seconds, 20 seconds and 50 seconds for the 3-layered, 

4-layered and 5-layered sensors respectively.  
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  Recovery Times (sec)  

Temperature 3 Layers 4 Layers 5 Layers 

300 180 (±11.23) 100 (±8.93) 340 (±26.06) 

350 170 (±9.54) 90 (±6.81) 200 (±14.75) 

400 150 (±8.15) 70 (±5.33) 80 (±5.82) 

450 150 (±10.44) 20 (±1.84) 60 (±4.90) 

500 80 (±5.35) 50 (±2.31) 50 (±3.13) 

Table 4.2.1c. The recovery times produced by the 3, 4 and 5-layered unmodified ZnO sensors when exposed to 
temperature ranges from 300 °C to 500 °C. 

 
The recovery time of the sensor is the time taken to return to 10 % of the sensors 

original baseline resistance when exposure to the test gas has concluded. The 

recovery times produced for the SnO2 layered systems can be seen within Table 

4.2.1d. Overall the sensors recovery time quickly decreased as temperature 

increased from 300 °C to 500 °C, at which all 3 sensors produced their fastest 

recovery times of 60 seconds, 90 seconds and 40 seconds for the 3-layered, 4-

layered and 5-layered sensors respectively. However, at 500 °C, it can be seen that 

the 3-layered sensor stabilizers at 60 seconds, therefore showing 450 °C to be the 

optimum temperature in terms of producing the fastest recovery time for this sensor. 

 

 

 

 

 

 

 

 

 



 175 

Table 4.2.1d. The recovery times produced by the 3, 4 and 5-layered unmodified SnO2 sensors when exposed to 
temperature ranges from 300 °C to 500 °C. 

 

4.2.2 Effects of Film Thickness on the ZnO and SnO2 Gas Sensing Responses 

 

The baseline resistance of the sensor when within air (R0), was compared to the 

resistance when exposed to the test gas (R) in order to establish the sensitivity of 

the sensor. The gas sensing response for an oxidising gas tested against an n-type 

semiconducting metal oxide is known as a resistive response R/R0. A conductive 

response R0/ R is produced when an n-type semiconducting metal oxide is exposed 

to a reducing gas. The opposite reaction occurs for a p-type material. The magnitude 

of response, S, was calculated as S = Rmax – R0, where Rmax was the maximum 

sensitivity produced. 

 

The unmodified 3,4 and 5-layered ZnO and SnO2 sensors were exposed to 800 ppb 

and 1 ppm of NO2 at a range of temperatures from 300 °C to 500 °C as seen within 

figures 4.1.2a to 4.1.2d. The layered systems were tested in order to determine 

whether film thickness affects sensor response. Shown below are the results of the 

two pulses of gas concentration at 350 °C and 300 °C, demonstrating the difference 

in response produced from the different layered system.  

 

Within figure 4.2.2a, the unmodified layered systems of ZnO show extremely 

  Recovery Times (sec)  

Temperature 3 Layers 4 Layers 5 Layers 

300 320 (±24.01) 280 (±19.18) 330 (±24.33) 

350 250 (±17.28) 210 (±16.72) 260 (±20.74) 

400 80 (±5.35) 150 (±10.92) 70 (±4.41) 

450 60 (±4.29) 100 (±7.83) 60 (±3.18) 

500 60 (±4.38) 90 (±6.26) 40 (±2.72) 
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responsive results for both the 3-layered and 4-layered ZnO sensors, producing 

responses of 111 R/R0 and 90 R/R0 respectively. At 350 °C the 5-layered sensor 

produces the lowest response of 4 R/R0, demonstrating that that film thickness is an 

important factor to consider when producing an array of sensors. The 4-layered 

sensor produced the highest response within this experiment, showing both the 3-

layered and 5-layered sensors to decrease in response, producing a bell-shaped 

curve effect.  The 4-layered sensor produces noise as its sensitivity increases, where 

as the 3-layered sensor produces a shark fin response.  

 

At 300 °C the responses seen differ greatly to the 350 °C testing’s, the 3-layered 

ZnO sensor is now the most responsive sensor producing a high response of 223 

R/R0 at 1 ppm of NO2, as seen within figure 4.2.2b. The second most responsive 

sensor is the 4-layered sensor at 113 R/R0 and followed by the 5-layered sensor at 

3 R/R0. The 4-layered and 5-layered sensor has remained stable in response, 

whereas the 3-layered sensor has vastly increased as temperature decreased. 

Previous studies have shown the film thickness of heterojunctions of ZnO and SnO2 

to have a significant impact of the sensitivity produced2.  
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Figure 4.2.2a. The unmodified 3, 4 and 5-layered ZnO sensors when exposed to 800 ppb and 1 ppm of nitrogen 
dioxide at 350 °C. 

 

Figure 4.2.2b. The unmodified 3, 4 and 5-layered ZnO sensors when exposed to 800 ppb and 1 ppm of nitrogen 

dioxide at 300 °C. 
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The unmodified layered SnO2 sensors show a dramatic difference in sensor response 

when measured at low temperatures against 800 ppb and 1 ppm of NO2. The 4-

layered SnO2 sensor produces a vast response at 350 °C of 380 R/R0 as seen within 

figure 4.2.2c, this response is extremely high when compared to the 3-layered and 

5-layered systems. For clarity, figure 4.2.2d shows the responses produced by the 

3-layered and 5-layered SnO2 sensors without the 4-layered sensor. Both the 3-

layered and 5-layered sensors are responsive against NO2, with the 3-layered sensor 

producing the 2nd highest response of 11 R/R0. As the 3 and 5-layered sensors 

increase from 800 ppb to 1 ppm of NO2, the sensors response increases by ~2 R/R0. 

Whereas the 4-layered sensor vastly increases in response by 340 R/R0 as the pulse 

concentration increases.  

 

 
Figure 4.2.2c. The unmodified 3, 4 and 5-layered SnO2 sensors when exposed to 800 ppb and 1 ppm of nitrogen 
dioxide at 350 °C. 
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Figure 4.2.2d. The unmodified 3 and 5-layered SnO2 sensors when exposed to 800 ppb and 1 ppm of nitrogen 
dioxide at 350 °C. 

 

When analysing the 300 °C responses producing by the unmodified 3,4 and 5-

layered SnO2 sensors, it is clear to see the 4-layered sensor remains to be the most 

sensitive sensor within this sensor set, as seen within figure 4.2.2e. The sensor 

response produced has overall increased as the temperature has decreased by 50 

°C. The 4-layered sensors response has increased from 380 R/R0 to 630 R/R0, this 

sensor produces also a lot of noise whilst at its most sensitive, this has occurred 

within both temperatures measured and could be due to poor particle connectivity 

within the sensing material. Figure 4.2.2f, shows the 3-layered and 5-layered sensors, 

without the 4-layered sensor to show a clearer representation of the responses 

produced. Both the sensors have increased as the temperature has decreased, the 

3-layered sensor remains to be the second most responsive at 17 R/R0, with the 5-

layered sensor producing a response of 13 R/R0. Both the 3-layered and 5-layered 

sensors produce a typical shark fin response, demonstrating that there were enough 

reactive sites still available for the NO2 gas molecules to interact, therefore not 

allowing the sensor to saturate and produce a steady stationary effect.  
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Figure 4.2.2e. The unmodified 3, 4 and 5-layered SnO2 sensors when exposed to 800 ppb and 1 ppm of nitrogen 
dioxide at 300 °C. 
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Figure 4.2.2f. The unmodified 3 and 5-layered SnO2 sensors when exposed to 800 ppb and 1 ppm of nitrogen 
dioxide at 300 °C. 

 

 

4.2.3 Effects of Temperature on the ZnO and SnO2 Gas Sensing Responses 

 

The unmodified 3,4 and 5-layered ZnO and SnO2 sensors were exposed to 1 ppm of 

NO2 and heated to temperatures ranging from 300 °C – 500 °C.  All the layered 

unmodified ZnO sensors showed their highest response at 300 °C and all decreased 

as temperature increased as seen within figure 4.2.3a. The response produced by 

the 4-layered sensor was overwhelmingly high when compared to the 3-layered and 

5-layered sensor. The responses show a bell-shaped curve occurring as the layering 

of the sensor increases, reaching its peak at 4-layers and then decreases steeply as 

the layers either increase or decrease. The unmodified 3-layered ZnO sensor is the 

next responsive, producing a high response at 300 °C and 350 °C, with little 

difference measured, however as the temperature increases to 400 °C, a dramatic 
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drop in response is seen. This response slowly decreases as temperature continues 

to increase.  

 

 

 
Figure 4.2.3a. The unmodified 3, 4 and 5-layered ZnO sensors exposed to nitrogen dioxide at a range of 
temperatures from 300 °C – 500 °C 

 
 
The unmodified SnO2 3,4 and 5-layered sensors as shown within figure 4.2.3b show 

the optimal response produced for all sensors were performed at 300 °C.  All sensors 

response decrease as temperature increases to 500 °C. The 4-layered sensor again 

demonstrates its sensitivity by producing a high response of 638 R/R0 at 300 °C, 

compared to the 3-layered and 5-layered sensors producing 19 R/R0 and 14 R/R0 

respectively. The decrease in response as temperature increases is due to fewer 

oxygen species adsorbing at the sensor surface, therefore fewer oxygen species are 

available to interact with the test gas molecules resulting in a small resistance 

change during gas exposure. At higher temperatures, the sensitivity produced by the 
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sensors are influenced by the type of test gas and its concentration202. Similarly, to 

the 3-layered ZnO sensor, the 4-layered SnO2 sensor has a steep decrease in 

response from 350 °C to 400 °C, showing the most promising responses for the 

unmodified SnO2 sensors are performed at the lower temperatures.  

 

 
Figure 4.2.3b. The unmodified 3, 4 and 5-layered SnO2 sensors exposed to nitrogen dioxide at a range of 
temperatures from 300 °C – 500 °C 

 
 

Figure 4.2.3c shows the responses from the 3-layered and 5-layered SnO2 sensors 

without the 4-layered sensor being present. Interestingly the sensors perform as 

expected until 400 °C, where the 3-layered sensor drops rapidly in response from 

10 R/R0 to 2 R/R0. This response begins to increase again as temperature decreases 

from 400 °C to 450 °C. It is unclear why this reaction occurred, this response was 

seen within the repeated tests and therefore further investigation into this reaction 

should be undertaken. 
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Figure 4.2.3c. The unmodified 3 and 5-layered SnO2 sensors exposed to nitrogen dioxide at a range of 
temperatures from 300 °C – 500 °C 

 

 

4.3  Gas Sensing Results on Explosive Material    

   

4.3.1 Exposure of 2,4,6-Trinitrotoluene to the ZnO and SnO2 Containing Sensors 

 

The 2,4,6-Trinitrotoluene (TNT) concentrations used within this study measured at 

5, 10, 25 and 50 ppb, showing a LOD of 5 ppb, these concentrations are currently 

the lowest TNT concentrations used within gas sensing known to the author. The 

highest responses seen within this study can be seen at 400 °C, with the 75% SnO2 

sensor displaying the most sensitive response, increasing by over 4 times as the 

concentration pulses increase. The remaining sensors demonstrate a relative low 

response when compared to the 75% SnO2 sensor. The next responsive sensor is 2L 

ZnO, which also follows the same trend at 300 °C steadily increasing in response as 
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temperature decreases. At 300 °C, the remaining sensors show their highest 

response overall, however the resistive response of 75% SnO2 decreases from 5.8 to 

3.4 R/R0. At 300 °C the least responsive sensor is SnO2, however at 500 °C this 

sensor is the 3rd most sensitive. ZnO remains at a constant level throughout the 

temperature decrease, however is the most sensitive at 500 °C. 

 

 
Figure 4.3.1a. The magnitude of response for the ZnO and SnO2 containing sensors exposed to 2,4,6-
Trinitrotoluene at 300 °C, 400 °C and 500 °C. 
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300 oC ZnO SnO2 50/50 75% ZnO 75% SnO2 2L ZnO 2L SnO2 
5 ppb 1.35 ±0.03 1.16 ±0.01 1.47 ±0.02 1.71 ±0.12 1.69 ±0.09 1.81 ±0.10 1.39 ±0.05 

10 ppb 1.67 ±0.03 1.20 ±0.04 1.62 ±0.04 1.89 ±0.09 2.47 ±0.29 1.93 ±0.10 1.48 ±0.05 
25 ppb 1.77 ±0.05 1.34 ±0.06 1.70 ±0.03 2.19 ±0.19 3.08 ±0.24 2.16 ±0.31 1.63 ±0.04 
50 ppb 1.96 ±0.09 1.40 ±0.09 1.85 ±0.07 2.22 ±0.31 3.40 ±0.41 2.23 ±0.33 1.72 ±0.09 
400 oC         
5 ppb 1.09 ±0.01 1.18 ±0.04 1.21 ±0.03 1.04 ±0.01 1.44 ±0.05 1.10 ±0.01 1.20 ±0.02 

10 ppb 1.19 ±0.03 1.19 ±0.02 1.23 ±0.03 1.05 ±0.01 2.46 ±0.16 1.40 ±0.05 1.21 ±0.02 
25 ppb 1.23 ±0.03 1.31 ±0.03 1.25 ±0.02 1.07 ±0.01 2.78 ±0.19 1.70 ±0.08 1.23 ±0.02 
50 ppb 1.26 ±0.05 1.41 ±0.03 1.30 ±0.04 1.10 ±0.02 5.80 ±0.24 2.20 ±0.14 1.25 ±0.03 
500 oC        
5 ppb 1.27 ±0.03 1.38 ±0.02 1.17 ±0.02 1.03 ±0.01 1.39 ±0.08 1.08 ±0.01 1.17 ±0.01 

10 ppb 1.41 ±0.07 1.40 ±0.03 1.20 ±0.02 1.04 ±0.01 1.47 ±0.07 1.08 ±0.01 1.19 ±0.03 
25 ppb 1.46 ±0.05 1.42 ±0.06 1.23 ±0.01 1.05 ±0.01 1.51 ±0.06 1.09 ±0.01 1.20 ±0.05 
50 ppb 1.59 ±0.05 1.51 ±0.10 1.25 ±0.04 1.06 ±0.01 1.58 ±0.08 1.10 ±0.01 1.22 ±0.04 

 

Table 4.3.1a. A table showing the magnitude of response for the ZnO and SnO2 containing sensors when exposed to 

2,4,6-Trinitrotoluene alongside the 95% CI internal error margin. 

 

Overall all sensors improve as the TNT concentration increases regardless of the 

temperature. Unusually the SnO2 sensor response increases as temperature 

increases, displaying its highest response at 1.51 R/R0, demonstrating the variety of 

responses produced from metal oxide gas sensors due to the adsorption/desorption 

rates dependent on microstructure, temperature and test gas. Another thing to note 

from this section is the peaking of the 75% SnO2 sensor at 400 °C, this can also be 

seen within the in-house test materials, ammonia, nitromethane and 2-ethylhexanol 

as seen within the next chapter. Overall the SnO2 containing sensors prove the most 

responsive, these including 2L SnO2 and 75% SnO2, therefore indicating both 

admixed and 2 layered sensors including SnO2 would make good sensors within an 

array for detecting TNT. Aside from these modified sensors the next most responsive 

would be the unmodified sensors SnO2 and ZnO peaking at 500 °C and 300 °C 

respectively. The results from this study indicate that SnO2 containing sensors may 

be useful within a sensing array when detecting TNT. TNT is most commonly seen 

within military explosives and therefore when designing a sensing array specifically 

for military explosive detection 75% SnO2 would complement this array. 
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Figure 4.3.1b. The magnitude of response for the ZnO and SnO2 containing sensors exposed to 2,4,6-
Trinitrotoluene at relative humidity 5%, 10% and 15% measured at 300 °C. 

 
 ZnO SnO2 50/50 75% ZnO 75% SnO2 2L ZnO 2L SnO2 

5 % 1.99 ±0.14 2.10 ±0.19 1.27 ±0.08 1.10 ±0.01 3.45 ±0.51 1.10 ±0.01 1.39 ±0.03 
10 % 2.11 ±0.09 2.23 ±0.37 1.30 ±0.05 1.12 ±0.01 3.67 ±0.48 1.14 ±0.03 1.43 ±0.07 
15 % 2.18 ±0.21 2.48 ±0.40 1.34 ±0.04 1.16 ±0.03 3.90 ±0.42 1.16 ±0.03 1.52 ±0.08 

 

Table 4.3.1b. A table showing the magnitude of response for the ZnO and SnO2 containing sensors when exposed to 

2,4,6-Trinitrotoluene with relative humidity alongside the 95% CI internal error margin. 

 

The humidity results from exposing the ZnO and SnO2 containing sensors to TNT 

can be seen within figure 4.3.1b. The humidity levels used within this study were 5% 

RH, 10% RH, 15% RH measured at 50 ppb at 300 °C. The 75% SnO2 sensor, 

similarly to the above TNT testing responded as the most sensitive sensor, however 

as each pulse increases in humidity the sensor by 0.5 R/R0. The largest increase 

within the humidity testing was the SnO2 sensor between the first pulse of 0% RH 

and 5% RH. Overall the majority of the sensors remain largely unaffected by the 
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humidity increase, especially the 2L ZnO sensor which demonstrated a high 

response at 300 °C, therefore displaying this sensor as a good candidate for “in-life” 

use for its responsive nature at 300 °C without any influence from humidity.  

 

 

4.3.2 Exposure of Nitrogylcerine to the ZnO and SnO2 Containing Sensors 

 

The concentrations tested of nitrogylcerine (NG) within this study for ZnO and SnO2 

containing sensors are 25, 50, 75 and 100 ppb. The sensors all showed a LOD of 25 

ppb. The most sensitive responses produced within this study was performed at 300 

°C, with 75% ZnO producing the highest response of 4.5 R/R0. The 75% ZnO sensor 

has produced relatively low responses through the explosive materials testing in this 

chapter, therefore proving selective towards NG. This would therefore allow 75% ZnO 

to be a good option to be considered within an electronic nose aimed at detection 

NG. ZnO and 75% SnO2 also provide strong responses at 300 °C, however their 

responses increase as temperature increases.  
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Figure 4.3.2a. The magnitude of response for the ZnO and SnO2 containing sensors exposed to nitrogylcerine at 
300 °C, 400 °C and 500 °C. 

 
300 oC ZnO SnO2 50/50 75% ZnO 75% SnO2 2L ZnO 2L SnO2 
25 ppb 1.53 ±0.04 1.06 ±0.01 1.10 ±0.01 1.70 ±0.08 1.16 ±0.02 1.10 ±0.01 1.15 ±0.01 
50 ppb 1.80 ±0.04 1.11 ±0.01 1.30 ±0.02 2.30 ±0.19 1.21 ±0.02 1.22 ±0.02 1.35 ±0.04 
75 ppb 1.91 ±0.03 1.23 ±0.02 1.40 ±0.04 2.96 ±0.27 1.25 ±0.02 1.33 ±0.02 1.70 ±0.05 

100 ppb 2.01 ±0.08 1.35 ±0.02 1.52 ±0.03 4.51 ±0.33 1.30 ±0.04 1.34 ±0.02 2.10 ±0.09 
400 oC         
25 ppb 1.10 ±0.01 1.09 ±0.01 2.49 ±0.18 1.95 ±0.11 1.43 ±0.04 1.59 ±0.06 2.01 ±0.17 
50 ppb 2.29 ±0.30 1.12 ±0.01 3.09 ±0.23 2.85 ±0.28 1.56 ±0.04 2.40 ±0.09 2.24 ±0.19 
75 ppb 2.96 ±0.32 1.17 ±0.02 4.11 ±0.41 3.41 ±0.27 1.74 ±0.05 2.73 ±0.13 2.81 ±0.23 

100 ppb 3.40 ±0.40 1.24 ±0.02 4.24 ±0.36 3.42 ±0.42 2.09 ±0.08 2.86 ±0.17 2.90 ±0.42 
500 oC        
25 ppb 1.75 ±0.04 1.17 ±0.02 1.17 ±0.01 1.18 ±0.02 1.13 ±0.01 1.37 ±0.04 1.05 ±0.01 
50 ppb 1.80 ±0.03 1.24 ±0.02 1.50 ±0.03 1.30 ±0.03 1.16 ±0.01 1.45 ±0.08 1.21 ±0.02 
75 ppb 1.90 ±0.05 1.34 ±0.02 1.81 ±0.04 1.53 ±0.03 1.33 ±0.04 1.76 ±0.09 1.35 ±0.03 

100 ppb 2.00 ±0.06 2.11 ±0.06 2.11 ±0.08 1.65 ±0.03 1.40 ±0.04 2.01 ±0.18 1.63 ±0.03 
 

Table 4.3.2a. A table showing the magnitude of response for the ZnO and SnO2 containing sensors when exposed to 

nitrogylcerine alongside the 95% CI internal error margin. 

 

 The 50/50 sensor was the most sensitive sensor when exposed to NG at 400 °C 

producing a response of 4.24 R/R0, followed by 75% ZnO and ZnO where alongside 

the rest of the sensor set they produce their most responses results when exposed 
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to NG. at 500 °C a rapid response from SnO2 is seen, especially when increase from 

concentration 75 to 100 ppb. The unmodified SnO2 sensor along with the 50/50, 

ZnO and 2L ZnO sensors all produce responses around 2 R/R0. Overall within this 

sensor set when tested against NG, the most responsive sensors were the admixed 

sensors which produced the highest sensitive responses at all temperatures tested. 

The 75% SnO2 sensor produced low responses through the NG testing which is 

useful as it has previously shown good responses when testing against other 

explosive materials. 

 
Figure 4.3.2b. The magnitude of response for the ZnO and SnO2 containing sensors exposed to nitrogylcerine at 
relative humidity 12.5%, 25% and 35% measured at 300 °C. 

 
 ZnO SnO2 50/50 75% ZnO 75% SnO2 2L ZnO 2L SnO2 

12.5 % 2.03 ±0.21 1.15 ±0.02 1.79 ±0.05 1.74 ±0.13 1.50 ±0.06 1.40 ±0.09 2.50 ±0.17 
25 % 2.14 ±0.19 1.64 ±0.02 2.10 ±0.11 2.54 ±0.18 1.76 ±0.04 2.25 ±0.22 3.30 ±0.22 
35 % 2.45 ±0.25 1.76 ±0.02 2.30 ±0.10 2.61 ±0.19 1.98 ±0.09 3.60 ±0.21 3.70 ±0.26 

 

Table 4.3.2b. A table showing the magnitude of response for the ZnO and SnO2 containing sensors when exposed to 

nitrogylcerine with relative humidity alongside the 95% CI internal error margin. 
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The humidity levels used within this study were 12.5% RH, 25% RH and 35% RH 

measured at 300 °C. The humidity results from exposing the ZnO and SnO2 

containing sensors to nitroglycerine can be seen within figure 4.3.2b. All sensors 

reacted to the change in humidity, with rapid increases for 2L SnO2 and 2L ZnO 

between 25% RH and 35% RH, therefore indicating the 2-layered sensors may not 

be as suitable to use outside of a laboratory. The remaining sensors although they 

increased vastly from 12.5% RH to 25% RH, they level off as the humidity further 

increases. The sensor least affected by humidity when exposed to NG is 50/50 and 

75% SnO2, showing admixed sensors are most reliable when testing NG within a 

humid environment.   

 

    

4.3.3 Exposure of Ethylene Glycol Dinitrate to the ZnO and SnO2 Containing 

Sensors 

 

The Ethylene Glycol Dinitrate (EGDN) concentrations used within this study are 100, 

200, 600 and 900 ppb, all sensors showed a LOD of 100 ppb. The highest response 

seen within this sensing set when exposed to EDGN was at 300 °C, with all sensors 

except for the 2L SnO2 sensor displaying their highest sensitivity. The 2L SnO2 sensor 

proves to be relatively low responding when compared to the rest of the sensors, 

however it does peak at 400 °C being the 2nd most responsive sensor at this 

temperature. The most sensitive sensor at both 400 °C and 500 °C is the unmodified 

SnO2 sensor, gradually increasing as each pulse concentration increases. However, 

this sensor dips in response as the temperature decreases from 500 °C to 400 °C 

and then increases steadily at 300 °C. This pattern is known as the bell shape curve 

describing the effect of gas response and temperature often being defined by the 

competition between slow kinetics at low temperatures and increased desorption 

rates at higher temperatures 201. 
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Figure 4.3.3a. The magnitude of response for the ZnO and SnO2 containing sensors exposed to Ethylene Glycol 
Dinitrate at 300 °C, 400 °C and 500 °C. 

 
300 oC ZnO SnO2 50/50 75% ZnO 75% SnO2 2L ZnO 2L SnO2 

100 ppb 2.63 ±0.18 2.54 ±0.15 1.02 ±0.01 1.03 ±0.01 1.22 ±0.02 3.90 ±0.22  1.04 ±0.01 
200 ppb 6.48 ±0.42 2.88 ±0.31 1.04 ±0.01 1.05 ±0.01 1.60 ±0.02 5.30 ±0.46 1.05 ±0.01 
600 ppb 13.20 ±0.71 3.37 ±0.23 1.08 ±0.01 1.06 ±0.01 2.94 ±0.15 7.51 ±0.52  1.07 ±0.01 
900 ppb 21.90 ±1.01 3.97 ±0.18 1.09 ±0.01 1.08 ±0.01 4.65 ±0.37 11.05 ±0.94 1.08 ±0.01 
400 oC        

100 ppb 1.01 ±0.01 1.08 ±0.02 1.03 ±0.01 1.10 ±0.01 1.05 ±0.01 1.10 ±0.01 1.33 ±0.02 
200 ppb 1.02 ±0.01 1.24 ±0.02 1.04 ±0.01 1.16 ±0.01 1.06 ±0.01 1.16 ±0.02 1.49 ±0.02 
600 ppb 1.02 ±0.01 1.60 ±0.04 1.05 ±0.01 1.23 ±0.02 1.67 ±0.05 1.23 ±0.03 1.56 ±0.05 
900 ppb 1.04 ±0.01 1.80 ±0.06 1.50 ±0.06 1.28 ±0.04 1.69 ±0.06 1.28 ±0.03 1.76 ±0.03 
500 oC        

100 ppb 1.05 ±0.01 1.34 ±0.04 1.03 ±0.01 1.07 ±0.01 1.09 ±0.01 1.07 ±0.01 1.02 ±0.01 
200 ppb 1.18 ±0.03 1.61 ±0.09 1.04 ±0.01 1.09 ±0.02 1.17 ±0.02 1.09 ±0.02 1.03 ±0.01 
600 ppb 1.23 ±0.03 1.74 ±0.19 1.05 ±0.01 1.12 ±0.02 1.40 ±0.05 1.72 ±0.04 1.04 ±0.01 
900 ppb 1.25 ±0.03 2.01 ±0.31 1.06 ±0.01 1.16 ±0.03 1.52 ±0.04 1.83 ±0.04 1.05 ±0.01 

 

Table 4.3.3a. A table showing the magnitude of response for the ZnO and SnO2 containing sensors when exposed to 

Ethylene Glycol Dinitrate alongside the 95% CI internal error margin. 

 
At 300 °C the majority of the sensors within the ZnO and SnO2 set show their highest 

response, with the unmodified ZnO sensor displaying a rapid increase response of 

21.9 R/R0. This response is the highest produced for this sensor within the explosive 

materials tested. This sensor increases swiftly over the concentration pulses 
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producing a response of over 5 times from 100 ppb to 900 ppb. The second most 

responsive sensor at 300 °C is 2L ZnO showing a strong resistive response of 11 

R/R0. Overall the most responsive sensor was an unmodified sensor, ZnO, however 

between the admixed and 2-layered sensors the 2-layered sensors were constantly 

the 2nd most responsive sensors throughout the temperatures tested. 2L ZnO 

displayed high responses at 300 °C and 500 °C, whereas the 2L ZnO peaked at 400 

however remained at low response levels at other temperatures. The admixed 

sensors generally remained low when exposed to EGDN, therefore if producing an 

array for this material a 2-layered sensor would be more appropriate. EGDN has 

previously been used within terrorist attacks and therefore the unmodified ZnO or 

2L ZnO would produce the most sensitive sensor for detection of this type of 

detection.    

 

 
Figure 4.3.3b. The magnitude of response for the ZnO and SnO2 containing sensors exposed to Ethylene Glycol 
Dinitrate at relative humidity 5%, 15% and 25% measured at 300 °C. 
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 ZnO SnO2 50/50 75% ZnO 75% SnO2 2L ZnO 2L SnO2 
5 % 1.20 ±0.02 1.21 ±0.02 1.68 ±0.04 1.42 ±0.02 1.27 ±0.03 1.26 ±0.03 1.42 ±0.04 

15 % 1.30 ±0.02 1.31 ±0.02 1.80 ±0.04 1.47 ±0.04 1.29 ±0.03 1.41 ±0.03 1.50 ±0.03 
25 % 1.60 ±0.06 1.40 ±0.02 1.97 ±0.08 1.54 ±0.04 1.34 ±0.02 1.54 ±0.04 1.55 ±0.07 

 

Table 4.3.3b. A table showing the magnitude of response for the ZnO and SnO2 containing sensors when exposed to 

Ethylene Glycol Dinitrate with relative humidity alongside the 95% CI internal error margin. 

 

Figure 4.3.3b shows the humidity levels used when exposing the ZnO and SnO2 

containing sensors to EGDN at 5% RH, 15% RH and 25% RH measured at 300 °C. 

Within the humidity testing of EGDN, the most responsive sensor is 50/50, which 

has produced relatively low responses within the EGDN testing. However, this sensor 

only slightly increases with humidity over the 3 pulses. Overall this sensing set do 

not produce a large increase in response to humidity when exposed to EGDN. This 

result is positive demonstrating when using a sensors within the field, the data will 

not be dramatically altered due to the increase in humidity from a laboratory 

environment to the field.  

 

 

4.3.4 Exposure of Triacetone triperoxide to the ZnO and SnO2 Containing Sensors  

  

The concentrations of Triacetone triperoxide (TATP) used when testing against the 

ZnO and SnO2 containing sensors ranged from 100, 200, 400 and 800 ppb. All 

sensors showed a LOD of 100 ppb when exposed to a TATP from 300 °C – 500 °C. 

The highest responses produced at 500 °C was when exposed to TATP as see within 

figure 4.3.4a. The highest response was produced by 50/50 which has produced 

relatively low responses when exposed to other explosive materials, therefore proving 

itself to be selective towards TATP at 500 °C. SnO2 also produced a high response a 

500 °C with a R/R0 of 9.18, this response rapidly increases as the temperature 

decreases to 400 °C. At 400 °C the unmodified SnO2 produced the highest response 

from any of the explosive materials exposed to the ZnO and SnO2 sensor set, with a 
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resistance response of 47.9 R/R0. This response is dramatically higher than the rest 

of the sensors which range with responses from 9 to 20 R/R0, therefore the use of 

this sensor within an array specifically designed for TATP would be advantageous. 

TATP has been known to be used within recent terrorist attacks, therefore an array 

aimed at detecting materials known to be used within this type of activity could make 

a difference. 

 

 
Figure 4.3.4a. The magnitude of response for the ZnO and SnO2 containing sensors exposed to Triacetone 
triperoxide at 300 °C, 400 °C and 500 °C. 
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300 oC ZnO SnO2 50/50 75% ZnO 75% SnO2 2L ZnO 2L SnO2 
100 ppb 1.06 ±0.01 1.08 ±0.01 1.18 ±0.02 1.09 ±0.01 1.11 ±0.02 1.10 ±0.03 1.17 ±0.02 
200 ppb 1.10 ±0.01 1.17 ±0.02 1.23 ±0.02 1.16 ±0.02 1.18 ±0.02 1.23 ±0.03 1.32 ±0.03 
400 ppb 1.18 ±0.02 1.31 ±0.02 1.37 ±0.03 1.23 ±0.03 1.35 ±0.02 1.24 ±0.04 1.65 ±0.03 
800 ppb 1.47 ±0.03 1.38 ± 0.02 1.55 ±0.03 1.47 ±0.05 1.48 ±0.05 1.39 ±0.05 1.71 ±0.05 
400 oC        

100 ppb 4.41 ±0.33 28.50 ±2.78 4.65 ±0.34 4.23 ±0.39 3.94 ±0.41 2.50 ±0.26 3.76 ±041 
200 ppb 5.66 ±0.42 36.20 ±2.44 5.89 ±0.41 6.48 ±0.55  4.56 ±0.44 3.14 ±0.27 5.66 ±0.38 
400 ppb 9.91 ±0.67 44.20 ±2.98 6.90 ±0.58 11.16 ±0.84 8.09 ±0.76 4.91 ±0.38 5.99 ±0.66 
800 ppb 21.77 ±1.07 47.90 ±3.22 10.30 ±0.81 19.13 ±0.93 15.79 ±0.13 9.12 ±0.99 12.84 ±1.35 
500 oC         

100 ppb 2.21 ±0.16 3.75 ±0.21 4.66 ±0.44 1.20 ±0.04 1.67 ±0.07 2.05 ±0.14 1.80 ±0.04 
200 ppb 2.83 ±0.18 4.10 ±0.39 5.16 ±0.38 1.77 ±0.16 2.03 ±0.18 2.20 ±0.18 2.20 ±0.11 
400 ppb 3.29 ±0.25 5.30 ±0.43 6.70 ±0.62 2.35 ±0.21 2.46 ±0.20 2.48 ±0.25 2.50 ±0.14 
800 ppb 5.73 ±0.30 8.70 ±0.88 9.18 ±0.70 3.42 ±0.28 4.18 ±0.36 2.60 ±0.22 4.44 ±0.39 

 

Table 4.3.4a. A table showing the magnitude of response for the ZnO and SnO2 containing sensors when exposed to 

Triacetone triperoxide alongside the 95% CI internal error margin. 

 

The lowest responses produced within this exposure was 2L ZnO throughout the 

range of temperatures, however this sensor proved to be responsive against EGDN 

therefore making this sensor selective when exposed to EGDN. Overall the majority 

of the sensing set peaked at 400 °C. The sensors provided its lowest response at 

300 °C, this may prove difficult when using this technology out in the field, as the 

lower the temperature the lower the power voltage needed to collect this data, 

therefore to use this sensing set specifically for TATP detection a temperature of at 

least 400 °C is needed. ZnO produced its highest response also at 400 °C from 6 to 

20 R/R0 and 75% ZnO producing a response of 20 R/R0. 75% ZnO has previously 

produced low responses throughout the explosive material testing, therefore this 

high response for TATP is encouraging as it shows its selectiveness. At 300 °C 2L 

SnO2 is the highest responses produced, followed by 50/50 both sensors not 

commonly the most sensitive sensors produced within the set. Overall at the higher 

temperatures the admixed sensors produced elevated responses when compared to 

the 2-layered sensors, however this changes at 300 °C as 2L SnO2 produces the 

highest response.  
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Figure 4.3.4b. The magnitude of response for the ZnO and SnO2 containing sensors exposed to Triacetone 
triperoxide at relative humidity 12 5%, 25% and 35% measured at 300 °C. 

 

 ZnO  SnO2 50/50 75% ZnO 75% SnO2 2L ZnO 2L SnO2 
5 % 7.31 ±0.40 1.10 ±0.02 1.52 ±0.05 1.36 ±0.03 1.37 ±0.03 3.80 ±0.22 1.71 ±0.07 

15 % 8.98 ±0.61 1.15 ±0.03 1.54 ±0.04 1.39 ±0.07 1.40 ±0.03 4.10 ±0.28 1.84 ±0.05 
25 % 11.45 ±0.44 1.24 ±0.03 1.61 ±0.06 1.42 ±0.08 1.48 ±0.05 4.40 ±0.37 1.90 ±0.09 

 

Table 4.3.4b. A table showing the magnitude of response for the ZnO and SnO2 containing sensors when exposed to 

Triacetone triperoxide with relative humidity alongside the 95% CI internal error margin. 

 

The humidity results from exposing the ZnO and SnO2 containing sensors to TATP 

can be seen within figure 4.3.4b. The humidity levels used within this study were 

12.5% RH, 25% RH, 35% RH measured at 300 °C. The unmodified ZnO sensor 

produced the highest response when exposed to a range of humidity. The ZnO 

sensor increased steadily as the humidity pulses increased, increasing by around 4 

R/R0, which is the largest increase in humidity seen within this sensor set, however 

the TATP array has been exposed to a much highest humidity concentrations than 
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the other explosive materials. This is due to the lower humidity levels be unable to 

be produced with the equipment used within this study. The rest of the sensing set 

remain unaltered by the increase in humidity, this is a positive result, demonstrating 

the sensor set can be used successfully within the field without any interference from 

humidity. 

  

     

4.4 Gas Sensing Results on In House Gases 

 

4.4.1 Exposure of Ammonia to the ZnO and SnO2 Containing Sensors 

 

The sensors was exposed to 5, 10, 20, 40 and 50 ppm of ammonia (NH3) and the 

results produced can be seen within figure 4.4.1a. Similarly, to 2-ethylhexanol, 

DMNB and nitromethane, at 300 oC the 2L ZnO sensor (2 layers of ZnO over 2 layers 

of SnO2) is the highest conductive response produced. The highest responses 

produced over the range of temperatures were at 400 oC with 75% ZnO (75% ZnO 

and 25% SnO2) resulting in a conductive response of 8.5 R0/R, this maximum 

response is seen again within the 500 oC testing responses produced. 75% ZnO 

(75% ZnO and 25% SnO2) consistently has shown low responses to all the test gases 

exposed to the sensors within this project, however it displays good responses when 

exposed to ammonia, therefore resulting in a sensitive and selective sensor within 

the array of sensors produced when sensing for gases associated with explosives, in 

particular home-made explosives. 
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Figure 4.4.1a. The magnitude of response produced when testing ammonia with concentrations 5, 10, 20, 40 and 
50 ppm. 

 

300 oC ZnO SnO2 50/50 75% ZnO 75% SnO2 2L ZnO 2L SnO2 
5 ppm 1.30 ±0.02 2.00 ±0.13 1.80 ±0.07 2.09 ±0.14 1.90 ±0.08 2.30 ±0.12 1.30 ±0.03 

10 ppm 1.53 ±0.04 2.21 ±0.14 2.04 ±0.11 2.23 ±0.16 2.17 ±0.18 2.66 ±0.17 1.41 ±0.03 
20 ppm 2.21 ±0.16 2.37 ±0.18 2.36 ±0.14 2.59 ±0.22 2.45 ±0.16 3.10 ±0.28 1.90 ±0.06 
40 ppm 2.28 ±0.14 2.62 ±0.17 2.54 ±0.14 2.90 ±0.21 2.74 ±0.20 3.61 ±0.24 2.12 ±0.09 
50 ppm 2.25 ±0.17 2.62 ±0.21 2.68 ±0.18 3.09 ±0.28 2.82 ±0.22 3.72 ±0.25 2.18 ±0.13 
400 oC        
5 ppm 1.10 ±0.01 2.36 ±0.23 2.21 ±0.20 2.25 ±0.21 2.10 ±0.15 2.09 ±0.19 1.79 ±0.06 

10 ppm 1.15 ±0.01 3.08 ±0.22 3.48 ±0.22 3.49 ±0.36 3.30 ±0.25 2.72 ±0.23 2.67 ±0.09 
20 ppm 1.15 ±0.02 4.01 ±0.32 5.28 ±0.43 5.24 ±0.51 4.75 ±0.37 3.50 ±0.28 3.82 ±0.19 
40 ppm 1.22 ±0.02 5.25 ±0.43 7.52 ±0.61 7.46 ±0.63 6.73 ±0.51 4.78 ±0.31 5.26 ±0.28 
50 ppm 1.21 ±0.02 5.85 ±0.45 8.40 ±0.92 8.48 ±0.91 7.55 ±0.58 4.96 ±0.36 5.91 ±0.33 
500 oC        
5 ppm 1.11 ±0.01 1.20 ±0.02 1.58 ±0.04 1.65 ±0.07 1.43 ±0.04 1.50 ±0.04 1.81 ±0.06 

10 ppm 1.25 ±0.02 1.75 ±0.06 2.06 ±0.13 2.34 ±0.27 2.17 ±0.09 1.84 ±0.07 2.45 ±0.11 
20 ppm 1.31 ±0.02 2.34 ±0.29 2.82 ±0.17 3.35 ±0.31 2.94 ±0.13 2.38 ±0.20 3.39 ±0.20 
40 ppm 1.38 ±0.03 3.23 ±0.31 3.86 ±0.22 4.66 ±0.48 4.07 ±0.29 3.11 ±0.27 4.61 ±0.31 
50 ppm 1.39 ±0.03 3.66 ±0.33 4.35 ±0.38 5.19 ±0.44 4.62 ±0.44 3.40 ±0.31 5.12 ±0.40 

 

Table 4.4.1. A table showing the magnitude of response for the ZnO and SnO2 containing sensors when exposed to 

ammonia alongside the 95% CI internal error margin. 

 

Figure 4.4.1b displays the results for the ammonia testing at 400 oC, the peaks 
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increase in a uniform steady increase as concentration increases. However, the 

recovery times of the sensors, in particularly the 2L ZnO (2 layers of ZnO over 2 

layers of SnO2) are slower when compared to the other gases tested on the sensor 

set. When exposed to the test gas the species absorbed into the metal oxide surface 

only remain there until the following gas pulse of pure dry air, therefore resulting in 

the sensors baseline resistance being re-established. Once exposed to the dry air the 

species absorbed previously are desorbed which can lead to a slower recovery time 

within the sensor depending on the gas previously exposed to. In order for a sensor 

to function at its optimum, the recovery times must be quick as the sensor must 

reach its baseline resistance before being exposed to the next concentration of the 

test gas. 

 
Figure 4.4.1b. The sensors response when tested at 400°C against ammonia to concentrations 5, 10, 20, 40 and 
50 ppm. 

 

Within the ammonia testing the admixed and 2-layered sensors produced the 

highest response. This response could be due to the differing sizes of the material 

oxides used within this study. It has been reported that significant differences in 

particle size has resulted in the increase of resistance of a heterojunction containing 

sensor55. Therefore, the use of heterojunctions in gas sensors for ammonia testings 
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produces an increased response when compared to the unmodified WO3 and 

unmodified CTO sensors. 

 

      

4.4.2 Exposure of 2-Ethylhexanol to the ZnO and SnO2 Containing Sensors   

 

The sensors was exposed to 30, 59, 118, 237 and 296 ppm of 2-ethylhexanol as 

seen within figure 4.4.2a. For the first two gas pulses of 30 and 59 ppm, the peaks 

are displaying a flat shape, which is showing the sensors to be saturated. As the 

concentrations of 2-ethylhexanol increase the unmodified SnO2 remains saturated 

and unable to reaction with the gas, suggesting the holes within the valence band to 

be filled with their paired electrons. However, all other sensors within the sensor set 

increase in resistance as concentration of 2-ethylhexanol increases. 

 

  
Figure 4.4.2a. The magnitude of response produced when testing 2-ethylhexanol with concentrations 30, 59, 118, 
237 and 296 ppm. 
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300 oC ZnO SnO2 50/50 75% ZnO 75% SnO2 2L ZnO 2L SnO2 
30 ppm 23.55 ±1.77 31.16 ±2.98 36.83 ±2.91 38.38 ±3.41 43.47 ±3.81 41.71 ±3.76 41.27 ±3.41 

59 ppm 36.45 ±2.63 50.41 ±4.71 66.10 ±5.44 76.82 ±5.55 76.94 ±5.67 81.92 ±6.72 72.87 ±5.68 

118 ppm 33.38 ±2.91 72.31 ±6.65 78.21 ±6.31 95.57 ±8.35 95.52 ±8.83 102.31 ±8.32 89.37 ±7.61 

237 ppm 60.64 ±4.55 137.01 ±10.11 164.92 ±11.12 218.83 ±15.66 199.88 ±16.31 264.05 ±19.53 195.05 ±15.54 

296 ppm 65.67 ±5.26 166.23 ±8.31 192.05 ±14.98 264.98 ±19.34 248.17 ±20.41 332.02 ±28.51 240.90 ±18.95 

400 oC        

30 ppm 105.04 ±9.41 15.62 ±1.48 97.64 ±8.87 30.81 ±2.25 57.23 ±4.73 81.67 ±7.63 51.48 ±4.27 

59 ppm 171.94 ±13.22 22.25 ±2.01 172.21 ±14.21 55.99 ±4.37 105.26 ±8.94 113.14 ±9.95 93.65 ±7.71 

118 ppm 255.15 ±20.73 32.40 ±3.29 276.33 ±17.02 90.36 ±8.41 172.53 ±13.46 169.05 ±11.32 154.79 ±11.54 

237 ppm 492.95 ±31.33 51.43 ±4.21 573.52 ±61.24 168.86 ±10.21 340.12 ±29.41 345.22 ±27.80 305.71 ±26.74 

296 ppm 599.09 ±4.89 57.51 ±4.66 714.28 ±63.44 207.99 ±11.34 428.02 ±33.38 422.37 ±38.76 379.95 ±33.16 

500 oC        

30 ppm 41.87 ±3.36 26.41 ±1.99 36.08 ±3.31 19.66 ±1.80 26.13 ±2.31 17.78 ±1.54 13.24 ±1.06 

59 ppm 61.96 ±5.41 42.65 ±4.21 48.88 ±3.86 24.37 ±2.16 32.50 ±2.78 23.20 ±1.89 20.46 ±2.05 

118 ppm 72.93 ±5.92 49.30 ±3.94 60.30 ±5.41 28.56 ±2.27 36.69 ±3.51 25.85 ±2.51 25.63 ±2.14 

237 ppm 97.77 ±7.88 64.03 ±5.28 120.41 ±8.82 39.23 ±3.24 55.10 ±4.48 34.74 ±3.02 36.48 ±3.00 

296 ppm 129.93 ±9.91 64.47 ±5.11 162.54 ±9.33 48.33 ±3.11 76.47 ±6.68 41.67 ±3.95 39.27 ±3.41 

 

Table 4.4.2. A table showing the magnitude of response for the ZnO and SnO2 containing sensors when exposed to 

2-ethylhexanol alongside the 95% CI internal error margin. 

 

When testing the sensors against 2-ethylhexanol, the maximum sensitivity was 

achieved at 400 oC, with the 50/50 sensor (50% SnO2 and 50% ZnO) producing a 

high conductive response of 714 R0/R, with the unmodified ZnO sensor following 

closely behind with a response of 600 R0/R. This pattern can be seen again when 

the sensors are tested against 2-ethylhexanol at 500 oC, however with a 4.3-fold 

decrease in response.  At 300 oC, the highest sensitive response was produced by 

the 2L ZnO sensor (2 layers of ZnO over 2 layers of SnO2), creating a response of 

330 R0/R. This result is a 5.5-fold increase to the unmodified ZnO sensor, therefore 

displaying the benefits of including 2 layered sensors within an array of sensors. 
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Figure 4.4.2b. The sensors response when tested at 400°C against 2-ethylhexanol to concentrations 18, 36, 72, 
144 and 178 ppm. 

 

    

4.4.3 Exposure of 2,3-dimethyl-2,3-dinitrobutane to the ZnO and SnO2 Containing 

Sensors 

 

2,3-Dimethyl-2,3-dinitrobutane (DMNB) was exposed to sensors at concentrations 

0.28, 0.56, 1.12, 2.24 and 2.8 ppm. DMNB displayed its highest sensitivity at 300 

oC, with the 2L ZnO (2 layers of ZnO over 2 layers of SnO2) producing a conductive 

response of 70 R0/R as shown in figure 4.4.3a. Although the thermal energy which 

allow adsorption/desorption reactions to occur is decreased with temperature, the 

heterojunction properties still allow the sensor to increase in resistance at the lowest 

temperature measured.  
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Figure 4.4.3a. The magnitude of response produced when testing 2,3-Dimethyl-2,3-dinitrobutane with 
concentrations 0.28, 0.56, 1.12, 2.24 and 2.8 ppm 

 

300 oC ZnO SnO2 50/50 75% ZnO 75% SnO2 2L ZnO 2L SnO2 
280 ppb 4.96 ±0.33 12.73 ±0.98 9.90 ±0.79 8.32 ±0.67 12.66 ±0.82 40.64 ±2.78 11.40 ±0.92 
560 ppb 6.36 ±0.51 13.88 ±1.07 13.71 ±0.92 10.07 ±0.81 18.12 ±1.51 52.91 ±4.07 17.07 ±1.33 

1120 ppb 7.09 ±0.58 14.51 ±1.11 17.66 ±1.44 13.75 ±1.16 22.84 ±1.88 63.12 ±4.82 21.83 ±1.80 
2440 ppb 7.21 ±0.62 15.10 ±1.38 20.39 ±1.85 15.11 ±1.39 27.33 ±2.04 69.37 ±4.95 25.09 ±2.03 
2800 ppb 8.53 ±0.69 14.93 ±1.31 20.04 ±1.89 14.84 ±1.24 25.02 ±2.14 65.80 ±5.45 24.25 ±2.14 

400 oC        
280 ppb 6.62 ±0.50 6.93 ±0.55 12.61 ±0.93 4.94 ±0.32 7.96 ±0.61 5.81 ±0.38 8.05 ±0.64 
560 ppb 6.71 ±0.51 7.15 ±0.58 12.17 ±1.02 5.02 ±0.38 8.17 ±0.77 6.04 ±0.46 8.23 ±0.66 

1120 ppb 6.78 ±0.54 7.49 ±0.61 12.89 ±1.18 5.13 ±0.40 8.68 ±0.69 6.13 ±0.51 8.70 ±0.71 
2440 ppb 6.28 ±0.48 7.71 ±0.60 13.04 ±1.26 5.09 ±0.37 8.59 ±0.73 6.18 ±0.54 8.72 ±0.72 
2800 ppb 6.35 ±0.49 7.66 ±0.63 13.12 ±1.23 5.08 ±0.42 8.80 ±0.59 6.16 ±0.46 8.89 ±0.69 

500 oC        
280 ppb 5.41 ±0.39 3.48 ±0.22 4.48 ±0.37 4.62 ±0.33 6.37 ±0.48 2.54 ±0.13 5.70 ±0.41 
560 ppb 5.52 ±0.41 3.61 ±0.26 4.39 ±0.33 4.59 ±0.37 6.49 ±0.46 2.72 ±0.18 5.63 ±0.43 

1120 ppb 5.67 ±0.42 3.75 ±0.24 4.72 ±0.41 4.74 ±0.38 6.58 ±0.50 2.90 ±0.20 6.04 ±0.49 
2440 ppb 5.88 ±0.59 3.83 ±0.30 4.75 ±0.42 4.79 ±0.31 6.71 ±0.54 2.96 ±0.22 6.09 ±0.46 
2800 ppb 5.69 ±0.48 3.80 ±0.32 4.82 ±0.37 4.83 ±0.40 6.80 ±0.61 2.94 ±0.21 6.18 ±0.50 

 

Table 4.4.3. A table showing the magnitude of response for the ZnO and SnO2 containing sensors when exposed to 

2,3-Dimethyl-2,3-dinitrobutane alongside the 95% CI internal error margin. 

 

The lowest responses seen were conducted at 500 oC, the 75% SnO2 sensor (75% 

SnO2 and 25% ZnO) demonstrated the highest sensitivity, leaving the 2L ZnO sensor 
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(2 layers of ZnO over 2 layers of SnO2) the least sensitive to DMNB, when previously 

the highest response was produced from this sensor at 300 oC. At 400 oC, the 

admixed 50/50 sensor (50% ZnO and 50% SnO2) resulted in a conductive response 

of 12 R0/R, this was produced at the lowest concentration tested 0.28 ppm. 

Therefore, showing the sensors ability to sensing low concentrations of explosive 

vapours. 

 
Figure 4.4.3b. The sensors response when tested at 300°C against 2,3-Dimethyl-2,3-dinitrobutane to 
concentrations 280, 560, 1120, 2240 and 2800 ppb. 

 

At 300 °C, the sensors follow a very similar trend of slowly increasing in resistance. 

The resistance increase is minimal compared to each gas pulse, showing the sensor 

surfaces to be saturated and are unable to occupy the increasing concentration of 

DMNB. However, the 2L ZnO sensor (2 layers of ZnO over 2 layers of SnO2) produces 

a much higher increase in resistance, after each gas pulse when compared to the 

rest of the sensors. This increase indicates the sensors ability to accommodate the 

growing number of DMNB molecules as concentration increases. Therefore, it may 

be the combination of the two metal oxides layered together produce a catalytic 

effect, in turn changing the charge carrier concentration and thus increasing the 
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resistance to the gas DMNB. 

  

 

4.4.4 Exposure of Nitromethane to the ZnO and SnO2 Containing Sensors 

 

All sensors were subjected to concentrations of 1800, 3600, 7200, 14400 and 

18000 ppm of nitromethane. Nitromethane, similarly to 2-ethylhexanol, displayed 

its maximum response at 400 oC, followed by 500 oC as shown in figure 4.4.4a. 

Nitromethane is the only test gas to produce its lowest sensitives at 300 oC. However, 

at 300 oC, the 2L ZnO (2 layers of ZnO over 2 layers of SnO2) sensor produced the 

highest conductive response of 65 R0/R, followed by the admixed sensors 50/50 

(50% ZnO and 50% SnO2) and 75% SnO2 (75% SnO2 and 25% ZnO). Therefore, 

again demonstrating the improved responses produced from modified sensors.   

 

 
Figure 4.4.4a. The magnitude of response produced when testing nitromethane with concentrations 18, 3,600, 
7,200, 14,400 and 18,000 ppm. 
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300 oC ZnO SnO2 50/50 75% ZnO 75% SnO2 2L ZnO 2L SnO2 
1800 ppm 9.26 ±0.86 11.18 ±0.94 17.84 ±1.32 9.88 ±0.84 18.81 ±2.05 26.41 ±2.22 13.24 ±1.55 
3600 ppm 14.27 ±0.91 11.87 ±0.96 26.27 ±1.84 13.94 ±0.92 28.53 ±2.33 42.65 ±2.65 20.46 ±3.01 
7200 ppm 14.96 ±1.54 14.91 ±1.42 30.57 ±2.53 17.22 ±0.99 35.44 ±3.76 49.30 ±3.41 25.63 ±3.44 

14400 ppm 23.94 ±1.7 19.14 ±1.27 42.85 ±2.79 20.65 ±1.33 41.96 ±4.05 64.03 ±4.58 36.48 ±3.06 
18000 ppm 25.13 ±2.05 18.54 ±1.55 44.92 ±3.31 20.65 ±1.47 41.19 ±3.94 64.47 ±5.04 39.27 ±3.20 

400 oC        
1800 ppm 93.26 ±5.42 32.99 ±3.72 117.17 ±9.53 31.21 ±2.94 75.89 ±4.04 24.04 ±2.04 90.35 ±8.54 
3600 ppm 147.53 ±9.33 79.44 ±6.60 286.22 ±20.54 67.46 ±5.42 206.02 ±11.49 74.90 ±5.06 225.61 ±17.33 
7200 ppm 170.52 ±13.04 148.18 ±8.33 365.23 ±30.11 86.54 ±5.67 394.26 ±22.26 172.94 ±10.63 316.87 ±22.01 

14400 ppm 257.69 ±20.11 251.46 ±10.41 444.76 ±38.41 97.49 ±6.67 500.23 ±37.85 279.25 ±20.85 365.95 ±30.54 
18000 ppm 269.73 ±23.06 291.57 ±23.63 464.57 ±38.05 100.34 ±9.32 515.16 ±30.04 299.22 ±23.30 380.07 ±29.05 

500 oC        
1800 ppm 34.01 ±2.64 16.92 ±1.55 24.87 ±2.51 14.94 ±1.32 30.99 ±2.40 6.38 ±0.77 22.10 ±2.04 
3600 ppm 66.12 ±5.41 32.89 ±2.85 62.44 ±5.82 25.64 ±1.83 58.89 ±4.49 12.58 ±0.83 45.92 ±3.49 
7200 ppm 91.93 ±7.31 49.59 ±3.72 106.55 ±9.74 33.65 ±1.83 92.34 ±8.54 20.76 ±1.94 74.32 ±5.53 

14400 ppm 124.41 ±10.42 72.73 ±5.84 352.05 ±27.06 62.34 ±4.43 147.36 ±11.53 41.11 ±3.30 125.68 ±10.06 
18000 ppm 124.18 ±9.43 77.02 ±5.25 352.05 ±24.06 62.34 ±5.02 177.46 ±12.42 56.66 ±3.99 144.57 ±11.04 

 

Table 4.4.4. A table showing the magnitude of response for the ZnO and SnO2 containing sensors when exposed to 

nitromethane alongside the 95% CI internal error margin. 

 
 
 
The response produced by nitromethane demonstrates the enhanced response 

characteristics of the admixed and layered sensors with the highest responses 

produced by the modified sensors over all temperatures. At 400 oC, 75% SnO2 (75% 

SnO2 and 25% ZnO), resulted in a vast conductive response of 500 R0/R, conversely 

at 500oC the 50/50 admixed sensor (50% ZnO and 50% SnO2) produced a response 

of 350 R0/R, a 4.6-fold increase in the unmodified SnO2 sensor and a 2.8-fold 

increase form the unmodified ZnO sensor. Establishing admixtures of 

semiconducting metal oxides can increase sensor sensitivity from the unmodified 

metal oxides. 
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Figure 4.4.4b. The sensors response when tested at 400°C against nitromethane to concentrations 1,800, 3,600, 
7,200, 14,400 and 18,000 ppm. 

 

 

When analyzing the unmodified sensors, both ZnO and SnO2 responses only slightly 

increased over the concentrations of nitromethane. Whereas the (50% ZnO and 50% 

SnO2) admixed sensor when tested at 500 oC, was seen to rapidly increase after the 

third gas pulse. This exemplifies that a greater number of surface sites on the metal 

oxide are available to facilitate the extra nitromethane molecules as concentration 

increases. Therefore, demonstrating the heterojunction properties can rapidly 

increase sensitivity and also selectivity, as in this case the sensor was by far the 

highest response provided for nitromethane. 

     

4.4.5 Exposure of Nitrogen Dioxide to the ZnO and SnO2 Containing Sensors  

 

The sensors was exposed to five concentrations ranging between 0.1 and 1 ppm of 

nitrogen dioxide (NO2). When exposed to NO2, the sensors resistive response rapidly 
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increased with NO2 concentration. Maximum responses were observed at decreasing 

temperatures, consequently showing the greatest sensitivity at 300 °C. The 

unmodified ZnO sensor rapidly increased between concentrations 800 ppb and 1 

ppm. This response can be accounted for by the increase of NO2 molecules within 

the 1 ppm gas pulse, which resulted in an increase in the electron depletion layer 

and the uptake of electrons into the ZnO metal oxide surface. 

 

 

 

Figure 4.4.5a. The magnitude of response produced when testing nitrogen dioxide with concentrations 0.1, 0.2, 0.4, 
0.8 and 1 ppm. 
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300 oC ZnO SnO2 50/50 75% ZnO 75% SnO2 2L ZnO 2L SnO2 
100 ppb 6.65 ±0.50 1.25 ±0.02 2.03 ±0.20 1.79 ±0.07 1.82 ±0.07 1.08 ±0.02 1.98 ±0.07 

200 ppb 12.19 ±0.82 1.67 ±0.04 3.34 ±0.27 3.18 ±0.24 3.12 ±0.21 1.62 ±0.05 4.17 ±0.33 

400 ppb 18.19 ±1.22 3.05 ±0.25 6.39 ±0.44 6.59 ±0.55 6.73 ±0.77 2.80 ±0.26 9.89 ±0.81 

800 ppb 75.06 ±5.29 37.66 ±0.29 29.90 ±1.01 31.52 ±1.93 38.16 ±1.92 18.30 ±0.93 64.36 ±3.44 

1000 ppb 210.49 ±13.44 387.22 ±21.44 200.79 ±13.55 165.43 ±11.93 521.89 ±34.02 136.97 ±9.41 396.51 ±28.45 

400 oC        

100 ppb 1.80 ±0.04 1.08 ±0.01 1.21 ±0.03 1.21 ±0.03 1.18 ±0.02 1.02 ±0.01 1.22 ±0.02 

200 ppb 2.90 ±0.14 1.20 ±0.02 1.54 ±0.04 1.51 ±0.03 1.46 ±0.02 1.06 ±0.01 1.57 ±0.04 

400 ppb 5.91 ±0.33 1.50 ±0.04 2.58 ±0.19 2.40 ±0.12 2.44 ±0.11 1.14 ±0.02 2.58 ±0.18 

800 ppb 31.19 ±1.87 6.40 ±0.07 9.88 ±0.87 8.00 ±0.67 10.14 ±0.88 2.59 ±0.21 10.98 ±0.92 

1000 ppb 365.65 ±22.01 52.43 ±0.83 50.72 ±3.41 34.92 ±2.43 77.78 ±5.01 28.85 ±1.84 69.36 ±5.57 

500 oC        

100 ppb 1.23 ±0.02 1.01 ±0.01 0.98 ±0.01 1.03 ±0.01 0.97 ±0.01 1.00 ±0.01 1.02 ±0.01 

200 ppb 1.73 ±0.04 1.03 ±0.01 0.92 ±0.01 1.13 ±0.02 0.99 ±0.01 1.04 ±0.02 1.12 ±0.01 

400 ppb 2.98 ±0.13 1.14 ±0.02 1.02 ±0.01 1.45 ±0.03 1.20 ±0.02 1.18 ±0.03 1.55 ±0.04 

800 ppb 8.22 ±0.77 2.09 ±0.20 1.78 ±0.05 4.17 ±0.31 2.79 ±0.13 2.35 ±0.24 4.13 ±0.33 

1000 ppb 19.33 ±1.05 4.75 ±0.31 2.60 ±0.17 9.56 ±0.86 4.95 ±0.57 6.73 ±0.66 9.34 ±0.75 

 

Table 4.4.5. A table showing the magnitude of response for the ZnO and SnO2 containing sensors when exposed to 

nitrogen dioxide alongside the 95% CI internal error margin. 

 

The increase in resistance, as described above, can be seen within figure 4.4.5a. The 

admixed sensor 75% SnO2 (75% SnO2 and 25% ZnO) when exposed to NO2 at 300 

°C, produced an extremely high resistive response of 522 R/R0. The 2L SnO2 sensor 

consistently produces a high resistive response when exposed to NO2 over the range 

of temperatures tested. However, during the 400 °C and 500 °C testings, the 

unmodified ZnO sensor, displays great sensitivity to NO2 when compared to the rest 

of the sensors. For instance, at 400 °C the unmodified ZnO sensor shows a 4.75-fold 

increase from the next sensitive sensor 75% SnO2. Conversely, the admixed sensor 

75% SnO2 (75% SnO2 and 25% ZnO) and the 2 layered sensor 2L SnO2 (2 layers of 

SnO2 over 2 layers of ZnO), produce the highest overall sensitives within the sensor 

set as seen within figure 4.4.5b when tested at 300 °C. Therefore, demonstrating the 

modified sensors to produce a higher sensitivity to NO2, compared to the unmodified 

sensors when testing at 300 °C. 
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Figure 4.4.5b. The sensors response when tested at 300°C against nitrogen dioxide to concentrations 100, 200, 
400, 800 and 1000 ppb. 

 

 

4.5  Summary of Gas Sensing Results  

 

4.5.1 Temperature Effects on the ZnO and SnO2 Containing Sensors 

 

The optimal temperature greatly differed for this sensing set when exposed to the 

test gases. Generally, most of the sensors produced their optimal response at the 

same temperature, however during most gas exposures at least one or two sensors 

showed their highest response at either lower of higher temperatures. Overall the 

majority of sensors were most sensitive at 300 °C or 400 °C, whereas only the 

unmodified SnO2 and 75% ZnO sensors showed their optimal response at 500 °C 

for TNT and NG exposure for SnO2 and EGDN exposure for 75% ZnO. 

 

It was seen that the 75% SnO2 admixed sensor produced its highest response at 
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400 °C when exposed to TNT, whereas the remaining sensors, other than the 75% 

ZnO sensor as detailed above, demonstrated their highest reaction at 300 °C. 

Following a similar trend the NG exposed sensors produced their highest responses 

at 300 °C, except for the unmodified ZnO sensor which showed its optimal response 

at 400 °C. The TATP gas sensing results showed all the sensors to be most sensitive 

towards 400 °C, alongside nitromethane, whereas the DMNB exposed sensors 

showed their responses most receptive at 300 °C. Showing only the DMNB, 

nitromethane and TATP gases to produce a whole array’s sensitive responses at one 

temperature. Interestingly the unmodified ZnO sensor produced its optimal 

response at a different temperature to the rest of the sensors when exposed to NO2 

and NH3, showing the admixed and 2-layered sensors had altered the sensors 

sensitivity. Therefore, the results clearly demonstrate that the incorporation of 

admixed and 2-layered sensors does make a significance difference to the gas 

sensing response. 

 

Overall the most sensitive responses were produced at 400 °C for all test gases other 

than, NO2, DMNB, EGDN and NG which peaked at 300 °C and DMNB. When 

analysing the top performing sensors for each test gas, the most sensitive sensor to 

TNT, nitromethane and NO2 was the admixed 75% SnO2 sensor. Following this was 

the unmodified ZnO sensor which produced the most sensitive responses for EGDN, 

TATP and the admixed 50/50 sensors which produced its optimal responses for 2-

ethlhexanol and NH3. The 75% ZnO and 2-layered ZnO sensor produced their 

highest response for NG and DMNB respectively. Therefore, demonstrating the most 

sensitive sensors within this array were admixed and therefore should be considered 

within electronic noses produced for detection of explosive materials.  

 

Overall most of the sensors remain largely unaffected by the humidity increase when 

exposed to TNT. The humidity levels tested within this study can be seen within 

Table 4.5.1. However, the 75% SnO2 and unmodified SnO2 sensors did produce the 

highest responses within the chapter. Whereas all sensors reacted to the change in 
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humidity with NG, with rapid increases for 2L SnO2 and 2L ZnO, therefore indicating 

the 2-layered sensors may not be as suitable. The sensor least affected by humidity 

when exposed to NG within this sensor set is 50/50 and 75% SnO2, showing 

admixed sensors are most reliable when testing NG within a humid environment.  

         

Test Gas Humidity tested 

TNT 5%, 10% and 15% 

NG 12.5%, 25% and 35% 

EGDN 5%, 15% and 25% 

TATP 5%, 15% and 25% 

Table 4.5.1. A table showing the humidity levels used when exposed to a range of explosive vapours. 

 
Within the humidity testing of EGDN, the most responsive sensor is 50/50, which 

has produced relatively low responses within the EGDN testing. Overall this sensing 

set did not produce a large increase in response to humidity when exposed to EGDN. 

The unmodified ZnO sensor produced the highest response when exposed TATP and 

to a range of humidity. The rest of the sensors remain unaltered by the increase in 

humidity, this is a positive result, demonstrating the sensors can be used 

successfully within the field without any interference from humidity when exposed 

to TNT, EGDN and TATP. 

 

 

4.5.2 Microstructural Effects on the ZnO and SnO2 Containing Sensors 

 

This section will review how the microstructure of the sensors can influence the 

response produced. The entire ZnO and SnO2 containing sensor set could easily 

distinguish between the different test gases they were exposed to, making this sensor 

set suitable for in-life testing. By incorporating admixed and 2-layered sensors, the 

diffusion of the gas molecules through the sensing materials may change due to the 

shape and size of the metal oxides used. The addition of admixed and 2-layered 

sensors will be analysed against the unmodified sensors to see which sensor type 
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produces the most efficient response and recovery times when exposed to 1 ppm of 

NO2. The error margins produced for both response and recovery times are shown 

in the tables alongside the responses produced. The error margins were calculated 

using the standard deviation of the 3 repeat tests performed. 

 

The response and recovery times for the ZnO and SnO2 containing sensors can be 

seen within table 4.5.2a and 4.5.2b. The sensors was exposed to a range of 

temperatures from 300 °C to 500 °C. The results shown within Table 4.5.2a, 

demonstrate the response times rapidly decreasing as temperature increases. The 

quickest response produced out of the sensors was the unmodified SnO2 with the 

response time dropping from 550 seconds at 300 °C to 130 seconds at 500 °C. 

Overall the sensors produced similar response times as temperature drops, however 

the unmodified ZnO sensor shows the slowest response of 520 seconds at 400 °C, 

therefore demonstrating the admixed and 2-layered sensors containing this metal 

oxide have improved the response times.  

 

  Response Times (sec)  

Sensors 300 °C 400 °C 500 °C 

ZnO 550 (±31.05) 520 (±42.31) 200 (±14.45) 

SnO2 560 (±48.14) 360 (±28.47) 130 (±985) 

50/50 510 (±42.31) 320 (±25.45) 200 (±12.81) 

75% ZnO 510 (±44.59) 210 (±17.18) 160 (±8.39) 

75% SnO2 530 (43.07) 380 (±29.43) 170 (11.92) 

2L ZnO 520 (±47.13) 400 (±31.98) 170 (±10.14) 

2L SnO2 560 (±47.32) 390 (32.68) 160 (±9.53) 

Table 4.5.2a. The response times produced by the ZnO and SnO2 containing sensors when exposed to temperature 
ranges from 300 °C to 500 °C. 

 

The recovery times of the sensors can be seen within Table 4.5.2b and they have 
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been calculated as the time taken to return to 10 % of the sensors original baseline 

resistance when exposure to the test gas has concluded. Overall the recovery times 

decreased as temperature increased, with the unmodified SnO2 showing the 

quickest recovery at each temperature measured ranging from 20 seconds to 70 

seconds from 500 °C to 300 °C. The 2L ZnO sensor shows the greatest improvement 

in recovering time from 110 seconds at 300 °C to 20 seconds at 500 °C. 

Interestingly, the recovery times for the 50/50 and 75% ZnO sensors remain 

relatively stationary from 400 °C to 500 °C, whereas the sensors improve their 

recovery time as temperature increases. 

 

  Recovery Times (sec)  

Sensors 300 °C 400 °C 500 °C 

ZnO 100 (±7.05) 90 (±3.17) 40 (±3.15) 

SnO2 70 (±4.38) 30 (±1.82) 20 (±1.45) 

50/50 80 (±5.41) 50 (±3.21) 50 (±4.70) 

75% ZnO 80 (±5.95) 30 (±1.76) 30 (±2.08) 

75% SnO2 70 (±4.84) 40 (±2.80) 30 (±2.66) 

2L ZnO 110 (±9.11) 40 (±3.33) 20 (±1.48) 

2L SnO2 110 (±9.32) 100 (±7.25) 40 (±2.39) 

Table 4.5.2b. The recovery times produced by the ZnO and SnO2 containing sensors when exposed to temperature 
ranges from 300 °C to 500 °C. 

 

 

4.5.3 Sensitivity of the ZnO and SnO2 Containing Sensors 

 

The heterojunction set of ZnO and SnO2 containing sensors is one of the most 

investigated semiconducting metal oxide sensing arrays for vapour sensing 204. 

Studies have shown ZnO and SnO2 heterojunction sensors to have been fabricated 
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in a range of systems, including screen-printing of thick film sensors,205, 206 thin film 

sensors produced via CVD207 and electro-spinning of core shell nanowire ZnO-SnO2 

structures208. All the fabrication methods listed above for the heterojunction sensing 

array ZnO-SnO2 have shown enhanced responses towards test gases NO2 209, CO 210, 

and hydrogen 211. Many different types of sensors have incorporated heterojunctions 

such as Lu et al, who reported results of a sensor incorporating SnO2 nanoparticles 

on the surface of ZnO nanorods showed an increased sensitivity when exposed to 

NO2 at room temperatures and under UV light irradiation212.  

 

The 2,4,6-Trinitrotoluene (TNT) concentrations used within this study measured at 

5, 10, 25 and 50 ppb. Other chemical sensors do currently exist which have 

successfully detected TNT at 25 ppb concentration levels 213. Within this study, at 

300 °C, the majority of the sensing array show their highest response, however the 

resistive response of 75% SnO2 decreases from 5.8 to 3.4 R/R0 from 400 °C to 

300°C. The highest responses seen within the TNT testing was seen at 400 °C, with 

the 75% SnO2 sensor which increased by over 4 times as the concentration pulses 

increased. The next responsive sensor was the 2-layered 2L ZnO, which steadily 

increased in response as temperature decreased. Throughout the testing the 

unmodified ZnO sensor remained at a constant level throughout the temperature 

decrease, however was the most sensitive sensor at 500 °C. Overall the SnO2 

containing sensors prove the most responsive, these including 2L SnO2 and 75% 

SnO2, therefore indicating both admixed and 2-layered sensors incorporating SnO2 

would make good sensors within an array for detecting TNT.  

 

The concentrations tested of nitroglycerine (NG) within this study for ZnO and SnO2 

containing sensors are 25, 50, 75 and 100 ppb. Previous research has proven NG 

to be detected within room temperatures, however this is at high concentrations of 

1 ppm 214. Therefore, further investigation into the temperatures used for NG 

detection would be beneficial. Within this study, the NG testing showed its most 

sensitive responses produced were performed at 300 °C, with 75% ZnO producing 
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the highest response of 4.5 R/R0. The 75% ZnO sensor has produced relatively low 

responses when exposed to the other explosive vapours, therefore proving to be a 

suitable option to be considered within an electronic nose aimed at detection of NG. 

The 50/50 sensor was the most sensitive sensor when exposed to NG at 400 °C 

producing a response of 4.24 R/R0. Overall the most responsive sensors were the 

admixed sensors which produced the highest sensitive responses at all temperatures 

tested.  

 

Limited studies are available to review for Ethylene Glycol Dinitrate (EGDN) sensor 

detection, demonstrating the need for further research. This study is the first known 

to the author to analyse the responses produced by EGDN using heterojunction 

semiconducting metal oxides. Within this study at 300 °C, the majority of the sensors 

within the ZnO and SnO2 containing sensors show their highest response, with the 

unmodified ZnO sensor displaying a rapid increase response of 21.9 R/R0, the 

highest response produced within the explosive materials tested, producing a 

response of over 5 times from 100 ppb to 900 ppb. Overall the most responsive 

sensor was an unmodified sensor, ZnO, however the 2-layered sensors were 

constantly the 2nd most responsive sensors throughout the temperatures tested. The 

2L ZnO sensor displayed high responses at 300 °C and 500 °C, whereas the 2L SnO2 

peaked at 400 however remained at low response levels at other temperatures, 

demonstrating a bell-shaped curve. The admixed sensors generally remained low 

when exposed to EGDN, therefore if an array were to be produced the unmodified 

ZnO or a 2-layered sensor would be more appropriate.  

 

The ZnO and SnO2 sensing set was exposed to Triacetone triperoxide (TATP) 

concentration levels of 100, 200, 400 and 800 ppb, resulting in responses produced 

from every sensor within the set. Previous studies on sensor exposure to TATP is 

limited, however it has been reported that concentrations of 8 ppm of TATP were 

detected by SnO2 and ZnO catalysts215, and silica nanosprings coated with ZnO 

nanoparticles had also successful detected explosive vapours TNT and TATP at ppb 
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levels214. When the sensing set was exposed to TATP the highest response produced 

was by the 50/50 sensor which showed selectivity towards TATP at 500 °C. The 

unmodified SnO2 sensor also produced a high response a 500 °C with a R/R0 of 

9.18, this response rapidly increases as the temperature decreases to 400 °C 

producing its highest response from any of the explosive materials exposed to the 

ZnO and SnO2 containing sensors, with a resistance response of 47.9 R/R0. This 

response is dramatically higher than the rest of the sensor set which range with 

responses from 9 to 20 R/R0, therefore the use of this sensor specifically designed 

for TATP would be advantageous. Overall at the higher temperatures the admixed 

sensors produced elevated responses when compared to the 2-layered sensors, 

however this changes at 300 °C as 2L SnO2 produces the highest response.  

 

The ZnO and SnO2 containing sensors was exposed to 5, 10, 20, 40 and 50 ppm of 

ammonia. The highest sensitive responses were produced at 300 °C with the 2L ZnO 

sensor (2 layers of ZnO over 2 layers of SnO2) producing the highest response. At 

400 °C and 500 °C the 75% sensor showed its highest responses resulting in a 

response of 8.5 R0/R, this sensor consistently showed low responses to all other test 

gases exposed to the sensor set. Therefore, the 75% ZnO sensor demonstrated it to 

be both a sensitive and selective sensor, when sensing for gases associated with 

explosives, in particular home-made explosives. The responses of the sensors when 

exposed to ammonia, showed ammonia to be sticking to the metal oxide sensor 

surface, therefore resulting in slower recovery times. This result shows longer dry air 

periods may be needed in order to bring the sensors back to baseline. Within the 

ammonia testing the admixed and 2-layered sensors produced the highest response. 

This response could be due to the differing sizes of the material oxides used within 

this study. It has been reported that significant differences in particle size has 

resulted in the increase of resistance of a heterojunction containing sensor 55.  

 

The sensors was exposed to 30, 59, 118, 237 and 296 ppm of 2-ethylhexnaol. The 

optimal response was produced at 400 °C b the 50/50 sensor (50% SnO2 and 50% 
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ZnO) producing a high response of 714 R0/R. Following this response was the 

response produced by the unmodified ZnO sensor with a response of 600 Ro/R. 

Both sensors show the same high response pattern at 500 °C with a 4.3-fold 

decrease in response. At 300 °C, the highest sensitive response was produced by 

the 2L ZnO sensor (2 layers of ZnO over 2 laers of SnO2) creating a response of 330 

R0/R. This result is a 5.5-fold increase to the unmodified ZnO sensor, therefore 

displaying the benefits of including 2 layered sensors within an array of sensors. The 

peak shaped produced within the first two gas pulses of 30 and 59 ppm, show the 

peaks displaying a flat shape. The flat peak shape demonstrates the unmodified 

SnO2 remains saturated and unable to react with the gas, suggesting the holes within 

the valence band to be filled with their paired electrons. The remaining sensor set 

increase in resistance as concentration of 2-ethylhexanol increases. 

 

The ZnO and SnO2 containing sensors was exposed to 2,3-dimethyl-2,3-

dinitrobutane (DMNB) at concentrations of 0.28, 0.56, 1.12, 2.24 and 2.8 ppm. The 

sensors displayed its highest sensitivity at 300 °C, with the 2L ZnO sensor producing 

a response of 70 R0/R. The 2L ZnO sensor produces a much higher increase in 

resistance, after each gas pulse when compared to the rest of the sensors. This 

increase indicates the sensors ability to accommodate the growing number of DMNB 

molecules as concentration increases. Therefore, it may be the combination of the 

two metal oxides layered together that produce a catalytic effect, in turn changing 

the charge carrier concentration and thus increasing the resistance to the gas DMNB. 

The lowest responses seen were conducted at 500 °C, the 75% SnO2 sensor 

demonstrated the highest sensitivity, leaving the 2L ZnO sensor the least sensitive to 

DMNB, when previously the highest response was produced from this sensor at 300 

°C. 

 

The sensors was subjected to concentrations of 1800, 3600, 7200, 14400 and 

18000 ppm of nitromethane. Nitromethane displayed its maximum response at 400 

°C, followed by 500 °C and showed its lowest sensitivity at 300 °C. However, at 300 
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°C, the 2L ZnO sensor produced the highest conductive response of 65 R0/R, 

followed by the admixed sensors 50/50 and 75% SnO2. The response produced by 

nitromethane demonstrates the enhanced response characteristics of the admixed 

and layered sensors with the highest responses produced by the modified sensors 

over all temperatures. At 500 °C the 50/50 admixed sensor produced a response of 

350 R0/R, a 4.6-fold increase in the unmodified SnO2 sensor and a 2.8-fold increase 

from the unmodified ZnO sensor. This exemplifies that a greater number of surface 

sites on the metal oxide are available to facilitate the extra nitromethane molecules 

as concentration increases. 

 

The sensors was exposed to five concentrations ranging between 0.1 and 1 ppm of 

nitrogen dioxide (NO2). Maximum responses were observed at decreasing 

temperatures, consequently showing the greatest sensitivity at 300 °C by the 75% 

SnO2 when exposed to NO2 at 300 °C. Throughout the NO2 exposure, the 2L SnO2 

sensor consistently produces a high resistive response. However, during the 400 °C 

and 500 °C testing, the unmodified ZnO sensor displays great sensitivity to NO2 when 

compared to the rest of the sensor set. At 400 °C the unmodified ZnO sensor showed 

a 4.75-fold increase from the next sensitive sensor 75% SnO2. Conversely, the 

admixed sensor 75% SnO2 and the 2 layered sensor 2L SnO2, produced the highest 

overall sensitivities within the sensor set when tested at 300 °C. Therefore, 

demonstrating the modified sensors to produce a higher sensitivity to NO2 compared 

to the unmodified sensors when testing at 300 °C. 

 

Both ZnO and SnO2 are n-type semiconducting metal oxides which have previously 

shown high sensitivity towards gases such as H2217,218, CO219,220, NO2221,222 and 

ethanol223,224. Therefore an array compromising both metal oxides were expected to 

improve sensitivity and selectivity of the unmodified sensors. Previous studies have 

also reported increased sensitivity when combing both ZnO and SnO2 within a 

heterojunction. A study which produced a crystalline thin film of ZnO-SnO2 

composite exposed the composite to H2 resulted in an increase in sensor response 
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by 35% and 42% when compared to the unmodified ZnO and SnO2 sensors 

respectively225. This result proved the combining of metal oxides into a 

heterojunction, increased the response of both unmodified sensors. A study showing 

ZnO-SnO2 heterojunction sensors displayed increased responses to test gas CO, 

which were reported due to the significant number of ZnO/SnO2 grain boundaries 

226. Similarly, another study by Song et al, showed a ZnO-SnO2 nanofibre sensor 

showed high sensitivity towards ethanol due to the additional surface sites produced 

by the heterojunction material and thus producing an increase in free charge 

carriers, enhancing the conductance of the sensing material. 227 

Producing a heterojunction array specifically for the use of explosive detection has 

resulted in highly sensitive responses. A high resistive response of 522 R/R0 was 

produced by the 75% SnO2 sensor, when detecting NO2 at 300 oC. The responses 

produced from the sensors when exposed to NO2 show the admixed and 2-layered 

sensors to have increased responses considerably. This result has also been shown 

within a ZnO-SnO2 nanocomposite array, where the array responded significantly 

better than the unmodified SnO2201. Liangyaun et al describes this result to be due 

to enhancement in grain growth causing the interactions at the surface of the metal 

oxides to increase.228 Therefore, it is suggested that the combination of ZnO to the 

SnO2 sensor increased the response due to the increase in grain surface area, which 

in turn allow further absorption of the gases and reaction to the oxygen species at 

the surface of the metal oxide. The oxidising results have proven highly successful 

compared to the literature referenced, suggesting the use of heterojunction gas 

sensors to increase unmodified metal oxide sensitivities.  

 

The reducing gases also produced high sensitive responses. The most prominent 

reducing gas 2-ethylhexanol produced high conductive responses over a range of 

temperatures; however, its maximum response was produced at 400 oC. Another 

study using the same equipment analysed the responses of 2-ethylhexanol to an 

array of tungsten trioxide and indium oxide with zeolites incorporated. 53 The array 
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produced within this study showed a response of 714 R0/R which is a 5 times 

enhancement to the WO3 and In2O3 array, demonstrating ZnO and SnO2 to be more 

sensitivity when gas sensing for 2-ethylhexanol. This result was produced by an 

admixed sensor which enhanced sensitivity from the unmodified SnO2 sensor by 13 

times. Consequently, demonstrating admixed sensors to dramatically improve 

conductive responses.  

 

The admixed sensors have also proven successful in producing elevated responses. 

In particularly the 50/50 sensor which has demonstrated its sensitivity when 

exposed to the reducing gases. Previous research has also shown composite sensors 

to improve sensitivity when compared to the unmodified metal oxides. 229 A ZnO-

SnO2 array has been described as a key influential factor in the enhancement of 

metal oxide sensors. For instance, a study found that using SnO2-ZnO core-shell 

nanofibers increased sensitivity when compared to the sensor without a shell layer, 

it was proposed this was due to the homo-interfaces and hetero-interfaces junctions 

produced 230. The 2-layered sensors also provided improvements to responses when 

compared to the unmodified metal oxide sensors. The 2 layered ZnO sensor 

consistently performed well at 300 oC over the whole range of reducing gases, 2-

ethylhexanol, DMNB, nitromethane and ammonia. It was found that by layering the 

two differing metal oxides creates an enhancement of results due to more electrons 

being available for the electrochemical reactions. Therefore, including 2-layered 

sensors within an array of sensors allows a more sensitive and selective analysis to 

be performed. All sensors successfully detected the lowest concentrations of test 

gases exposed, therefore showed a LOD of 5 ppm of Ammonia, 30 ppm of 2-

ethylhexanol, 280 ppb of DMNB, 1800 ppm of nitromethane and 100 ppb of NO2. 

 

The admixed and 2-layered sensors have shown improved sensitivity when 

compared to the unmodified sensors. The only test gas which resulted in the most 

sensitive responses being from the unmodified sensors was EGDN over all 

temperatures tested and TATP at 400 °C when exposed to the unmodified ZnO 
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sensor. All the other test gases exposed to the sensors showed optimal responses 

from the modified sensors, such as when exposed to ammonia both the admixed 

and 2-layered sensors produced higher sensor responses when compared to the two 

unmodified sensors. Interestingly the 50/50 (n-type ZnO and n-type SnO2) sensor 

which produced relatively low responses when admixed with a p-type metal oxide 

proved itself to be the most successful sensor when exposed to the explosive 

vapours, showing the most sensitive responses towards NG, TATP, DMNB, 

nitromethane and 2-ethlhexnaol. The 75% ZnO sensor showed the most sensitive 

responses when exposed to NO2, ammonia and NG, whereas the 75% SnO2 sensor 

showed sensitivity when exposed to TNT, DMNB and nitromethane. The 2-layered 

sensors also proved successful when exposed to ammonia, 2-ethylhexanol, DMNB 

and nitromethane for 2L ZnO and ammonia and NO2 for the 2L SnO2 sensor. 

 

This sensor mix mechanically behaves the same as the unmodified n-type sensors 

as overall the charge remains negative, therefore the improved sensitivity is thought 

to be due to the changes in microstructure. The admixed sensors would have a clear 

microstructural change on the sensor surface, whereas the 2-layered sensors would 

have a clear change of microstructure 2 layered down from the sensor surface. 

However, as shown from the results produced, the surface reactions can alter and 

penetrate down the 2 layers and the different microstructure at this point can affect 

sensor response. The microstructure would improve the modified sensors due to 

greater surface area being achieved from difference in particles size between the 

metal oxides. Therefore, heterojunctions can improve sensitivity without the need to 

alter the coverall charge of the system but by solely the addition of another metal 

oxide. 
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5 Results and Discussion of ZnO and CTO 

Containing Sensors 
 

Chapter 5 describes the results produced by the ZnO and CTO containing sensors, 

incorporating unmodified, admixed and 2-layered sensors. The sensors was first 

analysed in terms of their morphology to confirmed their composition through 

characterization methods. The sensors was then exposed to a range of explosive 

vapours and in-house testing gases in order to assess their sensitivity and selectively. 

Humidity testing was also carried out when the sensors was exposed to the explosive 

vapours. The results produced were analysed in terms of their microstructure, 

sensitivity and response to temperature. The abbreviations of the sensors used 

within this chapter can be seen within Table 5.  

 

Sensor Abbreviation Metal Oxide Wt% (4 layers) 

ZnO ZnO (100%) 

CTO Chromium titanium oxide (100%) 

50/50 50% ZnO, 50% CTO 

75% ZnO 75% ZnO, 25% CTO 

75% CTO 75% CTO, 25% ZnO 

2L ZnO 2 layers of ZnO over 2 layers of CTO 

2L CTO 2 layers of CTO over 2 layers of ZnO 

Table 5. The abbreviations of the metal oxides used within the ZnO and CTO containing sensors. 

 

 

5.1 Sensor Characterisation  

 

The sensing set comprising of unmodified, admixed and 2-layered sensors 

containing ZnO and CTO were produced using a thick film screen-printing technique. 

All seven sensors were exposed to a range in explosive vapours and in-house test 

gases and exposed to temperatures from 300 °C to 500 °C. All sensors produced 
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underwent several characterisation techniques, both before and after being exposed 

to the test gases, including X-Ray Diffraction (XRD), Scanning Electron Microscopy 

(SEM), Energy-Dispersive X-ray Spectroscopy (EDX) and Raman Spectroscopy.  

 

        

5.1.1 X-ray Diffraction         

 

The X-ray Diffraction (XRD) diffraction patterns produced from the set with 2θ range 

23◦ to 66◦, produced before analysis can be seen within figure 5.1.1. The diffraction 

patterns confirm the chemical make-up of the unmodified metal oxides, the 2-

layered and admixed sensors. The unmodified ZnO containing sensors shows a 

hexagonal wurzite single phase structure with characteristic peaks at 2θ = 31.73◦, 

34.37◦, 36.21◦, 38.07◦and 47.48◦. This pattern corresponds to the reference ZnO 

pattern (ICDD 36-1451). The unmodified CTO demonstrates a eskoalite structure 

and shows strong peaks at 2θ = 24.5◦, 34◦, 36.0◦, 42◦ and 55◦, as seen within the 

Joint Committee on Powder Diffraction Standards (JCPDS pattern 33-408). No 

changes within the structure of the metal oxides were detected. 
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Figure 5.1.1. XRD diffraction patterns of seven sensors, (top) ZnO, CTO, 50/50 (50% of ZnO admixed with 50% of 
CTO), 75% ZnO (75% ZnO admixed with 25% CTO), 75% CTO (75% CTO admixed with 25% ZnO), and 2L ZnO 
(2 layers of ZnO over 2 layer of CTO), 2L CTO (2 layers of CTO over 2 layer of ZnO).  

 

 

5.1.2 Scanning Electron Microscopy  

 

The sensors was examined by Scanning Electron Microscopy (SEM), with the 

resulting SEM micrographs shown in figure 5.1.2a. The micrographs produced are 

at a 3000x magnification. The micrographs clearly demonstrate the porous nature 

and distinct differences between the two metal oxides. Figure 5.1.2aA shows the 

unmodified ZnO sensor displaying a rectangular shape with a broad range from 0.1 

to 0.5 µm. This metal oxide is clearly much smaller in size when compared to the 

unmodified CTO sensor within figure 5.1.2B. The morphology of the unmodified CTO 

sensor is displaying a more irregular shape with rough edges and with a much larger 

particles size than the unmodified ZnO sensor showing a range between 0.5 to 0.8 
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µm. All admixed sensors, figures 5.1.2aC-E, show both ZnO and CTO materials within 

the micrographs at the appropriate quantity based upon the admixture composition. 

The 2-layered sensors display only the top layered metal oxide, as also confirmed 

within EDX. Figure 5.1.2aH shows the sensor substrate at 25x magnification, 

demonstrating the overall porous nature of the metal oxide composition.  

 

 
Figure 5.1.2. SEM micrographs of (top left moving in the right direction) A: ZnO, B: CTO, C: 50/50, D: 75% ZnO, E: 
75% CTO, F: 2L ZnO, G: 2L CTO all at x3000 magnification and H: a view from x 25 magnification of ZnO to show 
the overall sensor. 

 

 

5.1.3 Energy-Dispersive X-ray Spectroscopy  

 

Energy-Dispersive X-ray Spectroscopy (EDX) analysis was performed to confirm the 

composition of the metal oxide sensors. The atomic percentages showed the 

resulting atom types for the sensors. A compound percentage was also used which 

allowed easier identification of the metal oxide compounds. The sensors chemical 

composition was correctly confirmed by EDX with the atomic weight and compound 

percentage corresponding to the experimental measurements taken as seen within 

Table 5.1.3.  

 

 

A B C D 

E F G H 
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Table 5.1.3. A table showing EDX weight percentages produced from the ZnO-CTO containing sensors. 

 

 

5.1.4 Raman Spectroscopy   

 

Raman spectroscopy was performed using a 514-nm laser and wavenumbers 

ranging from 200 cm-1 to 2000 cm-1. The data produced can be seen within figure 

5.1.4. The unmodified ZnO sensor produced peaks at 378 cm-1, 416 cm-1, 439 cm-

1, 578 cm-1 and 1159 cm-1; each peak was visible within each ZnO containing sensor. 

The 378 cm-1, 439 cm-1 and 1159 cm-1 peaks are recognised by the A1 (TO) 

symmetry mode of ZnO, the optical phonon E2 mode and E3 mode respectively. 

However, the unmodified CTO sensor produced its dominant peak at 548 cm-1, this 

peak corresponded with the A1g band, which is characteristic of crystalline α-Cr2O3. 

The remaining peaks 305cm-1, 346.5cm-1 and 610.4cm-1 were corresponding to 

Raman band Eg, modes 1, 2 and 4 respectfully, therefore confirming the chemical 

Sensor O Zn Cr Ti Total 

ZnO 20 80 - - 100 

CTO 33 - 56 11 100 

2L  ZnO  (2 layers of  ZnO over 2 

layer of CTO) 

20 80 - - 100 

2L CTO (2 layers of CTO over 2 

layer of  ZnO) 

33 - 56 11 100 

75%  ZnO  (75%  ZnO admixed 

with 25% CTO) 

22 67 9 2 100 

75% CTO (75% CTO admixed 

with 25%  ZnO) 

27 36 30 7 100 

50/50 (50% of  ZnO admixed 

with 50% of CTO) 

28 34 32 6 100 
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composition of CTO. The Raman peaks produced from this study for CTO and their 

corresponding bands coordinated to those from Cr2O3 can be seen within table 5.1.4. 

All characterisations were repeated after exposure to the tests gases and high 

temperatures. No changes within the structure of the metal oxides were detected.  

 
Figure 5.1.4. Raman spectra of an seven sensors, (top) ZnO, CTO, 50/50 (50% of ZnO admixed with 50% of CTO), 
75% ZnO (75% ZnO admixed with 25% CTO), 75% CTO (75% CTO admixed with 25% ZnO), and 2L ZnO (2 
layers of ZnO over 2 layer of CTO), 2L CTO (2 layers of CTO over 2 layer of ZnO).  
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Table 5.1.4. A table showing the Raman bands used to identify the CTO containing sensors. 174 

 

    

5.2  Modification of the ZnO and CTO Containing Sensors    

   

5.2.1 Exposure of 2,4,6-trinitrotoluene to the ZnO and CTO Containing Sensors 

 

The 2,4,6-trinitrotoluene (TNT) concentrations used within this study measured at 5, 

10, 25 and 50 ppb, all sensors showed a LOD of 5 ppb. The highest responses seen 

within this study can be seen at 300 °C, with the 2L ZnO sensor displaying the most 

sensitive response, increasing by double as the concentration pulses increase. The 

next responsive sensors are the unmodified CTO and unmodified ZnO sensors. Both 

the 2L ZnO sensor and unmodified ZnO sensor decreases in response as the 

temperature increases from 300 °C to 400 °C, however then increases again in 

response at 500 °C. A bell-shaped curve can be viewed within this test gas study, the 

75% CTO sensor, produces its peak at 400 °C with a response of 2.05 R0/R, and 

decreases in response as the changes moves away from 400 °C. All other sensors 

increase in response as temperature decreases from 500 °C to 300 °C. 

 

Raman Band Cr2O3133 CTO (chromium titanium oxide) 

Eg Mode 4 609.7 cm-1 610.4 cm-1 

A1g 551.1 cm-1 548.1 cm-1 

Eg Mode 2 349.8 cm-1 346.5 cm-1 

Eg Mode 1 306.3 cm-1 305 cm-1 
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Figure 5.2.1a. The magnitude of response for the ZnO and CTO containing sensors exposed to 2,4,6-trinitrotoluene 

at 300 °C, 400 °C and 500 °C. 

 
300 oC ZnO CTO 50/50 75% ZnO 75% CTO 2L ZnO 2L CTO 
5 ppb 1.35 ±0.03 1.64 ±0.05 1.02 ±0.01 1.08 ±0.01 1.10 ±0.01 1.31 ±0.03 1.06 ±0.01 

10 ppb 1.67 ±0.03 1.79 ±0.04 1.07 ±0.01 1.17 ±0.06 1.15 ±0.02 1.87 ±0.16 1.09 ±0.02 
25 ppb 1.77 ±0.05 1.98 ±0.09 1.09 ±0.01 1.21 ±0.07 1.18 ±0.02 2.31 ±0.22 1.11 ±0.02 
50 ppb 1.96 ±0.09 2.04 ±0.11 1.12 ±0.01 1.56 ±0.13 1.20 ±0.04 2.57 ±0.38 1.14 ±0.02 
400 oC         
5 ppb 1.09 ±0.01 1.23 ±0.02 1.03 ±0.01 1.18 ±0.03 1.67 ±0.07 1.08 ±0.01 1.05 ±0.01 

10 ppb 1.19 ±0.03 1.32 ±0.04 1.06 ±0.01 1.28 ±0.02 1.78 ±0.08 1.10 ±0.02 1.08 ±0.01 
25 ppb 1.23 ±0.03 1.38 ±0.04 1.10 ±0.01 1.31 ±0.4 1.97 ±0.12 1.16 ±0.03 1.11 ±0.02 
50 ppb 1.26 ±0.05 1.53 ±0.06 1.13 ±0.01 1.42 ±0.09 2.05 ±0.23 1.20 ±0.03 1.12 ±0.03 
500 oC        
5 ppb 1.27 ±0.03 1.08 ±0.01 1.09 ±0.02 1.09 ±0.01 1.27 ±0.04 1.21 ±0.03 1.06 ±0.01 

10 ppb 1.41 ±0.07 1.10 ±0.01 1.12 ±0.02 1.10 ±0.03 1.30 ±0.4 1.29 ±0.05 1.07 ±0.01 
25 ppb 1.46 ±0.05 1.12 ±0.02 1.13 ±0.01 1.11 ±0.02 1.34 ±0.05 1.33 ±0.08 1.09 ±0.01 
50 ppb 1.59 ±0.05 1.15 ±0.03 1.17 ±0.04 1.15 ±0.02 1.40 ±0.02 1.37 ±0.11 1.11 ±0.02 

 

Table 5.2.1a. A table showing the magnitude of response for the ZnO and CTO containing sensors when exposed to 

2,4,6-Trinitrotoluene alongside the 95% CI internal error margin. 

 
Overall all sensors increase in response as the TNT concentration increases 

regardless of the temperature. At 400 °C the most sensitive sensor is the 75% CTO 

sensor, whereas the unmodified ZnO sensor is the most sensitive at 500 °C. 
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Interestingly all 3 different types of sensors within this set, unmodified, admixed and 

2-layered, are the most sensitive when exposed to different temperatures. This result 

demonstrates the range of responses produced from metal oxide gas sensors 

dependent on microstructure, temperature and test gas. Overall the 2L CTO sensor 

and 50/50 admixed sensor show the lowest responses within the temperature 

ranges tested. The results from this study indicate that the 2-layered CTO sensor 

may be useful within a sensing array when detecting TNT, due to its high response 

produced at the lowest temperature tested within this study.  

 

 
Figure 5.2.1b. The magnitude of response for the ZnO and CTO containing sensors exposed to 2,4,6-trinitrotoluene 

at relative humidity 5%, 10% and 15% measured at 300 °C. 
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 ZnO CTO 50/50 75% ZnO 75% CTO 2L ZnO 2L CTO 
5 % 1.96 ±0.09 1.64 ±0.07 1.12 ±0.02 1.56 ±0.04 1.20 ±0.03 2.57 ±0.18 1.14 ±0.02 
10 % 1.99 ±0.08 1.69 ±0.08 1.21 ±0.02 1.58 ±0.04 1.76 ±0.21 2.62 ±0.21 1.16 ±0.02 
15 % 2.11 ±0.15 1.74 ±0.11 1.33 ±0.04 1.61 ±0.04 2.03 ±0.27 2.89 ±0.28 1.21 ±0.03 

Table 5.2.1b. A table showing the magnitude of response for the ZnO and CTO containing sensors when exposed to 

2,4,6-Trinitrotoluene with relative humidity alongside the 95% CI internal error margin. 

 

The humidity results from exposing the ZnO and CTO contiainng sensors to TNT can 

be seen within figure 5.2.1b. The humidity levels used within this study were 5% RH, 

10% RH, 15% RH measured at 50 ppb at 300 °C. The 2L ZnO sensor, similarly to 

the above TNT testing responded as the most sensitive sensor. The largest increase 

within the humidity testing was the 75% CTO sensor increasing by 1 R0/R between 

the first pulse of 5% RH and 15% RH. Overall most of the sensors remain largely 

unaffected by the humidity increase, especially the unmodified ZnO sensor which 

demonstrated a high response at 400 °C, therefore displaying this sensor as a good 

candidate for “in-life” use for its responsive nature without any influence from 

humidity.  

 

 

5.2.2 Exposure of Nitroglycerine to the ZnO and CTO Containing Sensors 

 

The concentrations of nitroglycerine (NG) exposed to the ZnO and CTO containing 

sensors were 25 ppb, 50 ppb, 75 ppb and 100 ppb as shown within figure 5.2.2a. 

The most sensitive responses produced within this study was performed at 400 °C, 

with unmodified ZnO producing the highest response of 3.5 R/R0. This sensor has 

produced a high response when compared to the remaining sensors at 400 °C. The 

next most responsive sensors at 400 °C are the 75% CTO and 2L ZnO sensors.  The 

unmodified ZnO remains the highest responding sensor at all temperatures tested. 

At both 500 °C and 300 °C the unmodified ZnO sensor produces a response of 2 

R/R0. Following this the next responsive sensor for both the 500 °C and 300 °C tests 

is the 2L CTO sensor. The remaining sensors produce low responses at both 

temperatures measured. All sensors showed a LOD of 25 ppb when exposed to a 
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NG from 300 °C – 500 °C. 

 
Figure 5.2.2a. The magnitude of response for the ZnO and CTO containing sensors exposed to nitrogylcerine at 300 
°C, 400 °C and 500 °C. 

 

300 oC ZnO CTO 50/50 75% ZnO 75% CTO 2L ZnO 2L CTO 
25 ppb 1.53 ±0.04 1.10 ±0.01 1.02 ±0.01 1.14 ±0.04 1.23 ±0.04 1.05 ±0.01 1.25 ±0.03 
50 ppb 1.80 ±0.04 1.14 ±0.02 1.03 ±0.01 1.20 ±0.03 1.40 ±0.03 1.10 ±0.02 1.30 ±0.03 
75 ppb 1.91 ±0.03 1.12 ±0.01 1.07 ±0.01 1.24 ±0.04 1.41 ±0.05 1.30 ±0.03 1.34 ±0.02 

100 ppb 2.01 ±0.08 1.28 ±0.03 1.10 ±0.02 1.29 ±0.08 1.45 ±0.05 1.40 ±0.02 1.37 ±0.05 
400 oC        
25 ppb 1.10 ± 0.01 1.03 ±0.01 1.02 ±0.01 1.03 ±0.01 1.01 ±0.01 1.02 ±0.01 1.03 ±0.01 
50 ppb 2.29 ± 0.20 1.03 ±0.01 1.04 ±0.01 1.04 ±0.01 1.02 ±0.01 1.03±0.01 1.04 ±0.01 
75 ppb 2.96 ±0.32 1.05 ±0.01 1.07 ±0.01 1.05 ±0.01 1.05 ±0.01 1.04 ±0.01 1.05 ±0.01 

100 ppb 3.40 ±0.40 1.06 ±0.01 1.11 ±0.01 1.06 ±0.01 1.07 ±0.01 1.05 ±0.01 1.06 ±0.01 
500 oC          
25 ppb 1.75 ±0.04 1.05 ±0.01 1.05 ±0.01 1.10 ±0.01 1.02 ±0.01 1.09 ±0.01 1.22 ±0.03 
50 ppb 1.80 ±0.03 1.08 ±0.01 1.07 ±0.01 1.08 ±0.01 1.05 ±0.01 1.10 ±0.01 1.28 ±0.03 
75 ppb 1.90 ±0.05 1.29 ±0.02 1.10 ±0.01 1.10 ±0.01 1.08 ±0.01 1.13 ±0.02 1.40 ±0.02 

100 ppb 2.00 ±0.06 1.40 ±0.05 1.14 ±0.02 1.12 ±0.02 1.12 ±0.02 1.16 ±0.02 1.42 ±0.05 
 

Table 5.2.2a. A table showing the magnitude of response for the ZnO and CTO containing sensors when exposed to 

nitrogylcerine alongside the 95% CI internal error margin. 

 

Throughout the nitroglycerine testing of this sensing set the unmodified ZnO sensor 

produced high responses, showing the unmodified sensor to be the most responsive 
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when exposed to nitroglycerine. Both the admixed and 2-layered sensors generally 

produced low responses when exposed to nitroglycerine at all temperatures and 

concentrations tested, therefore if producing an array for this material an unmodified 

sensor would be more appropriate.   

 

 
Figure 5.2.2b. The magnitude of response for the ZnO and CTO containing sensors exposed to nitrogylcerine at 
relative humidity 12.5%, 25% and 35% measured at 300 °C. 

 

 ZnO CTO 50/50 75% ZnO 75% CTO 2L ZnO 2L CTO 
12.5 % 2.03 ±0.21 1.26 ±0.04 1.40 ±0.08 1.20 ±0.02 1.54 ±0.02 1.34 ±0.05 1.10 ±0.01 
25 % 2.14 ±0.19 1.33 ±0.04 1.50 ±0.09 1.35 ±0.03 1.63 ±0.05 1.42 ±0.06 1.20 ±0.02 
35 % 2.45 ±0.25 1.43 ±0.05 1.86 ±0.10 1.30 ±0.04 1.60 ±0.07 1.50 ±0.08 1.25 ±0.02 

 

Table 5.2.2b. A table showing the magnitude of response for the ZnO and CTO containing sensors when exposed to 

nitrogylcerine with relative humidity alongside the 95% CI internal error margin. 

 

The humidity levels used within this study were 12.5% RH, 25% RH and 35% RH 

measured at 300 °C. The humidity results from exposing the ZnO and CTO 
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containing sensors to nitroglycerine can be seen within figure 5.2.2b. The 

unmodified ZnO sensor is the most responsive sensor increasing steadily as 

humidity increases. All sensors within this set reacted to the change in humidity, 

however the remaining sensors produced relatively low responses as the humidity 

increases. Therefore, this sensing set may be suitable for “in-life” use. Both 2-layered 

and admixed sensors produced little response change to the range of humidity 

exposed to, therefore making them the most reliable when testing NG within a humid 

environment.  

 

 

5.2.3 Exposure of Ethylene Glycol Dinitrate to the ZnO and CTO Containing 

Sensors 

  

The Ethylene Glycol Dinitrate (EGDN) concentrations used within this study are 100, 

200, 600 and 900 ppb, all sensors produced a LOD of 100 ppb and the results 

produced from this sensing set exposure to EGDN can be seen within figure 5.2.3a. 

The highest response seen when exposed to EDGN was at 300 °C, with all sensors 

displaying their highest sensitivity. The unmodified ZnO sensor was the most 

sensitive sensor at 300 °C producing a response of 21.9 R/R0. However, the 

unmodified CTO sensor is the highest responding sensor at 400 °C and 500 °C. At 

all temperatures tested the unmodified and admixed sensors produce the most 

sensitive responses, with the 50/50 sensor and 75% ZnO sensor producing 

responses in 2nd and 3rd place within the sening set.  All sensors gradually increased 

as temperature and concentration increased, except for the unmodified CTO sensor 

which dips in response as the temperature decreases from 500 °C to 400 °C and 

then increases steadily at 300 °C. This response is known as the bell shape curve 

describing the effect of gas response vs temperature which can be dependent on 

the test gas and metal oxide composition.  
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Figure 5.2.3a. The magnitude of response for the ZnO and CTO containing sensors exposed to Ethylene Glycol 
Dinitrate at 300 °C, 400 °C and 500 °C. 

 

300 oC ZnO CTO 50/50 75% ZnO 75% CTO 2L ZnO 2L CTO 
100 ppb 2.63 ±0.18 1.18 ±0.02 1.22 ±0.02 2.14 ±0.19 1.15 ±0.01 1.48 ±0.04 1.20 ±0.02 
200 ppb 6.48 ±0.42 1.21 ±0.02 1.60 ±0.04 3.26 ±0.22 1.19 ±0.03 1.67 ±0.09 1.33 ±0.02 
600 ppb 13.20 ±0.71 1.40 ±0.03 2.94 ±0.18 5.42 ±0.45 1.20 ±0.02 2.05 ±0.17 1.58 ±0.04 
900 ppb 21.90 ±1.01 1.59 ±0.03 4.65 ±0.27 7.47 ±0.66 1.23 ±0.02 2.29 ±0.18 1.60 ±0.03 
400 oC        

100 ppb 1.01 ±0.01 1.17 ±0.01 1.10 ±0.01 1.01 ±0.01 1.08 ±0.01 1.02 ±0.01 1.01 ±0.01 
200 ppb 1.02 ±0.01 1.21 ±0.03 1.16 ±0.01 1.03 ±0.01 1.10 ±0.01 1.03 ±0.01 1.03 ±0.01 
600 ppb 1.02 ±0.01 1.48 ±0.04 1.23 ±0.02 1.05 ±0.01 1.12 ±0.01 1.04 ±0.01 1.05 ±0.01 
900 ppb 1.04 ±0.01 1.68 ±0.03 1.28 ±0.02 1.06 ±0.01 1.15 ±0.01 1.05 ±0.01 1.06 ±0.01 
500 oC        

100 ppb 1.15 ±0.01 1.15 ±0.03 1.11 ±0.01 1.01 ±0.01 1.06 ±0.01 1.04 ±0.01 1.02 ±0.01 
200 ppb 1.18 ±0.03 1.26 ±0.03 1.16 ±0.01 1.02 ±0.01 1.07 ±0.01 1.05 ±0.01 1.04 ±0.01 
600 ppb 1.23 ±0.03 1.47 ±0.05 1.20 ±0.02 1.09 ±0.01 1.08 ±0.01 1.09 ±0.01 1.08 ±0.02 
900 ppb 1.25 ±0.03 1.71 ±0.05 1.21 ±0.02 1.11±0.01 1.10 ±0.01 1.11 ±0.01 1.11 ±0.02 

 

Table 5.2.3a. A table showing the magnitude of response for the ZnO and CTO containing sensors when exposed to 

Ethylene Glycol Dinitrate alongside the 95% CI internal error margin. 

 
Overall the most responsive sensor was an unmodified sensor, ZnO as seen at 300 

°C, however between the admixed and 2-layered sensors the admixed sensor was 

the 2nd most responsive sensor type, with the 2-layered sensors producing low 
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responses throughout the temperatures measured. Therefore, if producing an array 

for EGDN detection, a 2-layered sensor would not be appropriate. In life, a more 

practical electronic nose would be conducted at a lower temperature, therefore the 

unmodified ZnO sensor would be most appropriate for EGDN detection.  

 

 
Figure 5.2.3b. The magnitude of response for the ZnO and CTO containing sensors exposed to Ethylene Glycol 
Dinitrate at relative humidity 5%, 15% and 25% measured at 300 °C. 

 

 ZnO CTO 50/50 75% ZnO 75% CTO 2L ZnO 2L CTO 
5 % 1.20 ±0.02 1.11 ±0.02 1.14 ±0.02 1.24 ±0.02 1.60 ±0.05 1.52 ±0.04 1.27 ±0.02 

15 % 1.30 ±0.02 1.19 ±0.02 1.23 ±0.02 1.34 ±0.03 1.68 ±0.04 1.70 ±0.08 2.00 ±0.16 
25 % 1.60 ±0.06 1.25 ±0.02 1.32 ±0.02 1.43 ±0.03 1.75 ±0.08 2.39 ±0.17 2.43 ±0.17 

 

Table 5.2.3b. A table showing the magnitude of response for the ZnO and CTO containing sensors when exposed to 

Ethylene Glycol Dinitrate with relative humidity alongside the 95% CI internal error margin. 

 

The humidity exposure results for the ZnO and CTO containing sensors when 

exposed to EGDN can be seen within figure 5.2.3b. The humidity levels tested within 
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this experiment were 5% RH, 15% RH and 25% RH when measured at 300 °C. 

Within the humidity testing of EGDN, the most responsive sensor was the 2L CTO 

sensor, which has produced relatively low responses within the EGDN testing when 

not exposed to humidity. The 2L CTO sensor rapidly increased as the pulse of 

humidity increased from 5% RH to 25% RH, increasing from 1.27 R0/R to 2.43 R/R0. 

Interestingly the other 2-layered sensor 2L ZnO, also increases vastly as humidity 

increases, most so when humidity increases from 15% to 25%. This result confirms 

the 2-layered sensors not to be suitable for EGDN detection. The remaining sensors, 

generally produce low responses as humidity increases, with the next significant 

response increase resulting from the unmodified ZnO sensor. Overall the remaining 

sensors do not produce a large increase in response to humidity when exposed to 

EGDN.    

 

  

5.2.4 Exposure of Triacetone triperoxide to the ZnO and CTO Containing Sensors 

 

The concentrations of Triacetone triperoxide (TATP) used when testing against the 

ZnO and CTO containing sensors ranged from 100, 200, 400 and 800 ppb. Overall 

the responses produced when the ZnO and CTO containing sensors when exposed 

to TATP were very high compared to the other test gases measured. The highest 

responses produced was seen at 400 °C by the unmodified ZnO sensor, with a 

response of 22 R/R0, as seen within figure 5.2.4a. Following this sensor was the 

unmodified CTO and 2L CTO sensors with responses of 3.3 R0/R and 3.02 R0/R 

respectively. Both the 50/50 sensor and 75% CTO sensor remained low throughout 

the concentration pulses at 400 °C. The next highest responses were seen at 500 °C, 

with the unmodified ZnO and 2L ZnO sensors producing the highest responses of 

5.7 R/R0 and 5.4 R/R0 respectively. Following this is the 75% ZnO sensor with the 

remaining sensors producing relatively low responses when compared to this 

response. Therefore, this result suggests a sensor containing ZnO is the most suitable 

when detecting TATP at 500 °C. The lowest concentration of TATP exposed to the 
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sensors was 100 ppb, in which all sensors successfully detected the test gas and 

therefore showed a LOD of 100 ppb. 

 

 

 
Figure 5.2.4a. The magnitude of response for the ZnO and CTO containing sensors exposed to Triacetone 
triperoxide at 300 °C, 400 °C and 500 °C. 

 

300 oC ZnO CTO 50/50 75% ZnO 75% CTO 2L ZnO 2L CTO 
100 ppb 1.06 ±0.01 1.40 ±0.04 1.02 ±0.01 1.63 ±0.05 1.63 ±0.05 1.05 ±0.01 1.20 ±0.03 
200 ppb 1.10 ±0.01 1.43 ±0.04 1.03 ±0.01 1.88 ±0.07 1.93 ±0.07 1.10 ±0.02 1.50 ±0.03 
400 ppb 1.18 ±0.02 1.48 ±0.05 1.07 ±0.01 2.02 ±0.21 2.04 ±0.23 1.30 ±0.02 2.05 ±0.12 
800 ppb 1.47 ±0.03 1.84 ±0.06 1.10 ±0.02 3.10 ±0.19 2.13 ±0.19 1.40 ±0.03 2.50 ±0.17 
400 oC        

100 ppb 4.41 ±0.33 1.24 ±0.05 1.10 ±0.01 2.17 ±0.18 1.01 ±0.01 1.18 ±0.03 2.11 ±0.16 
200 ppb 5.66 ±0.42 1.56 ±0.17 1.13 ±0.02 2.39 ±0.20 1.02 ±0.01 1.22 ±0.04 2.38 ±0.16 
400 ppb 9.91 ± 0.67 2.07 ±0.26 1.14 ±0.02 2.43 ±0.17 1.07 ±0.01 1.90 ±0.16 2.40 ±0.19 
800 ppb 21.77 ±1.07 3.26 ±0.22 1.19 ±0.02 2.83 ±0.19 1.09 ±0.01 2.61 ±0.28 3.02 ±0.24 
500 oC        

100 ppb 2.21 ±0.16 1.10 ±0.01 1.30 ±0.03 3.22 ±0.24 2.21 ±0.18 1.14 ±0.03 1.00 ±0.01 
200 ppb 2.83 ±0.18 1.10 ±0.01 1.45 ±0.03 3.30 ±0.22 2.32 ±0.18 3.76 ±0.34 1.09 ±0.01 
400 ppb 3.29 ±0.25 1.12 ±0.01 1.54 ±0.05 3.69 ±0.41 2.40 ±0.21 4.69 ±0.33 1.14 ±0.02 
800 ppb 5.73 ±0.30 1.20 ±0.02 1.73 ±0.05 4.74 ±0.55 2.61 ±0.22 5.39 ±0.46 2.28 ±0.10 

 

Table 5.2.4a. A table showing the magnitude of response for the ZnO and CTO containing sensors when exposed to 

Triacetone triperoxide alongside the 95% CI internal error margin. 
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At 300 °C the 75% ZnO sensor produced the highest sensitive response of 3.1R/R0, 

closely followed by the 2L CTO sensor with response 2.5 R0/R. The 50/50 sensor 

produced little response as concentration pulses increased when tested at 300 °C, 

however was the 3rd most sensitive sensor at 400 °C. Overall the majority of the 

sensors decreased in response as temperature also decreased. The unmodified and 

2-layered sensors proved most sensitive at 400 °C, whereas the admixed sensors 

perform best at 500 °C. Overall the response produced by the unmodified ZnO 

sensor at 400 °C is dramatically higher than the rest of the sensor set, therefore the 

use of this sensor within an array specifically designed for TATP would be 

advantageous.  

 
Figure 5.2.4b. The magnitude of response for the ZnO and CTO containing sensors exposed to Triacetone 
triperoxide at relative humidity 5%, 15% and 25% measured at 300 °C. 
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 ZnO CTO 50/50 75% ZnO 75% CTO 2L ZnO 2L CTO 
5 % 7.31 ±0.15 1.05 ±0.01 2.25 ±0.31 3.25 ±0.32 1.69 ±0.04 2.25 ±0.09 1.10 ±0.01 

15 % 8.98 ±0.43 1.07 ±0.02 2.58 ±0.09 4.08 ±0.27 1.71 ±0.05 2.24 ±0.21 1.14 ±0.02 
25 % 11.45 ±0.33 1.21 ±0.02 2.93 ±0.17 4.67 ±0.21 1.85 ±0.06 2.29 ±0.11 1.29 ±0.02 

 

Table 5.2.4b. A table showing the magnitude of response for the ZnO and CTO containing sensors when exposed to 

Triacetone triperoxide with relative humidity alongside the 95% CI internal error margin. 

 

The humidity results from exposing the ZnO and CTO containing sensors to TATP 

can be seen within figure 5.2.4b. The humidity levels used within this study were 

12.5% RH, 25% RH, 35% RH measured at 300 °C. The unmodified ZnO sensor 

produced the highest response when exposed to a range of humidity, increasing 

rapidly from 25% to 35% relative humidity. The 75% ZnO, 2L CTO and 2L ZnO 

sensors increased steadily as the humidity pulses increased. These results were the 

highest responses seen when exposing explosive vapours alongside humidity with 

the ZnO and CTO containing sensors. The rest of the sensors remain relatively 

unaltered by the increase in humidity, demonstrating these sensors could be used 

successfully within the field without any interference from humidity.  

 

     

5.3 Gas Sensing Results on In House Gases 

 

5.3.1 Exposure of Ammonia to the ZnO and CTO Containing Sensors 

 

The ZnO and CTO containing sensors was exposed to ammonia (NH3) at 

concentrations 5, 10, 20, 40 and 50 ppm, the results produced can be seen within 

figure 5.3.1a. The highest responses produced throughout the temperature range 

tested was at 500 oC by the 75% ZnO sensor. This sensor demonstrates the bell-

shaped curve response as its response decreases from 500 oC to 400 oC, however 

steadily increases again at 300 oC. The remaining sensors responses increases as 

temperature also increases, except for the unmodified CTO and 50/50 sensor, whose 

responses increase as temperature decrease. At 300 oC, the unmodified CTO sensor 
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produces the highest response of 2.15 R0/R, whereas at 400 oC the 75% ZnO is the 

most sensitive response produced.  

 

 

 

 
Figure 5.3.1a. The magnitude of response for sensors exposed to ammonia at 300 °C, 400 °C and 500 °C. 
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300 oC ZnO CTO 50/50 75% ZnO 75% CTO 2L ZnO 2L CTO 
5 ppm 1.20 ±0.02 1.36 ±0.03 1.18 ±0.02 1.04 ±0.01 1.06 ±0.01 1.07 ±0.01 1.00 ±0.01 

10 ppm 1.21 ±0.02 1.54 ±0.06 1.23 ±0.02 1.06 ±0.01 1.08 ±0.01 1.08 ±0.01 1.02 ±0.01 
20 ppm 1.23 ±0.02 1.79 ±0.06 1.31 ±0.04 1.15 ±0.02 1.12 ±0.02 1.08 ±0.01 1.02 ±0.01 
40 ppm 1.24 ±0.02 2.08 ±0.18 1.37 ±0.04 1.52 ±0.04 1.25 ±0.02 1.09 ±0.01 1.07 ±0.01 
50 ppm 1.25 ±0.02 2.18 ±0.22 1.39 ±0.03 2.15 ±0.22 1.35 ±0.02 1.10 ±0.01 1.10 ±0.01 
400 oC        
5 ppm 1.07 ±0.01 1.20 ±0.02 0.96 ±0.01 1.37 ±0.04 1.06 ±0.01 1.03 ±0.01 1.05 ±0.01 

10 ppm 1.15 ±0.01 1.32 ±0.04 0.96 ±0.01 1.46 ±0.04 1.06 ±0.01 1.05 ±0.01 1.07 ±0.01 
20 ppm 1.15 ±0.02 1.49 ±0.04 0.98 ±0.01 1.60 ±0.05 1.07 ±0.01 1.10 ±0.02 1.11 ±0.01 
40 ppm 1.22 ±0.02 1.69 ±0.06 1.01 ±0.01 1.77 ±0.08 1.09 ±0.01 1.46 ±0.04 1.14 ±0.01 
50 ppm 1.21 ±0.02 1.78 ±0.05 1.01 ±0.01 1.83 ±0.08 1.14 ±0.02 1.59 ±0.03 1.16 ±0.02 
500 oC        
5 ppm 1.18 ±0.02 1.04 ±0.01 1.02 ±0.01 1.39 ±0.03 1.05 ±0.01 0.98 ±0.01 1.03 ±0.01 

10 ppm 1.25 ±0.02 1.09 ±0.02 1.03 ±0.01 1.79 ±0.06 1.10 ±0.02 1.10 ±0.01 1.03 ±0.01 
20 ppm 1.31 ±0.02 1.16 ±0.02 1.06 ±0.01 2.24 ±0.20 1.22 ±0.02 1.28 ±0.02 1.06 ±0.01 
40 ppm 1.38 ±0.03 1.26 ±0.03 1.08 ±0.01 2.79 ±0.24 1.63 ±0.05 1.58 ±0.06 1.12 ±0.01 
50 ppm 1.39 ±0.03 1.34 ±0.04 1.07 ±0.01 3.04 ±0.31 1.93 ±0.07 1.71 ±0.06 1.15 ±0.02 

 

Table 5.3.1. A table showing the magnitude of response for the ZnO and CTO containing sensors when exposed to 

ammonia alongside the 95% CI internal error margin. 

 

Throughout the temperature exposure, interestingly the 2L CTO sensor produces low 

responses when the unmodified CTO sensor produces some of the highest. The 

characterisation techniques produced at the beginning of this chapter showed the 

2-layered sensors to only contain the top layered metal oxide within the top sensing 

layer. Therefore, this result confirms the multiple layers underneath the top sensing 

layer are equally as important when gas sensing. Within the ammonia testing the 

admixed and unmodified sensors produced the highest response. The high response 

produced from the admixed 75% ZnO sensor could be the result of the differing 

sizes of material oxides used within this study. Therefore, the use of heterojunctions 

in gas sensors for ammonia detection may be beneficial.  
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Figure 5.3.1b. The sensors response when tested at 400°C against ammonia to concentrations 5, 10, 20, 40 and 
50 ppm. 

 

Figure 5.3.1b displays the results for the ammonia testing at 500 oC as the 

temperature with the highest response produced. The peaks increase as 

concertation increases; however, the figure shows the recovery times of the sensors, 

in particularly the 75% ZnO sensor, is slower when compared to the other test gases 

exposed to the sensor set This suggests the ammonia test gas could be sticking on 

to the sensor, therefore when the test gas is removed and replaced with a pulse of 

dry air, the sensor is slower to recover back down to baseline.  

      

 

 

 

 



 246 

5.3.2 Exposure of 2-Ethylhexanol to the ZnO and CTO Containing Sensors 

 

The ZnO and CTO containing sensors was exposed to 30, 59, 118, 237 and 296 ppm 

of 2-ethylhexanol as seen within figure 5.3.2a. All sensors increase in resistance as 

concentration of 2-ethylhexanol increases. The highest response produced was at 

300 oC, with an extremely high response of 3802 R0/R was the unmodified CTO 

sensor, which rapidly increased from concentration 118 ppm to 296 ppm. This 

response was the highest produced within this set when exposed to all test gases. At 

400 oC the 75% CTO sensor was the most sensitive and produced at a high response 

of 706 R0/R, this was closely followed by the unmodified ZnO sensor with a response 

of 400 R/R0. The 2L CTO sensor produced a response of 56 R0/R, with the remaining 

sensors producing results below 15 R/R0. The unmodified ZnO sensor was the 

highest responsive sensor at 500 oC, producing a response of 129 R/R0. The 

unmodified ZnO sensor alongside the 75% ZnO, 2L CTO and the 2L ZnO sensors 

were the most responsive sensors for both the 300 oC and 500 oC testing’s. At 400 

oC the 75% CTO sensor produced the highest response, however was the lowest 

responding sensor at 300 oC and 500 oC.  
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Figure 5.3.2a. The magnitude of response for sensors exposed to 2-ethylhexanol at 300 °C, 400 °C and 500 °C. 

 

300 oC ZnO CTO 50/50 75% ZnO 75% CTO 2L ZnO 2L CTO 
30 ppm 23.55 ±1.77 7.61 ±0.80 9.74 ±0.88 5.86 ±0.60 3.43 ±0.33 17.99 ±1.44 9.73 ±0.83 

59 ppm 36.45 ±2.63 36.80 ±2.44 16.83 ±0.93 12.54 ±1.87 4.43 ±0.50 33.42 ±2.98 21.64 ±2.64 

118 ppm 33.38 ±2.91 240.65 ±19 24.64 ±1.32 32.90 ±2.59 6.04 ±0.54 42.18 ±3.04 35.10 ±3.92 

237 ppm 60.64 ±4.55 1855.39±1.13 33.88 ±2.76 85.36 ±7.34 8.59 ±0.77 48.49 ±4.41 48.62 ±4.13 

296 ppm 65.67 ±5.26 3802.44 ±205 37.12 ±3.01 122.85 ±10.44 9.63 ±0.83 50.81 ±4.89 53.67 ±4.47 

400 oC        

30 ppm 105.04 ±9.41 2.33 ±0.31 4.97 ±0.48 1.66 ±0.05 57.37 ±4.99 3.57 ±0.34 8.45 ±0.77 

59 ppm 171.94 ±13.22 3.54 ±0.32 7.68 ±0.66 1.50 ±0.04 114.30 ±9.43 5.25 ±0.40 13.60 ±1.72 

118 ppm 255.15 ±20.73 5.93 ±0.63 11.23 ±0.97 1.44 ±0.03 239.84 ±18.33 7.67 ±0.61 23.56 ±2.55 

237 ppm 492.95 ±31.33 12.97 ±1.01 15.94 ±1.34 1.420 ±0.05 570.73 ±42.01 12.55 ±0.93 45.45 ±4.39 

296 ppm 599.09 ±4.89 19.21 ±0.99 17.86 ±1.64 1.45 ±0.04 708.97 ±58.62 14.88 ±10.21 56.70 ±4.37 

500 oC        

30 ppm 41.87 ±3.36 1.17 ±0.02 3.62 ±0.22 9.77 ±0.84 1.35 ±0.03 5.90 ±0.66 4.85 ±0.57 

59 ppm 61.96 ±5.41 1.33 ±0.04 6.04 ±0.48 14.49 ±1.20 1.40 ±0.03 8.78 ±0.73 7.02 ±0.71 

118 ppm 72.93 ±5.92 1.53 ±0.04 9.08 ±0.69 19.65 ±1.62 1.42 ±0.04 11.12 ±0.94 10.48 ±0.93 

237 ppm 97.77 ±7.88 1.85 ±0.07 12.49 ±0.92 28.01 ±2.44 1.45 ±0.05 14.71 ±1.32 17.32 ±1.45 

296 ppm 129.93 ±9.91 2.00 ±0.20 13.49 ±1.22 32.03 ±3.01 1.46 ±0.05 15.70 ±1.83 21.06 ±1.93 

 

Table 5.3.2. A table showing the magnitude of response for the ZnO and CTO containing sensors when exposed to 

2-ethylhexanol alongside the 95% CI internal error margin. 

 
Figure 5.3.2b shows the ZnO and CTO containing sensors when exposed to300 oC 

without the unmodified CTO sensor. As seen from the figure, the 75% CTO sensor is 

the 2nd highest sensitive response at 122 R0/R, followed by the unmodified ZnO and 
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2L CTO sensors with responses 65 R/R0 and 53 R0/R respectively. Overall the 

unmodified sensors proved successful at detecting 2-ethylhexanol alongside the 2-

layered sensors, as the 50/50 sensor produced low responses throughout the 

temperatures tested.  

 

 
 Figure 5.3.2b. The sensors response when tested at 400°C against 2-ethylhexanol to concentrations 18, 36, 72, 
144 and 178 ppm. 

 

 

5.3.3 Exposure of 2,3-dimethyl-2,3-dinitrobutane to the ZnO and CTO Containing 

Sensors 

 

The ZnO and CTO containing sensors was exposed to 2,3-dimethyl-2,3-dinitrobutane 

(DMNB) at concentrations 0.28, 0.56, 1.12, 2.24 and 2.8 ppm. The sensors displayed 

its highest sensitivity at 300 oC, with the 75% ZnO producing a resistive response of 
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65 R/R0 as shown in figure 5.3.3a. This response is double the next sensitive sensor 

of 2L ZnO and 2L CTO at 30 R/R0. At 300 oC the unmodified sensors are both the 

lowest sensor responses produced. At 400 oC the 75% ZnO sensor remains the 

highest responding sensor with a response of 37 R/R0. Interestingly at 400 oC the 

75% ZnO sensor produces its highest response at the 2.24 ppm concentration, this 

suggests the sensors active sites were full at this concentration, thereby as the 

concentration increases no further reactions can occur producing a stable response. 

At 400 oC, similarly to the 300 oC test, both the 2-layered sensors are the 2nd and 

3rd most sensitive sensors with responses 15 R/R0 and 10 R0/R for sensors 2L ZnO 

and 2L CTO respectively. At 500 oC the 2L CTO sensor produced the highest 

response at 8 R0/R, followed closely by the 75% ZnO at 7 R0/R. Similarly, to the 

other temperatures tested, the unmodified CTO and 75% CTO sensors produced the 

lowest responses.  

 
Figure 5.3.3a. The magnitude of response for sensors exposed to 2,3-dimethyl-2,3-dinitrobutane at 300 °C, 400 °C 
and 500 °C.  
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300 oC ZnO CTO 50/50 75% ZnO 75% CTO 2L ZnO 2L CTO 
280 ppb 4.88 ±0.43 1.00 ±0.01 13.32 ±1.21 26.86 ±2.15 10.17 ±1.09 14.53 ±1.20 20.85 ±1.87 
560 ppb 6.44 ±0.55 0.91 ±0.01 18.46 ±1.37 44.64 ±3.89 13.83 ±1.21 21.52 ±1.84 25.78 ±2.20 

1120 ppb 8.05 ±0.63 0.84 ±0.01 21.14 ±1.85 54.95 ±4.83 14.36 ±1.05 25.57 ±2.30 28.30 ±2.05 
2440 ppb 8.85 ±0.71 0.80 ±0.01 23.38 ±1.92 64.62 ±5.43 14.36 ±1.29 30.04 ±2.86 31.14 ±2.65 
2800 ppb 7.38 ±0.79 2.94 ±0.17 23.32 ±2.01 65.08 ±6.68 13.85 ±1.51 29.47 ±1.94 30.62 ±2.94 

400 oC        
280 ppb 2.90 ±0.31 1.00 ±0.01 5.11 ±0.60 21.21 ±1.86 5.67 ±0.44 9.96 ±0.85 8.40 ±0.76 
560 ppb 6.60 ±0.76 1.01 ±0.01 6.16 ±0.54 28.40 ±2.45 6.59 ±0.48 12.97 ±0.94 10.19 ±0.92 

1120 ppb 6.74 ±0.63 1.01 ±0.01 6.60 ±0.49 32.52 ±2.90 6.75 ±0.50 14.42 ±1.07 10.43 ±0.94 
2440 ppb 6.64 ±0.59 1.02 ±0.01 7.09 ±0.62 37.05 ±2.80 7.28 ±0.61 15.90 ±1.32 11.25 ±1.02 
2800 ppb 6.62 ±0.64 2.59 ±0.23 7.07 ±0.49 36.21 ±2.51 7.10 ±0.58 15.64 ±1.48 10.79 ±1.04 

500 oC        
280 ppb 2.18 ±0.22 1.00 ±0.01 3.36 ±0.33 5.35 ±0.48 2.04 ±0.23 3.44 ±0.27 5.47 ±0.64 
560 ppb 5.55 ±0.38 1.01 ±0.01 4.40 ±0.37 6.45 ±0.55 2.23 ±0.19 4.60 ±0.38 6.82 ±0.67 

1120 ppb 5.81 ±0.43 1.01 ±0.01 4.97 ±0.39 6.77 ±0.59 2.37 ±0.17 5.25 ±0.40 7.31 ±0.69 
2440 ppb 6.01 ±0.51 1.01 ±0.01 5.52 ±0.41 7.19 ±0.63 2.46 ±0.23 5.77 ±0.43 7.95 ±0.75 
2800 ppb 5.96 ±0.44 1.65 ±0.05 5.56 ±0.45 6.91 ±0.55 2.47 ±0.21 5.65 ±0.54 7.85 ±0.73 

 

Table 5.3.3. A table showing the magnitude of response for the ZnO and CTO containing sensors when exposed to 

2,3-dimethyl-2,3-dinitrobutane alongside the 95% CI internal error margin. 

 

Within the DMNB testing for the ZnO and CTO containing sensors, the admixed and 

2-layered sensors were more sensitive than the unmodified sensors. Therefore, this 

result shows the combination of the two metal oxides both admixed and layered 

together produce a catalytic effect, in turn changing the charge carrier concentration 

and thus increasing the resistance to the gas DMNB. Figure 5.3.3b shows the entire 

sensing set is recovering very slowly from the DMNB exposure, this suggests this test 

gas is more sticky than the other test gases used within this thesis and therefore a 

longer time of air pulse in between concentration change may be needed. 
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Figure 5.3.3b. The sensors response when tested at 300°C against DMNB to concentrations 280, 560, 1120, 2240 
and 2800 ppb. 

    

 

5.3.4 Exposure of Nitromethane to the ZnO and CTO Containing Sensors  

 

The ZnO and CTO containing sensors were subjected to concentrations of 1800, 

3600, 7200, 14400 and 18000 ppm of nitromethane. Nitromethane displayed its 

maximum response at 400 oC, followed by 500 oC as shown in figure 5.3.4a. 

Nitromethane and 2-ethylhexanol are the only test gases to produce their lowest 

sensitives at 300 oC. At 300 oC, the 2L ZnO sensor produced the highest response 

of 46 R/R0, followed by the unmodified ZnO sensor and 75% CTO sensor with 

responses 25 R/R0 and 20 R0/R. The 75% CTO sensor produced high responses 

when exposed to nitromethane at 300 oC, whereas it has previously produced low 

responses to other test gases making it selective towards nitromethane. Therefore, 
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this sensor would be useful within an array targeted at detecting nitromethane.  

 
Figure 5.3.4a. The magnitude of response for sensors exposed to nitromethane at 300 °C, 400 °C and 500 °C. 

 

300 oC ZnO CTO 50/50 75% ZnO 75% CTO 2L ZnO 2L CTO 
1800 ppm 9.34 ±0.88 1.53 ±0.04 1.71 ±0.04 0.98 ±0.01 11.57 ±0.93 12.47 ±1.05 4.31 ±0.31 
3600 ppm 14.37 ±1.04 1.81 ±0.06 1.83 ±0.06 1.05 ±0.01 14.53 ±1.04 19.55 ±1.33 5.02 ±0.61 
7200 ppm 19.12 ±1.33 2.07 ±0.22 1.94 ±0.06 1.08 ±0.01 16.39 ±1.83 33.59 ±2.64 5.63 ±0.35 

14400 ppm 23.78 ±1.86 2.45 ±0.024 2.18 ±0.09 1.12 ±0.01 18.72 ±1.29 42.80 ±3.05 6.53 ±0.43 
18000 ppm 25.13 ±2.01 2.56 ±0.21 2.30 ±0.10 1.11 ±0.01 19.51 ±1.26 46.41 ±3.38 7.16 ±0.52 

400 oC        
1800 ppm 32.57 ±2.55 6.70 ±0.51 1.28 ±0.03 15.18 ±0.92 2.11 ±0.19 4.38 ±0.33 5.59 ±0.52 
3600 ppm 48.40 ±3.06 15.25 ±1.42 1.94 ±0.08 25.50 ±1.44 2.51 ±0.18 6.03 ±0.46 8.97 ±0.69 
7200 ppm 58.73 ±4.05 33.47 ±2.95 3.06 ±0.26 38.36 ±1.94 2.78 ±0.27 7.27 ±0.56 11.57 ±0.85 

14400 ppm 68.30 ±5.34 97.14 ±7.04 3.80 ±0.27 52.54 ±3.72 3.09 ±0.21 8.59 ±0..72 13.23 ±0.94 
18000 ppm 69.80 ±5.49 159.38 ±11.33 3.66 ±0.31 52.67 ±4.00 3.21 ±0.32 9.17 ±0.88 13.89 ±1.28 

500 oC        
1800 ppm 23.15 ±2.65 1.83 ±0.07 6.94 ±0.66 5.20 ±0.34 4.59 ±0.37 9.29 ±0.83 13.07 ±1.02 
3600 ppm 39.69 ±3.06 2.52 ±0.11 10.66 ±0.93 8.61 ±0.70 5.10 ±0.44 11.17 ±0.94 23.43 ±1.85 
7200 ppm 56.83 ±4.75 3.44 ±0.32 15.53 ±1.22 15.46 ±1.21 5.57 ±0.54 12.82 ±0.91 28.86 ±2.01 

14400 ppm 80.71 ±5.67 5.02 ±0.60 23.66 ±1.86 31.12 ±2.08 6.18 ±0.73 15.21 ±1.03 31.65 ±2.53 
18000 ppm 86.51 ±7.42 5.94 ±0.61 28.44 ±2.31 40.50 ±3.88 6.30 ±0.70 15.92 ±1.21 33.68 ±2.11 

 

Table 5.3.4. A table showing the magnitude of response for the ZnO and CTO containing sensors when exposed to 

nitromethane alongside the 95% CI internal error margin. 

 

At 400 oC the unmodified CTO sensor produced a response of 159 R0/R, followed 

by the unmodified ZnO sensor at 70 R/R0 and the 75% ZnO sensor at 52 R/R0. The 
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remaining sensors produce relatively low responses of under 14 R/R0 when 

compared to the high responses produced by the unmodified sensors. The 

unmodified ZnO sensor produces the most sensitive response of 86 R/R0 at 500 oC. 

The 75% ZnO sensor produces the next highest response of 40 R/R0 followed by the 

2L CTO sensor with a response of 33 R0/R. Interestingly many of the sensors can be 

rapidly seen increasing from the 3rd pulse concentration of 7200 ppm onwards, this 

can be seen at all 3 temperatures tested for sensors 2L ZnO, unmodified CTO, 75% 

ZnO and unmodified ZnO.  

 

 
Figure 5.3.4b. The sensors response when tested at 400°C against nitromethane to concentrations 1,800, 3,600, 
7,200, 14,400 and 18,000 ppm. 

 
Overall all different types of sensors, unmodified, admixed and 2-layered displayed 

high sensitivity at different temperatures within this study. At 300 oC to 2-layered 

sensor produced the highest response with unmodified sensors producing high 

responses at 400 oC and 500 oC. The admixed sensors produced high responses 
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throughout the temperature range. Although the unmodified CTO sensor was the 

highest response produced at 400 oC, this sensor also produced very low responses 

at 300 oC and 500 oC. The response produced by nitromethane demonstrates the 

enhanced response characteristics of the admixed and 2-layered sensors. Therefore, 

demonstrating the heterojunction properties can rapidly increase sensitivity. 

        

 

5.3.5 Exposure of Nitrogen Dioxide to the ZnO and CTO Containing Sensors 

 

The ZnO and CTO containing sensors was exposed to five concentrations, 100 ppb, 

200 ppb, 400 ppb, 800 ppm and 1 ppm of nitrogen dioxide (NO2). When exposed 

to NO2, the entire set of sensors responses increased as NO2 concentration also 

increased. The highest response was observed at 400 °C produced by the 

unmodified ZnO sensor. The unmodified ZnO sensor rapidly increased between 

concentrations 800 ppb and 1 ppm, from 31 R/R0 to 365 R/R0 which is a response 

of over 11 times. As the gas concentration increases the electron depletion layer also 

increased and therefore increased the uptake of electrons into the ZnO metal oxide 

surface. 
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Figure 5.3.5a. The magnitude of response for sensors exposed to nitrogen dioxide at 300 °C, 400 °C and 500 °C. 

 

300 oC ZnO CTO 50/50 75% ZnO 75% CTO 2L ZnO 2L CTO 
100 ppb 6.65 ±0.50 1.18 ±0.02 7.15 ±0.80 1.40 ±0.02 4.20 ±0.32 1.32 ±0.04 3.95 ±0.41 
200 ppb 12.19 ±0.82 2.79 ±0.18 14.90 ±0.91 1.90 ±0.05 5.70 ±0.40 1.54 ±0.04 5.01 ±0.55 
400 ppb 23.31 ±1.22 4.88 ±0.31 31.90 ±2.77 1.28 ±0.03 8.05 ±0.76 2.01 ±0.19 6.30 ±0.58 
800 ppb 75.06 ±5.29 6.72 ±0.43 52.00 ±4.31 13.20 ±1.04 12.30 ±0.84 5.87 ±0.44 7.90 ±0.62 

1000 ppb 210.49 ±13.44 7.46 ±0.60 61.50 ±5.07 78.30 ±5.69 17.10 ±1.41 10.20 ±0.93 9.02 ±0.94 
400 oC        

100 ppb 1.80 ±0.04 1.15 ±0.02 1.31 ±0.03 1.03 ±0.02 1.54 ±0.04 1.03 ±0.01 1.12 ±0.02 
200 ppb 2.90 ±0.14 1.27 ±0.03 2.52 ±0.20 1.13 ±0.02 1.64 ±0.05 1.06 ±0.02 1.36 ±0.03 
400 ppb 5.91 ±0.33 1.40 ±0.03 3.65 ±0.26 1.56 ±0.4 2.11 ±0.23 1.13 ±0.02 1.67 ±0.07 
800 ppb 31.19 ±1.87 1.55 ±0.04 4.16 ±0.33 5.01 ±0.60 4.01 ±0.33 1.28 ±0.03 2.04 ±0.13 

1000 ppb 365.65 ±22.01 1.60 ±0.04 4.30 ±0.37 11.05 ±1.32 8.82 ±0.77 1.42 ±0.05 2.24 ±0.18 
500 oC        

100 ppb 1.23 ±0.02 1.07 ±0.01 1.21 ±0.02 1.04 ±0.01 1.14 ±0.02 1.04 ±0.01 1.06 ±0.01 
200 ppb 1.73 ±0.04 1.06 ±0.01 1.43 ±0.05 1.11 ±0.02 1.22 ±0.02 1.06 ±0.01 1.11 ±0.02 
400 ppb 3.10 ±0.13 1.03 ±0.01 2.01 ±0.14 1.32 ±0.04 1.73 ±0.05 1.07 ±0.01 1.32 ±0.002 
800 ppb 8.22 ±0.77 1.02 ±0.01 3.98 ±0.29 2.18 ±0.20 3.70 ±0.27 1.09 ±0.02 2.24 ±0.17 

1000 ppb 19.33 ±1.05 1.01 ±0.01 11.80 ±1.14 3.01 ±0.34 11.52 ±0.92 1.14 ±0.02 3.19 ±0.43 

 

Table 5.3.5. A table showing the magnitude of response for the ZnO and CTO containing sensors when exposed to 

nitrogen dioxide alongside the 95% CI internal error margin. 

 
The unmodified ZnO sensor produced the highest responses throughout the 

temperatures ranged tested. At 500 °C, the unmodified ZnO sensor produced a 

response of 19 R/R0, followed by the admixed sensors 50/50 and 75% CTO both 
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with a response of 11 R0/R. The remaining sensors produced low responses at 500 

°C. At 300 °C the unmodified ZnO sensor produced an extremely high resistive 

response of 210 R/R0. The admixed sensors 75% ZnO and 50/50 produced the next 

highest responses of 78 R0/R and 62 R0/R respectively. Figure 5.3.5b shows the ZnO 

and CTO containing sensors exposed to NO2 at 400 °C without the unmodified ZnO 

sensor, therefore showing clearly the responses producing by the remaining sensors. 

As seen from the figure, the 50/50 sensor and 75% ZnO produce the next highest 

responses of 11 R0/R and 8 R/R0 respectively. However, the 75% ZnO sensor does 

show a baseline drift when recovering from the exposure to NO2, this may suggest 

the test gas is sticking onto the sensor surface much longer than the rest of the 

sensors. Further tests should be carried out to investigate why this is occurring.  

 
Figure 5.3.5b. The sensors response when tested at 300°C against nitrogen dioxide to concentrations 100, 200, 
400, 800 and 1000 ppb. 
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Throughout the testing’s, the unmodified ZnO sensor proved to be the most sensitive 

at all temperature ranges, however following this the admixed sensors also proved 

their sensitivity as well as selectivity. The 50/50 sensor has consistently produced 

low responses when exposed to the range of test gases used within this study, 

therefore producing a high response for NO2 at all temperatures measured shows 

the sensors selectivity and therefore is a promising sensor for NO2 detection.  

Throughout the testing, both the 2-layered sensors produce low responses at all 

temperatures measured therefore displaying admixed and unmodified sensors to be 

more suitable for NO2 detection. 

 

 

5.4  Summary of Gas Sensing Results  

 

5.4.1 Temperature Effects on the ZnO and CTO Containing Sensors 

 

The optimal temperature greatly differed for this sensing set when exposed to the 

test gases. Generally, the sensors showed their sensitive responses at different 

temperatures with only two gases showing the full sensors sensitivity within one 

temperature. Overall the majority of sensors were most sensitive at 300 °C or 400 

°C, however many sensors responding highly at 500 °C for test gases nitroglycerine, 

TATP, ammonia and nitromethane.  

 

The 2-layered sensor 2L ZnO produced its highest response at 300 °C alongside the 

remaining sensors when exposed to TNT, other than the 75% CTO sensor which 

displayed its highest reaction at 400 °C. The sensing set produced their highest 

responses for nitroglycerine at 400 °C, except for the unmodified CTO and 75% CTO, 

75% ZnO sensors which showed its optimal response at 300 °C and the 2-layered 

sensors 2L ZnO and 2L CTO which showed their optimal responses at 500 °C. The 

ZnO and CTO containing sensors all showed their highest responses at 300 °C for 

the EGDN and DMNB gases. The TATP gas sensing results showed all the sensing 
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set to be most sensitive towards 400 °C, other than the 50/50, 2L CTO, 75% CTO 

and 75% ZnO sensors showing their sensitivity at 500 °C. The ammonia testings 

revealed the highest responses to be mostly produced at 500 °C, except for the 

unmodified CTO and 50/50 sensors which produced their highest response at 300 

°C and the 2L CTO sensors at 400 °C. Similarly, to ammonia and TATP the sensors 

responses are split into two temperatures, with the majority producing their optimal 

responses at 300 °C, with unmodified ZnO, 75% CTO and 2L CTO sensors producing 

their highest responses at 400°C. For the nitromethane testing’s, the sensors varied 

with its optimal over all three temperatures with unmodified ZnO, 50/50 and 2L CTO 

producing their responses at 500°C, the unmodified CTO and 2L ZnO sensors at 400 

°C and the 75% CTO and 2L ZnO sensors at 300 °C. Finally, the NO2 exposure 

showed the responses to be most sensitive at 400 °C, with the unmodified sensors, 

ZnO and CTO, showing their highest responses at 400 °C, therefore showing the 

modified sensors have altered the sensitivity of the sensing set.  

 

This sensing set showed only the DMNB and EGDN gases to produce a whole set’s 

sensitive responses at one temperature. Overall the most sensitive responses were 

split between 400 °C and 300 °C, at 400 °C the test gases NO2, nitromethane, TATP 

and NG showed their optimum responses whereas the test gases DMNB, 2-

ethylhexanol, EGDN and TNT produced their highest responses. Interestingly the 

sensors produced its highest response at 500 °C when exposed to ammonia, this 

was produced by the 75% ZnO sensor. When analysing the top performing sensors 

for each test gas, the most sensitive sensor to TATP, EGDN, NG and NO2 was the 

unmodified ZnO sensor. Following this was the unmodified CTO sensor which 

produced the most sensitive responses for nitromethane and 2-ethlyhexanol and the 

admixed 75% ZnO sensor which produced its optimal responses for DMNB and 

ammonia. The 2-layered ZnO sensor produced their highest response for TNT. 

Therefore, demonstrating the most sensitive sensors within this set were the 

unmodified sensors and the 75% ZnO admixed sensor. 
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Overall most of the sensing sets remain largely unaffected by the humidity increase 

when exposed to TNT. The humidity levels tested within this study can be seen within 

Table 5.4.1. However, the 2L ZnO and 75% CTO sensors did produce the highest 

responses within the set. Whereas all sensors reacted to the change in humidity with 

NG, with rapid increases from the unmodified ZnO sensor. The sensor least affected 

by humidity when exposed to NG were the admixed and 2-layered sensors showing 

the modified sensors to be the most reliable when testing NG within a humid 

environment.  

       

Test Gas Humidity tested 

TNT 5%, 10% and 15% 

NG 12.5%, 25% and 35% 

EGDN 5%, 15% and 25% 

TATP 5%, 15% and 25% 

Table 5.4.1. A table showing the humidity levels used when exposed to a range of explosive vapours. 

 

Within the humidity testing of EGDN, the most responsive sensors were the 2-layered 

sensors, 2L ZnO and 2L CTO confirming 2-layered sensors not to be suitable to for 

EGDN testing with humidity. Overall the remaining sensors did not produce a large 

increase in response to humidity when exposed to EGDN. The unmodified ZnO 

sensor produced the highest response when exposed TATP and to a range of 

humidity. The 75% ZnO, 2L CTO and 2L ZnO sensors increased steadily as the 

humidity pulses increased. These results were the highest responses seen when 

exposing explosive vapours alongside humidity with the ZnO and CTO containing 

sensors. 

 

 

5.4.2 Microstructural Effects on the ZnO and CTO Containing Sensors 

 

The microstructure of the sensors can influence the response produced. The results 
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demonstrate how the ZnO and CTO containing sensors could easily distinguish 

between the different test gases they were exposed to, making this sensor set 

suitable for in-life testing. The responses produced have demonstrated how by 

incorporating admixed and 2-layered sensors, the diffusion of the gas molecules 

through the sensing materials may change due to the shape and size of the metal 

oxides used. The addition of admixed and 2-layered sensors to this set will be 

analysed against the unmodified sensors to see which sensor type produces the 

most efficient response and recovery times when exposed to 1 ppm of NO2. The 

error margins produced for both response and recovery times are shown in the 

tables alongside the responses produced. The error margins were calculated using 

the standard deviation of the 3 repeat tests performed. 

 

The response and recovery times for the ZnO and CTO containing sensors can be 

seen within Table 5.4.2a and 5.4.2b. The sensors was exposed to a range of 

temperatures from 300 °C to 500 °C. The results shown within Table 5.4.2a, 

demonstrate the response times rapidly decreasing as temperature increases. The 

quickest response produced out of the sensors set was the unmodified CTO with the 

response time dropping from 160 seconds at 300 °C to 50 seconds at 500 °C. 

Overall the sensors produced similar response times as temperature drops, however 

the unmodified ZnO sensor shows the slowest response at 400 °C with a response 

tiem of 520 seconds, therefore demonstrating the admixed and 2-layered sensors 

containing this metal oxide have improved the response times.  
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  Response Times (sec)  

Sensors 300 °C 400 °C 500 °C 

ZnO 550 (±31.05) 520 (±42.31) 200 (±14.45) 

CTO 160 (±10.44) 90 (±5.65) 50 (±2.87) 

50/50 320 (±17.28) 170 (±11.50) 130 (±9.04) 

75% ZnO 540 (±42.09) 340 (±19.04) 180 (±11.23) 

75% CTO 410 (±33.23) 320 (±25.46) 170 (±12.18) 

2L ZnO 370 (±26.65) 340 (±27.05) 150 (±10.94) 

2L CTO 390 (±29.78) 290 (±18.83) 160 (±11.35) 

Table 5.4.2a. The response times produced by the ZnO and SnO2 containing sensors when exposed to temperature 
ranges from 300 °C to 500 °C. 

 

The recovery times of the sensors can be seen within Table 5.4.2b and they have 

been calculated as the time taken to return to 10 % of the sensors original baseline 

resistance when exposure to the test gas has concluded. Overall the recovery times 

decreased as temperature increased, with the 75% ZnO sensor showing the quickest 

recovery at 300 °C and 400 °C, 80 seconds and 40 seconds respectively and the 2L 

ZnO sensor showing the quickest response of 20 seconds at 500 °C. The 2L ZnO 

sensor shows the greatest improvement in recovering time from 110 seconds at 300 

°C to 20 seconds at 500 °C. Interestingly, the recovery times for the 75% CTO sensor 

remains stationary from 400 °C to 500 °C, whereas the remaining sensors improve 

their recovery time as temperature increases. 
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  Recovery Times (sec)  

Sensors 300 °C 400 °C 500 °C 

ZnO 100 (±7.05) 90 (±3.17) 40 (±3.15) 

CTO 120 (±6.43) 100 (±8.20) 50 (±3.82) 

50/50 90 (±4.19) 70 (±3.70) 50 (±2.98) 

75% ZnO 80 (±5.55) 40 (±2.04) 30 (±2.77) 

75% CTO 70 (±4.81) 40 (±2.61) 40 (±2.65) 

2L ZnO 110 (±8.22) 60 (±3.39) 20 (±1.58) 

2L CTO 110 (±7.97) 90 (±7.04) 40 (±2.93) 

Table 5.4.2b. The recovery times produced by the ZnO and SnO2 containing sensors when exposed to temperature 
ranges from 300 °C to 500 °C. 

 

 

5.4.3 Sensitivity of the ZnO and CTO Containing Sensors 

 

Both ZnO and CTO metal oxides have been shown to be promising metal oxide gas 

sensors. ZnO has been studied in detail in many different forms, for instance 

nanostructures has been investigated due to its large surface to volume ratio which 

has improved sensor response231,232. The ZnO metal oxide has previously been used 

within gas sensing and prepared in a range of ways, including radio frequency 

sputtering233, sol gel234 and oxidation of the Zn metal235. The ZnO metal oxide is one 

of the most studied metal oxides, with high sensitivity at 250 °C – 400 °C and 

negligible concentration of electron states within the band gap leading to a high 

response to many test gases236. The CTO material has been proved to be an excellent 

gas sensing material with minimal variations when exposed to humidity237. The CTO 

material has previously shown high responses to CO238 and ethanol239. Limited 

research can be seen for both ZnO and CTO heterojunction metal oxide sensing 

arrays response to explosive vapours, therefore both materials were used in order to 
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assess sensor response to a range of explosive materials.  

 

The use of admixed and layered sensors has shown differing responses towards a 

range of gases when compared to the unmodified sensors. Interestingly by combing 

n-type and p-type metal oxides, pre-reactions occur on the sensor surface between 

negative electrons and positive holes before exposure to the test gas. The 50/50 

(50% ZnO and 50% CTO) sensor produced relatively low responses towards the 

range of explosive associated gases when compared to the other individual sensors. 

The 50/50 sensor mechanically speaking, would produce a neutral starting position, 

with a balanced number of electrons and holes, however as shown from the results 

produced a sensor with an unbalanced sensor surface with an overall negative or 

positive charge, such as 75% ZnO (75% ZnO and 25% CTO) or indeed one of the 

unmodified sensors, proved more sensitive towards the range of gases tested. 

 

The unmodified sensors ZnO and CTO were shown to be the most responsive sensors 

out of the range of sensors used within this chapter, when exposed to gases NG, 

EGDN, Nitromethane and NO2. However, many gases tested within this thesis 

showed an admixed sensor of 75% to be the most dominant and overall produce 

the most sensitive response. For instance, the 75% ZnO sensor was the optimal 

sensor for gases ammonia, DMNB and TATP, whereas the 75% CTO sensor was the 

most suitable for testing 2-ethylhexanol. The 2-layered sensors also proved to be the 

most successful at detecting nitromethane and TNT with the 2L ZnO sensor and 

DMNB with the 2L CTO sensor. Therefore, this study has shown admixed and 2-

layered sensors have improved sensor response when compared to the unmodified 

sensors.  

 

It is thought that mixing n-type and p-type sensors together, by either admixed or 

2-layered methods, changes the overall charge of the sensor. Sensors which show 

an overall positive or negative charge have both produced the most sensitive 

response when exposed to some explosive vapours. For instance, if the admixed 
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sensor was 75% n type and 25% p type, the material would still be overall negative 

due to more negative electrons being available. This therefore would affect the 

responses produced as the level of electrons available would directly result in the 

change of resistance occurring due to the size of depletion area produced. It is also 

thought that the addition of multiple metal oxides results in a change in 

microstructure which can also affect the gas sensing response, due to greater 

surface area being achieved from difference in particles size between the metal 

oxides. The results produced within this thesis therefore demonstrate heterojunction 

metal oxide sensors can improve sensor response, both mechanically based upon 

the overall charge produced within the pre-reactions which occur on the sensor 

surface before exposure to the test gas takes place, as well as microstructurally in 

which sensor response and recovery times can be influenced. 

 

Previous research has shown sensors to have been developed in order to detect 

2,4,6-Trinitrotoluene (TNT) such as, electrochemical sensors240 and screen-printed 

electrons241. Currently TNT vapour detection has been problematic due to the low 

vapour pressure of this nitro explosive242. The TNT concentrations used within this 

study measured at 5, 10, 25 and 50 ppb. The highest responses seen within this 

sensing set was seen at 300 °C by the 2L ZnO sensor, increasing its response by 

double as the concentration pulses increased. The 75% CTO sensor, produced a 

bell-shaped curve showing its peak at 400 °C with a response of 2.05 R0/R, and 

decreased in response as the changes moves away from 400 °C. Interestingly all 3 

different types of sensors within this set, unmodified, admixed and 2-layered, were 

the most sensitive when exposed to different temperatures. This study also indicates 

the 2-layered CTO sensor may be useful within a sensing array when detecting TNT, 

due to its high response produced at the lowest temperature tested within this study.  

 

Nitroglycerine (NG) is a well-known explosive commonly used within the 

manufacture of dynamite and gunpowder 243. The successful detection of NG within 

air has also recently been discovered alongside other military explosives, TNT and 
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PETN 244. The concentrations of nitroglycerine exposed to the ZnO and CTO sensing 

set were 25 ppb, 50 ppb, 75 ppb and 100 ppb. The unmodified ZnO produced the 

highest response at all temperatures measured and produced the highest response 

of 3.5 R/R0 when measured at 400 °C, this was followed by the 75% CTO and 2L 

ZnO sensors. Throughout the nitroglycerine testing of this sensing set the 

unmodified ZnO sensor produced high responses, showing the unmodified sensor 

to be the most responsive when exposed to nitroglycerine. Both the admixed and 2-

layered sensors generally produced low responses when exposed to nitroglycerine 

at all temperatures and concentrations tested, therefore if producing an array for 

this material an unmodified sensor would be more appropriate.   

 

Ethylene glycol dinitrate (EGDN) is commonly detected through LC-MS244, Ion 

Mobility Spectrometry244 and electrochemical detection245. The EGDN 

concentrations used within this study were 100, 200, 600 and 900 ppb. All sensors 

when exposed to EDGN displayed their highest sensitivity at 300 °C. The unmodified 

ZnO sensor was the most sensitive sensor at 300 °C producing a response of 21.9 

R/R0. However, the unmodified CTO sensor is the highest responding sensor at 400 

°C and 500 °C. Overall the most responsive sensor was an unmodified sensor, ZnO 

as seen at 300 °C, however between the admixed and 2-layered sensors the admixed 

sensor was the 2nd most responsive sensor type, with the 2-layered sensors 

producing low responses throughout the temperatures measured. Therefore, if 

producing an array for EGDN detection, a 2-layered sensor would not be appropriate. 

In life, a more practical electronic nose would be conducted at a lower temperature, 

therefore the unmodified ZnO sensor would be most appropriate for EGDN detection.  

 

Triacetone triperoxide (TATP) is frequently used by terrorists due to its ease of 

manufacture, however due to the absence of a nitro group, it is more challenging to 

detect using typical detection methods246.  The concentrations of TATP used when 

testing against the ZnO and CTO sensing set ranged from 100, 200, 400 and 800 

ppb. The highest responses produced was seen at 400 °C by the unmodified ZnO 
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sensor, with a response of 22 R/R0. Following this sensor was the unmodified CTO 

and 2L CTO sensors with responses of 3.3 R0/R and 3.02 R0/R respectively. The nest 

highest responses were seen at 500 °C, with the unmodified ZnO and 2L ZnO sensors 

producing the highest responses of 5.7 R/R0 and 5.4 R/R0 respectively. Therefore, 

this result suggests a sensor containing ZnO is the most suitable when detecting 

TATP at 500 °C. At 300 °C the 75% ZnO sensor produced the highest sensitive 

response of 3.1R/R0, closely followed by the 2L CTO sensor with response 2.5 R0/R. 

The unmodified and 2-layered sensors proved most sensitive at 400 °C, whereas the 

admixed sensors perform best at 500 °C when exposed to TATP. 

 

Ammonia is a common indoor pollutant which has been proven to be harmful to 

human health247. Both ZnO and CTO have previously shown high responses when 

exposed to ammonia248,249,250, therefore they were combined within a heterojunction 

array to further increase their sensitivity. The ammonia study was performed at 

concentrations 5, 10, 20, 40 and 50 ppm. At 500 °C the highest responses produced 

throughout the temperature range was seen by the 75% ZnO sensor. The remaining 

sensors responses increases as temperature also increases, except for the 

unmodified CTO and 50/50 sensor, whose responses increase as temperature 

decrease. At 300 oC, the unmodified CTO sensor produces the highest response of 

2.15 R0/R, whereas at 400 oC the 75% ZnO is the most sensitive response produced. 

Within the ammonia testing the admixed and unmodified sensors produced the 

highest response. Therefore, the use of heterojunctions in gas sensors for ammonia 

detection may be beneficial. The recovery times of the sensors, in particularly the 

75% ZnO sensor, was seen to be slower when compared to the other test gases 

exposed to the sensors with a recovery time fo 20 seconds. This suggests the 

ammonia test gas could be sticking on to the sensor which could reflect responses 

produced. 

       

2-Ethylhexanol is an alcohol which is found within plasticiers in C4 as well as other 

plastic explosives251. Previous research has showed semiconducting metal oxide 
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WO3252 and In2O3254 to be sensitive when exposed to 2-ethlyhexanol. The ZnO and 

CTO containing sensors was exposed to 30, 59, 118, 237 and 296 ppm of 2-

ethylhexanol. The unmodified CTO sensor produced the highest response within the 

study at 300 oC, with an extremely high response of 3802 R0/R. At 400 oC the 75% 

CTO sensor was the most sensitive and produced at a high response of 706 R0/R, 

this was closely followed by the unmodified ZnO sensor with a response of 400 R/R0. 

The 2L CTO sensor produced a response of 56 R0/R, with the remaining sensors 

producing results below 15 R/R0. The unmodified ZnO sensor was the highest 

responsive sensor at 500 oC, producing a response of 129 R/R0. The unmodified 

ZnO senor alongside the 75% ZnO, 2L CTO and the 2L ZnO sensors were the most 

responsive sensors for both the 300 oC and 500 oC testing’s. Overall the unmodified 

sensors proved successful at detecting 2-ethylhexanol alongside the 2-layered 

sensors, as the 50/50 sensor produced low responses throughout the temperatures 

tested.  

 

2,3-Dimethyl-2,3-dinitrobutane (DMNB) is a taggant used within military explosives 

used to assist detection methods253. Previously a heterojunction of WO3 and In2O3 

has successfully detected DMNB254. The ZnO and CTO containing sensors was 

exposed to 2,3-dimethyl-2,3-dinitrobutane (DMNB) at concentrations 0.28, 0.56, 

1.12, 2.24 and 2.8 ppm. The sensors displayed its highest sensitivity at 300 oC, with 

the 75% ZnO producing a resistive response of 65 R/R0. This response was double 

the next sensitive sensors 2L ZnO and 2L CTO at 30 R/R0. Interestingly at 400 oC the 

75% ZnO sensor produces its highest response at the 2.24 ppm concentration, this 

suggests the sensors active sites were full at this concentration and so no further 

reactions could occur on the surface of the sensor. At 500 oC the 2L CTO sensor 

produced the highest response at 8 R0/R, followed closely by the 75% ZnO at 7 R0/R. 

Within the DMNB testing the admixed and 2-layered sensors were more sensitive 

than the unmodified sensors. Therefore, this results shows the combination of the 

two metal oxides both admixed and layered together increased the resistance to the 

gas DMNB. 
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Nitromethane has previously been analysed by an CTO sensing array which 

produced high responses when exposed to nitromethane between 300 oC and 500 

oC253. Nitromethane has been known to be combined within homemade 

explosives251. The sensors was exposed to concentrations of 1800, 3600, 7200, 

14400 and 18000 ppm of nitromethane. Nitromethane and 2-ethylhexanol were the 

only test gases to produce their lowest sensitives at 300 oC. The 75% CTO sensor 

produced high responses when exposed to nitromethane at 300 oC, whereas it has 

previously produced low responses to other test gases making it selective towards 

nitromethane. Therefore, this sensor would be useful within an array targeted at 

detecting nitromethane. The unmodified ZnO sensor produces the most sensitive 

response of 86 R/R0 at 500 oC. Interestingly many of the sensors were seen to be 

rapidly increasing from the 3rd pulse concentration of 7200 ppm onwards, this was 

seen at all 3 temperatures tested for sensors 2L ZnO, unmodified CTO, 75% ZnO 

and unmodified ZnO. Overall all different types of sensors, unmodified, admixed and 

2-layered displayed high sensitivity at different temperatures within this study. At 

300 oC to 2-layered sensor produced the highest response with unmodified sensors 

producing high responses at 400 oC and 500 oC. The admixed sensors produced 

high responses throughout the temperature range. Therefore, this result 

demonstrates the heterojunction properties can rapidly increase sensitivity. 

 

Nitrogen dioxide (NO2) is a well-known toxic pollutant gas that affects human health 

as well as the formation of acid rain256. This gas is the main test gas analysed within 

this study which has previously had successful responses from heterojunction 

sensors257,258,259. ZnO has previously been investigated for NO2 exposure, the 

different sensor types used have included nanorods260, thin films heterjunctions261 

as well as thick film heterojunctions262. The set of ZnO and CTO sensors was exposed 

to five concentrations, 100 ppb, 200 ppb, 400 ppb, 800 ppm and 1 ppm of nitrogen 

dioxide (NO2). The unmodified ZnO sensor rapidly increased between concentrations 

800 ppb and 1 ppm, from 31 R/R0 to 365 R/R0 which is a response of over 11 times 
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when measured at 400 °C. Throughout the testing’s, the unmodified ZnO sensor 

proved to be the most sensitive at all temperature ranges, however following this the 

admixed sensors also proved their sensitivity as well as selectivity. The 50/50 sensor 

has consistently produced low responses when exposed to the range of test gases 

used within this study, therefore producing a high response for NO2 at all 

temperatures measured shows the sensors selectivity and therefore is a promising 

sensor for NO2 detection.  Throughout the testing, both the 2-layered sensors 

produce low responses at all temperatures measured therefore displaying admixed 

and unmodified sensors to be more suitable for NO2 detection. 

 

All sensors successfully detected the lowest concentrations of test gases exposed, 

therefore showed a LOD of 5 ppm of Ammonia, 30 ppm of 2-ethylhexanol, 280 ppb 

of DMNB, 1800 ppm of nitromethane and 100 ppb of NO2. Both ZnO and CTO have 

previously shown high sensitivity within sensing arrays and therefore an array 

compromising of both metal oxides were expected to improve sensitivity and 

selectivity of the unmodified sensors. Unmodified CTO has previously shown its 

highest response at lower temperatures when exposed to reducing gases such as 

ethanol and ammonia 263. This result is also shown within this thesis, where the 

unmodified CTO sensor showed its highest response at 300 °C when exposed to 

ammonia. Previous research on CTO sensing arrays have shown higher responses 

at lower temperatures have been produced, due to the Ti ions within the CTO 

material to have promoted an increased oxygen adsorption on the surface of the 

metal oxide, thus increasing response 264. Therefore, further research should be 

conducted to fully understand the properties of CTO as a sensing material in order 

to assess which other reducing gases may yield high responses at low temperatures. 

Interestingly, the use of p-type materials within an array of sensors would be useful 

for “in-life” use, due to the water reactions which occur against p-type materials. 

When water interacts with the sensor surface, its splits into H+ and OH- ions, of which 

the OH- ions introduce electrons into the metal oxide surface 265. However, within p-

type metal oxides, the electrons are introduced into the Hole Accumulation Layer 
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(HAL) and thus decrease the concentration of holes resulting in no charge and an 

insufficient change in reaction thereby being an excellent sensor for when analyzing 

alongside humidity 266. 

 

P-type materials have previously shown low responses when used within gas sensing, 

therefore research has been conducted in order to assess how responses can be 

enhanced. Previous studies have done so using p-type nanostructures 267, as well as 

doping n-type materials with p-type metal oxides 268. A study by Woo et al, showed 

a CTO-ZnO heterojunction sensing array out performed a non-heterojunction 

sensing array. The study showed the enhanced responses were due to an 

improvement un microstructure, as the surface area of the metal oxide increased 

with the addition of another metal oxide 269. Overall within this thesis the ZnO-CTO 

sensing array showed that an increase in response can be achieved through the use 

of heterojunctions. The admixed sensors increased sensitivity when exposed to 

ammonia, DMNB and nitromethane, whereas the 2-layered sensors showed high 

sensitivity when exposed to TNT. It was also shown that generally as temperature 

increases, performance decreases. This demonstrates the optimal effects produced 

by the heterojunctions are dependent on operating temperature and thus 

temperature increases the overall responses produced as the potential energy 

barrier is affected 270. 
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6 Conclusion 
 

6.1 Summary 

 

The thesis has investigated a range of semiconducting metal oxides heterojunction 

sensing sets, in order to analyse the sensitivity and selectivity when exposed to 

explosive materials. The overall aim of the thesis was to distinguish which metal 

oxide gas sensors were successfully able to identify a range of explosive materials. 

The main conclusions from the thesis can be seen below alongside the thesis 

objectives. 

 

To explore a range of metal oxide semiconductors, both n-type and p-type, for the 

detection of explosive materials.  

 

The four metal oxides used within the study were specifically chosen based upon 

their high sensitivity for a variety of explosive associated gases. All experiments 

carried out within the thesis was conducted using a range of temperatures and 

concentrations of the test gas, in order for the optimum conditions of the sensing 

sets to be identified.  

 

A mixture of n-type and p-type semiconducting metal oxides were used in order to 

assess the sensitivity produced when exposed to explosive vapours. Overall the 

unmodified CTO sensor produced the highest response when exposed to TNT at 300 

°C, showing the p-type material to be more suitable for TNT detection. The CTO 

material has previously been proved to be an excellent gas sensing material with 

minimal variations when exposed to humidity 237 and previously shown high 

responses to CO 238 and ethanol 239. Interestingly the responses produced from the 

nitrogylcerine, EGDN and TATP testing show the n-type metal oxides to be the most 

sensitive sensors, with the unmodified ZnO sensor showing extremely high 
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responses. The ZnO metal oxide is one of the most studied metal oxides, with high 

sensitivity at 250 °C – 400 °C and negligible concentration of electron states within 

the band gap leading to a high response to many test gases 235. Limited research 

can be seen for both ZnO and CTO heterojunction metal oxide sensing arrays 

response to explosive vapours, therefore both materials were used in order to assess 

sensor response to a range of explosive materials. 

 

Within solid state gas sensing, WO3 has been reported to have extremely high 

sensitivity to NO and NO2,271 as well as being an established candidate for gas 

sensing, H2S,272 NH3273 and ethanol274. Whereas SnO2 has become the most utilised 

semiconducting metal oxide for gas sensing, well known for its high sensitivity when 

tested against poisonous gases such as CH4 and CO and low cost and low toxicity, 

making it a suitable candidate for explosive detection. Within the ammonia testing, 

the WO3 and SnO2 sensors showed high responses, with the CTO and ZnO sensors 

showing some of the low responses produced within their sets. However, within the 

2-ethlyhexnaol and nitromethane exposure all unmodified sensors showed high 

responses to the test gas, with the p-type CTO sensor showing an extremely high 

response when measured at 300 °C. The WO3 showed its highest response at 500 

°C when exposed to DMNB, with the other unmodified sensors showing relatively low 

responses when compared. The NO2 test gas exposure showed high results 

produced from the WO3 and ZnO sensors, with low responses produced from SnO2 

and CTO. Overall it can be seen, that both types of metal oxides have shown 

sensitivity towards the explosive vapours exposed. With strong p-type responses 

produced with test gases TNT, 2-ethylhexnaol and nitromethane, it is suggested both 

n-type and p-type semiconducting metal oxides are suitable for explosive detection.  

 

On average the p-type metal oxide CTO produced relatively low response times when 

compared to the n-type metal oxides with response times of 520 seconds at 400 °C. 

Whereas both p-type and the n-type metal oxides produced similar recovery times, 

with the n-type SnO2 metal oxide producing a recovery time of 30 seconds at 400 
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°C. It was noted that on average the unmodified metal oxides generally produced 

their opimal response at higher temperatures with the unmodified CTO sensor 

producing its highest response at 500 °C for all explosive vapours measured, TNT, 

nitrogylcerine, EGDN and TATP. The CTO sensors went on to produce its optimal 

responses at 400 °C for ammonia and at 300 °C for all other test gases produced. 

Whereas the SnO2 sensor produced its highest responses at 500 °C for TNT and 

nitrogylcerine, at 400 °C for TATP, ammonia, nitromethane and at 300 °C for EGDN, 

2-ethlhexnaol, DMNB and NO2.  

 

The WO3 sensor produced its highest responses at 500 °C for the DMNB and 

ammonia testing’s, with its optimal responses for TNT, EGDN and NO2 produced at 

300 °C and all other remaining test gases produced their highest response at 400 

°C. The ZnO unmodified sensor was the only unmodified sensor to not produce its 

highest response at 500 °C. At 400 °C the ZnO unmodified sensor showed its optimal 

response for the gases, nitrogylcerine, TATP, 2-ethlyhexanol, nitromethane and NO2 

with all remaining test gases producing their highest response at 300 °C. 

 

To investigate the sensing performance of admixed and 2-layered sensors when 

compared to the four-unmodified semiconducting metal oxide sensors. 

 

The admixed and 2-layered sensors have shown improved sensitivity when 

compared to the unmodified sensors throughout the chapters within this thesis. 

Within chapter 4, the sensors containing ZnO and SnO2 showed the majority of the 

most sensitive responses being produced from the modified sensors. The only test 

gas which resulted in the most sensitive responses being from the unmodified 

sensors was EGDN over all temperatures tested and TATP at 400 °C when exposed 

to the unmodified ZnO sensor. All the other test gases exposed to the sensors showed 

optimal responses from the modified sensors, such as when exposed to ammonia 

both the admixed and 2-layered sensors produced higher sensor responses when 

compared to the two unmodified sensors. The 75% ZnO sensor showed the most 
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sensitive responses when exposed to NO2, ammonia and NG, whereas the 75% SnO2 

sensor showed sensitivity when exposed to TNT, DMNB and nitromethane. The 2-

layered sensors also proved successful when exposed to ammonia, 2-ethylhexanol, 

DMNB and nitromethane for 2L ZnO and ammonia and NO2 for the 2L SnO2 sensor. 

Interestingly the 50/50 (n-type ZnO and n-type SnO2) sensor which produced 

relatively low responses when admixed with a p-type metal oxide proved itself to be 

the most successful sensor when exposed to the explosive vapours, showing the 

most sensitive responses towards NG, TATP, DMNB, nitromethane and 2-

ethlhexnaol. 

 

The modified sensors within this chapter behave the same as the unmodified n-type 

sensors as overall the charge remains negative, therefore the improved sensitivity is 

thought to be due to the changes in microstructure. Therefore, this chapter has 

shown heterojunctions can improve sensitivity without the need to alter the coverall 

charge of the system but by solely the addition of another metal oxide. Within 

chapter 5, the results of the ZnO and CTO containing sensors were analysed and 

also showed the use of admixed and layered sensors had shown differing responses 

towards a range of gases when compared to the unmodified sensors. Interestingly 

this chapter was reviewing the responses produced by a mixed n-type and p-type 

heterojunction. By combing the n-type and p-type metal oxides, pre-reactions occur 

on the sensor surface between negative electrons and positive holes before exposure 

to the test gas. Interestingly the 50/50 (50% ZnO and 50% CTO) sensor, which 

produced relatively sensitive responses when combined as an n-type-n-type sensor, 

produced some of the least sensitive responses from the chapter when compared to 

the other individual sensors. The 50/50 sensor mechanically speaking, would 

produce a neutral starting position, with a balanced number of electrons and holes, 

however as shown from the results produced a sensor with an unbalanced sensor 

surface with an overall negative or positive charge, such as 75% ZnO (75% ZnO and 

25% CTO) or indeed one of the unmodified sensors, proved more sensitive towards 

the range of gases tested. 
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The unmodified sensors ZnO and CTO were shown to be the most responsive sensors 

out of the range of sensors used within this chapter, when exposed to gases NG, 

EGDN, Nitromethane and NO2. However, many gases tested within this thesis 

showed an admixed sensor of 75% to be the most dominant and overall produce 

the most sensitive response. For instance, the 75% ZnO sensor was the optimal 

sensor for gases ammonia, DMNB and TATP, whereas the 75% CTO sensor was the 

most suitable for testing 2-ethylhexanol. The 2-layered sensors also proved to be the 

most successful at detecting nitromethane and TNT with the 2L ZnO sensor and 

DMNB with the 2L CTO sensor. Therefore, this study has shown admixed and 2-

layered sensors have improved sensor response when compared to the unmodified 

sensors.  

 

It is thought that mixing n-type and p-type sensors together, by either admixed or 

2-layered methods, changes the overall charge of the sensor. Sensors which show 

an overall positive or negative charge have both produced the most sensitive 

response when exposed to some explosive vapours. For instance, if the admixed 

sensor was 75% n type and 25% p type, the material would still be overall negative 

due to more negative electrons being available. This therefore would affect the 

responses produced as the level of electrons available would directly result in the 

change of resistance occurring due to the size of depletion area produced.  

 

The results produced within this thesis therefore demonstrate heterojunction metal 

oxide sensors can improve sensor response, mechanically based upon the overall 

charge produced within the pre-reactions which occur on the sensor surface before 

exposure to the test gas takes place as seen within the ZnO and CTO containing 

sensors. It is also thought that the addition of multiple metal oxides results in a 

change in microstructure which can also affect the gas sensing response, due to 

greater surface area being achieved from difference in particles size between the 

metal oxides as seen within the ZnO and SnO2 containing sensors, in which sensor 

response and recovery times can be influenced. 



 276 

 

Currently TNT vapour detection has been problematic due to the low vapour 

pressure of this explosive material 242. Therefore, producing an array of sensors 

sensitive towards TNT would allow detection of military explosives to improve. All 

three sensing setss produced their highest responses at 300 °C when exposed to 

TNT. Within the WO3 and CTO containing sensors, the responses produced are 

relatively low, however the unmodified CTO, 50/50 and 75% CTO sensor produced 

their highest responses at 300 °C and 400 °C respectively. Due to the remaining 

sensors producing relatively low responses throughout the range, this indicates the 

WO3 and CTO containing sensors may not be suited for detecting TNT. The highest 

responses seen within the second set, ZnO and SnO2, was the modified 75% SnO2 

and 2L ZnO sensors producing their high responses at 400 °C. Overall the SnO2 

containing sensors proved the most responsive, therefore indicating both admixed 

and 2-layered sensors incorporating SnO2 would make good sensors within an array 

for detecting TNT. The final sensing set, ZnO and CTO, showed high responses by 

the 2L ZnO sensor increasing its response by double as the concentration pulse 

increased as well as the 75% CTO sensor. The results produced show the 2-layered 

and admixed sensors to overall prove more sensitive towards TNT than the 

unmodified sensors.  

 

Nitrogylcerine has very a very low vapour pressure therefore making its detection 

increasingly more difficult for explosive detection equipment 243. However, advances 

within nitrogylcerine detection are currently being made, with the successful 

detection of nitrogylcerine within hair being recently reported 244. The nitrogylcerine 

testing within this thesis showed the unmodified sensors to be more responsive 

within the first set tested, WO3 and CTO. The modified sensors to show a relative 

level of response were the 2L CTO and 75% WO3. The 50/50 sensor (50% WO3 and 

50% CTO) showed the lowest responses throughout the temperature range, 

therefore showing having a dominance of one metal oxide is more suitable for 

nitrogylcerine detection. However, within the ZnO and SnO2 containing sensors the 
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admixed sensors produced the highest responses throughout all temperatures 

tested. Within this set, the 50/50 (50% ZnO and 50% SnO2) sensor and 75% ZnO 

sensor produced the highest responses at 400 °C and 300 °C respectively. Similarly, 

to the first sensing set, the third set, the ZnO and CTO containing sensors, the 

unmodified sensor, showed the highest response, however within this set the 

unmodified ZnO sensor produced the highest responses throughout the 

temperatures measured. This was followed by the 75% CTO and 2L ZnO sensors. 

From the results produced both the admixed and 2-layered sensors generally 

produced lower responses when exposed to Nitrogylcerine at all temperatures and 

concentrations tested, therefore if producing an array for this material an unmodified 

sensor would be more appropriate.   

 

Ethylene Glycol Dinitrate (EGDN) is currently used in sheet form or combined with 

RDX to make plastic explosive Semtex. EGDN has also been reported to have caused 

a high level of toxicity within the environment, 149 leading to further research into 

new methods to extract EGDN from soil being investigated 150.  When the WO3 and 

CTO containing sensors was exposed to EGDN, the unmodified CTO and 2L WO3 

sensors produced the highest responses when measured at 300 °C within the first 

set. At 400 °C the 2L CTO and 75% WO3 sensors were the highest responses 

produced and at 500 °C the unmodified CTO sensor increases in response to 

become to most sensitive response again, leaving the remaining sensors to produce 

relatively stationary responses. Within the second set, ZnO and SnO2, the unmodified 

ZnO sensor displayed the highest response produced for this set when exposed to 

explosive vapours. Overall the most responsive sensor was an unmodified sensor, 

ZnO, however the 2-layered sensors were constantly the 2nd most responsive sensors 

throughout the temperatures tested. The 2L ZnO sensor displayed high responses 

at 300 °C and 500 °C, whereas the 2L SnO2 peaked at 400 however remained at low 

response levels at other temperatures. The admixed sensors generally remained low 

when exposed to EGDN, therefore if an array were to be produced the unmodified 

ZnO or a 2-layered sensor would be more appropriate. Similarly, to set 2, the 
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unmodified ZnO sensor was again the most sensitive to EGDN, however the 

unmodified CTO sensor was the highest responding sensor at 400 °C and 500 °C. 

Overall the most responsive sensor was the unmodified sensor, ZnO as seen at 300 

°C, however between the admixed and 2-layered sensors the admixed sensor was 

the 2nd most responsive sensor type, with the 2-layered sensors producing low 

responses throughout the temperatures measured.  

 

Triacetone triperoxide (TATP) is frequently used by terrorists due to its ease of 

manufacture and due to the absence of a nitro group, it is more challenging to detect 

using typical detection methods246. The first sensing set, WO3 and CTO, when 

exposed to TATP produced the highest sensitive responses out of all the explosive 

materials tested for this set. The highest sensitivity could be seen at 300 °C for 2L 

CTO and unmodified CTO demonstrating CTO to be highly effective when sensing 

TATP at both 300 °C and 400 °C. However, at 500 °C the 2L WO3 produces the 

highest resistive response, showing both 2-layered sensors within the sensing set to 

produce the most sensitive responses demonstrating that 2-layered sensors can 

increase sensitivity on the unmodified material. Within the 2nd set of ZnO and SnO2, 

the highest response produced was by the 50/50 (50% ZnO and 50% SnO2) sensor 

which showed selectivity towards TATP at 500 °C. The unmodified SnO2 sensor also 

produced a high response at 400 °C producing its highest response from any of the 

explosive materials exposed to the ZnO and SnO2 set. This response is dramatically 

higher than the rest of the sensors which range with responses from 9 to 20 R/R0, 

therefore the use of this sensor within an array specifically designed for TATP would 

be advantageous. Overall at the higher temperatures the admixed sensors produced 

elevated responses when compared to the 2-layered sensors, however this changes 

at 300 °C as 2L SnO2 produces the highest response. The unmodified and 2-layered 

sensors within the 3rd sensing set of ZnO and CTO containing sensors, showed high 

sensitivity at the lower temperature ranges including sensors unmodified CTO, ZnO 

and 2L CTO and 2L ZnO. At 300 °C the 75% ZnO sensor produced the highest 

sensitive response. The unmodified and 2-layered sensors proved most sensitive at 
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400 °C, whereas the admixed sensors perform best at 500 °C when exposed to TATP. 

 

Ammonia is a common indoor pollutant which has been proven to be harmful to 

human health245. Previous studies have shown many metal oxides showing low 

sensitivity towards ammonia, therefore it was anticipated that producing 

heterojunctions would increase the sensitive responses towards this test gas. Within 

the first sensing set produced, the WO3 and CTO containing sensors, the highest 

sensitivity could be seen at 500 °C for unmodified WO3 and 2L CTO when exposed 

to ammonia. This result proved surprising as unmodified CTO produced one of the 

lowest resistive responses, showing 2-layered sensors to increase sensitivity. Within 

the ZnO and SnO2 sensing set, the 2L ZnO sensor, similarly, to 2-ethylhexanol, DMNB 

and nitromethane produced the highest response within the set. The highest 

responses seen at 400 oC was performed by the 75% ZnO sensor. Within the 

ammonia testing the admixed and 2-layered sensors produced the highest response. 

Therefore, the use of heterojunctions in gas sensors for ammonia testings produces 

an increased response when compared to the unmodified WO3 and unmodified CTO 

sensors. Within the ammonia testing in the 3rd set of ZnO and CTO containing 

sensors, at both 400 °C and 500 °C the highest responses produced throughout the 

temperature range was seen by the 75% ZnO sensor. The remaining sensors 

responses increases as temperature also increases, except for the unmodified CTO 

and 50/50 sensor, whose responses increase at lower temperature. At 300 oC, the 

unmodified CTO sensor produces the highest response. Within the ammonia testing 

the admixed and unmodified sensors produced the highest response. Therefore, the 

use of heterojunctions in gas sensors for ammonia detection may be beneficial.  

 

2-Ethylhexanol is an alcohol which is found within plasticiers in C4 as well as other 

plastic explosives251. Previous research has been produced for gas sensing for this 

alcohol on metal oxides, however it is to the authors knowledge this is the first 

analysis of the 2-ethylhexnaol to heterojunction metal oxide sensing sets. The 

optimum performance produced within the 2-ethylhexanol exposure to sensing set 
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1, WO3 and CTO, was displayed at 300 °C with the unmodified CTO sensor producing 

a very high response 58-fold times from the next sensitive sensor. However, for the 

400 °C and 500 °C experiments the unmodified CTO sensor produced a much lower 

response, demonstrating the operating temperature to have a large influence on the 

sensors response. The highest sensitive responses produced at 400 °C and 500 °C 

were the 2L CTO and unmodified WO3 sensors, showing the unmodified and 2-

layered sensors to be the most suitable for detecting 2-ethylhexnol within this set. 

When testing the 2nd set of ZnO and SnO2 against 2-ethylhexanol, the maximum 

sensitivity was achieved at 400 oC, with the 50/50 sensor (50% SnO2 and 50% ZnO) 

producing a high conductive response, followed by the unmodified ZnO sensor at 

both 400 °C and 500 °C. At 300 oC, the highest sensitive response was produced by 

the 2L ZnO sensor, this result was a 5.5-fold increase to the unmodified ZnO sensor, 

therefore displaying the benefits of including 2 layered sensors within an set of 

sensors. The unmodified CTO sensor produced the highest response within the study 

at 300 oC, from the third set of ZnO and CTO. At 400 oC the 75% CTO sensor was 

the most sensitive and produced at a high response closely followed by the 

unmodified ZnO sensor. The unmodified ZnO senor alongside the 75% ZnO, 2L CTO 

and the 2L ZnO sensors were the most responsive sensors for both the 300 oC and 

500 oC testing’s. Overall showing the unmodified sensors proved successful at 

detecting 2-ethylhexanol alongside the 2-layered sensors followed by the admixed 

sensors.  

 

2,3-Dimethyl-2,3-dinitrobutane (DMNB) is a taggant placed within legally produced 

plastic explosives in order to aid detection90. Therefore, producing an array which is 

sensitive and selective towards DMNB will allow the detection of many military 

explosives. When exposed to DMNB, sensing set 1 of WO3 and CTO containing 

sensors, showed the 2L CTO (2 layers of CTO over 2 layers of WO3) sensor to produce 

the highest response over the whole range of temperatures. Conversely, the 

unmodified WO3 sensor and the 75% CTO sensor show a gradual increase with 

increasing concentration, therefore, showing DMNB to be sensitive to unmodified, 
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admixed and 2 layered sensors. Set 2, ZnO and SnO2, displayed its highest sensitivity 

to DMNB at 300 oC, with the 2L ZnO (2 layers of ZnO over 2 layers of SnO2). At 400 

oC, the admixed 50/50 sensor (50% ZnO and 50% SnO2) resulted in a conductive 

response of 12 R0/R, this was produced at the lowest concentration tested 0.28 ppm. 

Therefore, showing the sets ability to sensing low concentrations of explosive 

vapours. The 3rd set (ZnO and CTO) displayed its highest sensitivity at 300 oC, with 

the 75% ZnO producing a resistive response doubling the next sensitive sensors 2L 

ZnO and 2L CTO. At 400 oC the 75% ZnO sensor produces its highest response and 

at 500 oC the 2L CTO sensor produced its highest response. Within the DMNB testing 

the admixed and 2-layered sensors were more sensitive than the unmodified 

sensors. Therefore, this results shows the combination of the two metal oxides both 

admixed and layered together increased the resistance to the gas DMNB. 

Nitromethane has previously been used within the preparation of homemade 

explosives32 and is a more energetic high explosive than TNT, therefore the detection 

of nitromethane within gas sensing is extremely important. When set 1, WO3 and 

CTO was exposed to nitromethane, the unmodified CTO sensor showed its highest 

sensitivity when tested at 300 °C. Consequently, showing the unmodified CTO as 

being highly sensitive when tested against nitromethane as the next two sensors to 

produce the highest response to be 2L CTO and 75% CTO. However, at 500°C, a 

strong response can still be seen with the 2L WO3 and 2L CTO sensors also show 

promising responses throughout the temperature range. All admixed and 

unmodified WO3 containing sensors produce low conductive responses over all three 

temperatures. Therefore, showing CTO as being selective towards detection of 

nitromethane. When nitromethane was exposed to set 2, ZnO and SnO2, the 

response produced demonstrates the enhanced response characteristics of the 

admixed and layered sensors with the highest responses produced by the modified 

sensors over all temperatures. At 400 oC, 75% SnO2 resulted in a vast conductive 

response whereas at 500oC the 50/50 admixed sensor was the most sensitive sensor 

producing a response of 4.6-fold increase in the unmodified SnO2 sensor and a 2.8-
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fold increase form the unmodified ZnO sensor. When analyzing the unmodified 

sensors, both ZnO and SnO2 responses only slightly increased over the 

concentrations of nitromethane. Therefore, demonstrating the heterojunction 

properties can rapidly increase sensitivity. Sensing set 3, ZnO and CTO showed the 

75% CTO sensor produced high responses when exposed to nitromethane at 300 

oC whereas the unmodified ZnO sensor produces the most sensitive response at 500 

oC. Overall all different types of sensors, unmodified, admixed and 2-layered 

displayed high sensitivity at different temperatures within this study. At 300 oC the 

2-layered sensor produced the highest response with unmodified sensors producing 

high responses at 400 oC and 500 oC. The admixed sensors produced high 

responses throughout the temperature range. Therefore, this result demonstrates 

the heterojunction properties can rapidly increase sensitivity. 

 

Nitrogen dioxide is an oxidising gas known as a toxic atmospheric pollutants89. The 

materials used within military propellants and explosives are mostly organic 

compounds containing nitro groups.31 Consequently, the sensor responses to NO2 

for explosive detection are highly significant. When the first set of WO3 and CTO 

contaiing sensors, was exposed to NO2, all CTO based sensors produced a 

conductive response significantly lower than unmodified WO3. However, the CTO 

modified sensors showed a substantial response when compared to the unmodified 

CTO sensor. A high response was produced by 75% CTO which is 37.2-fold increase 

on the unmodified CTO. The 50/50 sensor also produced an elevated conductive 

response of R0/R 152, indicating that the doping of p-type CTO with n-type WO3 can 

successfully increase sensitivity against gases associated with explosives. Within the 

2nd set of ZnO and SnO2, the unmodified ZnO sensor rapidly increased between 

concentrations 800 ppb and 1 ppm. Alongside this sensor, the admixed sensor 75% 

SnO2 at 300 °C, produced an extremely high resistive response of 522 R/R0. 

Conversely, the admixed sensor 75% SnO2 and the 2-layered sensor 2L SnO2, 

produced the highest overall sensitives within the set when tested at 300 °C. 

Therefore, demonstrating the modified sensors to produce a higher sensitivity to 
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NO2, compared to the unmodified sensors when testing at 300 °C. Within the 3rd set 

of ZnO and CTO, the unmodified ZnO sensor rapidly increased between 

concentrations 800 ppb and 1 ppm, with a response of over 11 times when 

measured at 400 °C. Throughout the testing’s, the unmodified ZnO sensor proved 

to be the most sensitive at all temperature ranges, however following this the 

admixed sensors also proved their sensitivity as well as selectivity. Throughout the 

testing, both the 2-layered sensors produce low responses at all temperatures 

measured therefore displaying admixed and unmodified sensors to be more suitable 

for NO2 detection. 

 

To explore whether the sensors produced could indeed detect explosive vapours 

and further to this be selective. 

 

Within this study, all the sensors produced have successfully responded to the range 

of explosive materials and in-house testing gases. Therefore, this shows 

semiconducting metal oxide sensors to be useful when detecting explosives. So far, 

the sensitivity of the sets produced have been analysed, below the selectivity 

produced by some of the sensors will be discussed.  

 

By incorporating an sets of sensors, each showing selectivity towards different type 

of test gases would provide a useful tool for explosive detection. Within the first set 

tested, WO3 and CTO, the 2L WO3 sensor produced high responses against EGDN 

when exposed at 400 °C. This sensor has therefore shown high selectivity when 

exposed to EGDN, as it has constantly produced low responses when exposed to 

other explosive vapours tested within this thesis. Within the nitrogylcerine testing of 

the ZnO and SnO2 set, the 75% ZnO sensor produced the highest response within 

the set, this sensor has previous shown relatively low responses when exposed to 

the other explosive vapours. Therefore, this sensor has shown selectivity towards 

nitrogylcerine proving to be a suitable option within an electronic nose aimed at 

detection of nitrogylcerine. Within the ZnO and SnO2 sensing set the 75% ZnO sensor 
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consistently has shown low responses to all the test gases exposed to the set within 

this thesis, however it displays good responses when exposed to ammonia, therefore 

resulting in a sensitive and selective sensor within the set of sensors produced when 

sensing for gases associated with explosives, in particular home-made explosives. 

 

Within the ZnO and CTO set the 50/50 sensor had consistently produced low 

responses when exposed to the range of test gases used within this study, therefore 

producing a high response for NO2 at all temperatures measured shows the sensors 

selectivity and therefore is a promising sensor for NO2 detection.  Throughout the 

testing, both the 2-layered sensors produce low responses at all temperatures 

measured therefore displaying admixed and unmodified sensors to be more suitable 

for NO2 detection. The 75% CTO sensor produced from the ZnO and CTO sensing 

set, showed high responses when exposed to nitromethane at 300 oC, whereas it has 

previously produced low responses to other test gases making it selective towards 

nitromethane. Therefore, this sensor would be useful within an array targeted at 

detecting nitromethane.  

 

The sensors used within this study have demonstrated limits of detection (LOD) 

similar to those found within industry or research, such as within ammonia and NO2. 

The LOD for ammonia vary depending on its application, within the chemical 

industry and automotive industry the LOD needed is from 20 ppm and 1 ppm 

respectively 273. Within the medical field of analysing ammonia from human breathe, 

a LOD of 50 ppb is required, the LOD found in this study was 5 ppm and therefore 

would be suitable for use within the chemical and automotive industries. The 

maximum exposure per hour to NO2 is set at 100 ppb by the Environmental 

Protection Agency (EPA), whereas within the automotive industry a LOD of 5 ppm is 

needed within the sensing capabilities 274. The LOD found the sensors tested within 

this thesis when exposed to NO2 was 100 ppb, therefore this technology is sensitive 

enough to be used within the automotive industry, further research should be 
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conducted to decrease to LOD in order for the sensors to be used for environmental 

purposes. 

 

The sensors LOD’s produced within this study when exposed to the explosive 

vapours were TNT 5 ppb, NG 25 ppb, EGDN 100 ppb, TATP 100 ppb. Commercially 

the TNT sensors LOD are 100 ppb, TATP sensors are 2000 ppb, therefore the 

sensors used within this study would be suitable for in-life use 275. Whereas for the 

explosive vapours NG and EGDN no literature could be found to verify what the 

current LOD for sensors used to detect these vapours were. Sensors detecting 

nitromethane, 2-ethylhexanol and DMNB commercially have LOD’s as low as 257 

ppb, 3 ppm and 2.5 ppb respectively, which are significantly lower than the LOD’s 

produced within this study with 1,800 ppm, 18 ppm and 280 ppb respectively 

275,276,277. 

 

The ability of a sensor to be selective and able to discriminate between the target 

gas and interfering gases is paramount. The selectivity of the sensor, also known as 

cross sensitivity, is commonly seen within semiconducting metal oxide gas sensors 

in which they show sensitivity towards more than one gas species. Gas species with 

similar molecules may have similar interactions which occur on the surface of the 

metal oxide sensor 278. Known interfering gases found when testing metal oxide gas 

sensors include, ethanol, methanol, acetone, 2-proanol and acetic acid 279. Gong et 

al, showed the similar sensing behaviour between ethanol and acetone are 

commonly seen and to an extent the cross sensitivity cannot be evaded 280. Although 

it has been shown classes of gases have similar reactions on the metal oxide surface, 

studies have shown they have different reaction rates on different metal oxides and 

when exposed to differing temperatures 278. For instance, at low temperatures 

ethanol oxidisers on the sensor surface, whereas other gases oxidise at increasing 

temperatures such as alcohols at over 200 °C and alkanes at over 400 °C 281. 

Thereby using parameters such as temperature, it is possible to analyse responses 

from the specific target gas with the interfering gases reduced or removed 282.  
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Humidity is commonly an interfering factor specifically from semiconducting metal 

oxide sensors, however previous studies have shown methods to compensate and 

still produce both sensitivity and selectivity to gas species 283. The results produced 

within this thesis have shown mixed metal oxide gas sensors to have increased 

sensitivity towards certain test gases, however studies have also shown admixtures 

of metal oxide sensors to have shown a distinct advantage over unmodified metal 

oxide gas sensors when responding to interfering gas species. For instance, it was 

shown a sensor based on a SnO2/In2O3 composite was able to maintain its high 

sensitivity when exposed to high humidity conditions and exposed to ethanol 284. De 

Costello et al, also showed the humidity did not affect the response towards other 

gas species, such as carbonyl containing compounds, there provides evidence that 

different gas species with differing molecules react with different sites on the metal 

oxide sensor surface. 

 

Studies have shown metal oxides with differing morphologies such as nanoparticles, 

nanotubes and nanowires to be most successful when detecting interfering species 

278. The use of filters has previously improved selectivity as interfering gases have 

been blocked from reaching the sensor surface 285,286. However, whilst they have 

shown to improve selectivity and stability, the detection limit of the sensor may be 

lowered 287. Filters have shown to be effective towards certain class of interfering 

species, for instance a PtY filter was able to successfully detect NOx at sub-ppm 

concentrations with interfering gases, CO, ammonia, propane, CO2 and H20 

minimised 288. Other methods utilised which have been effective include the use of 

zeolites and production by CVD. In In2O3 films produced by CVD, showed selectivity 

towards NO2 with limited interference from other species 289. Carbon nanotube films 

also produced via CVD showed excellent selectivity towards NO2, whilst limiting 

responses from ammonia, toluene and H2, the interfering gases present during the 

study 290. The use of zeolites on the sensor surface have also shown to reduce the 

effect of interfering gas species as well as enhance sensor response 291,292. 
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Selectivity of metal oxide gas sensors remains a problem with this technology, 

however studies have shown a range of methods and techniques which have 

improved the selectivity of metal oxide gas sensors. Therefore, further studies on a 

range of morphology, composition and capabilities of the sensors within mixed gas 

species environments should be undertaken. Specifically, further building on the 

research discussed above should be undertaken, including the use of filters, carbon 

nanotubes and addition of zeolites on the sensor surface. 

 

To produce a realistic result by testing the sets of sensors with a range of humidity, 

to access how different environments affect the sensing results.� 

 

The effects of humidity on metal oxide semiconducting sensors has previously been 

investigated and shown humidity can influence sensing response dependent on the 

type of metal oxide and test gas 293. All sensors were exposed to humidity alongside 

the explosive vapours in order to assess how humidity affects the sensing sets 

produced within this thesis. When analysing set 1, the WO3 and CTO containing 

sensors, when exposed to TNT and humidity the unmodified WO3, unmodified CTO 

and the 2L CTO sensors all remained relatively level throughout the humidity 

increase. The unmodified WO3 also remained relatively stable when tested against 

NG and TATP making this overall as one of the most suitable sensors for humidity 

testing explosive materials. The 2L WO3 and 50/50 strongly reacted to the increase 

in humidity with TNT and NG, therefore displaying both these sensors as not suitable 

to “in life” use. The unmodified CTO and 2L WO3 sensor produced strong responses 

to the humidity when also exposed to TATP. Overall this sensors did not produce a 

large increase in response to humidity when exposed to EGDN.  

 

The results produced by set 1 demonstrate that the sensors could be successfully 

used within the field for detecting EGDN due to the limited change in response when 
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exposed to a range of humidity. However, both 2-layered and admixed sensors 

strongly reacted to the humidity when tested against nitrogylcerine, making them 

the least unreliable when testing nitrogylcerine within a humid environment. 

Previous research has shown the use of p-type materials within an set of sensors 

would be useful for “in-life” use, due to the way the material interacts with humidity. 

Within p-type metal oxides, the electrons are introduced into the Hole Accumulation 

Layer (HAL) and thus decrease the concentration of holes resulting in no charge and 

an insufficient change in reaction thereby being an excellent sensor for when 

analyzing alongside humidity269. Overall the unmodified WO3 and CTO sensor proved 

to be the most reliable for humidity tested producing low responses throughout the 

range of explosive vapours tested. 

 

Monitoring humidity is necessary within a range of industries, such as monitoring 

air quality for human and environmental health as well as its use for quality control 

and research 293. Within set 2, the ZnO and SnO2 containing sensors, most of the 

sensors remained largely unaffected by the humidity increase when exposed to TNT. 

However, the 75% SnO2 and unmodified SnO2 sensors did produce the highest 

responses within the set. Whereas all sensors within this sensing set reacted to the 

change in humidity with nitrogylcerine, with rapid increases for 2L SnO2 and 2L ZnO, 

therefore indicating the 2-layered sensors may not be as suitable. The sensor least 

affected by humidity when exposed to nitrogylcerine within this set were the 50/50 

and 75% SnO2 sensors, showing admixed sensors are most reliable when testing 

Nitrogylcerine within a humid environment.  

 

Within the humidity testing of EGDN, the sensing set produced relatively low 

responses with the 50/50 sensor producing the highest response, interesting this 

sensor had produced relatively low responses within the non-humidity EGDN testing. 

The unmodified ZnO sensor produced the highest response within the set when 

exposed TATP and to a range of humidity. The rest of the sensors remain unaltered 

by the increase in humidity, this is a positive result, demonstrating the sensors can 
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be used successfully within the field without any interference from humidity when 

exposed to TNT, EGDN and TATP. 

 

Overall within the 3rd sensing set produced, the ZnO and CTO containing sensors, 

most of the sensors remain largely unaffected by the humidity increase when 

exposed to TNT. However, the modified 2L ZnO and 75% CTO sensors did produce 

the highest responses. All sensors within this set reacted to the change in humidity 

with nitrogylcerine, with rapid increases from the unmodified ZnO sensor. The sensor 

least affected by humidity when exposed to nitrogylcerine within this sensing set 

were the admixed and 2-layered sensors showing the modified sensors to be the 

most reliable when testing nitrogylcerine within a humid environment.  

 

Within the humidity testing of EGDN, the most responsive sensors were the 2-layered 

sensors, 2L ZnO and 2L CTO confirming 2-layered sensors not to be suitable to for 

EGDN testing with humidity. Overall the remaining sensors did not produce a large 

increase in response to humidity when exposed to EGDN. The unmodified ZnO 

sensor produced the highest response within the set when exposed TATP. The 75% 

ZnO, 2L CTO and 2L ZnO sensors increased steadily as the humidity pulses 

increased. These results were the highest responses seen when exposing explosive 

vapours alongside humidity with the ZnO and CTO containing sensors. From these 

results, it can be seen most of the sensing set produced relatively low responses 

when exposed to TNT and EGDN. With the 2-layered sensors producing high 

responses to explosive vapour humidity except when exposed to nitrogylcerine, 

therefore showing selectivity towards nitrogylcerine. This result should be further 

investigated in order to see if the 2-layered sensors could potentially be useful when 

detecting nitrogylcerine within a humidity “real life” environment.   
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6.2 Future Directions 

 

Future research should be undertaken to expand the range of explosive vapours and 

in-house test gases tested against the sensing arrays. By analysing a large range of 

explosive vapours the electronic nose could create a fingerprint pattern and thereby 

identity which explosive vapour is present through the sensing array used. It would 

be beneficial to analyse a range of explosive vapours both singularly as well as within 

mixtures to make the sensors applicable for “in life” use. Explosives or their 

precursors may be combined and therefore expanding the library of data on both 

explosive vapours used singularly as well as when combined with other materials is 

essential for this method to be useful within “real life” use. It is important that other 

reference data be collected in order for them to be ruled out when identifying the 

explosive materials, for instance common materials such as dust should be 

identified, and responses produced being taken into consideration when exposing 

the sensors to materials. Further to this, it would be beneficial to assess the long-

term stability of the sensing sets produced as well as physical exposure to explosive 

materials outside of a laboratory.  

 

Although both n-type and p-type sensing sets were used within this study, further 

investigation into the properties of these metal oxides when combined should be 

carried out. Further to this, more research should be conducted on the use of 

admixed and 2-layered sensing sets, to the authors knowledge this is the first 

instance reported of semiconducting metal oxide sets incorporating admixed and 2-

layered sensors has been investigated. Therefore, further research is needed to 

understand the optimal properties for explosive detection, including temperature, 

microstructure as well as film thickness. Although a range of metal oxide 

combinations have been discussed within this thesis, it would be prudent to also 

analyse other metal oxide admixed and 2-layered sensors. 
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The concentration range used within this thesis was low, however due to the new 

ways of explosives being shielded by detection, such as using materials to wrap 

around the explosives and preventing vapour to escape, it is important to detect the 

explosive vapours at the lowest concentrations possible. Therefore, further research 

in exposing the sensors to lower concentrations of the vapours should be 

undertaken. It is hoped due to the continuing need for explosive detection, that 

semiconducting metal oxide sensors can be beneficial to the defence and protection 

of the United Kingdom.  
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