
 

 
 
 

DOTTORATO DI RICERCA IN INGEGNERIA DELL'INFORMAZIONE  
_______________________________________ 

 
 

settore scientifico disciplinare scienze fisiche per l'ingegneria 
 
 

CICLO XXXV 
_______________________ 

 
 
 
 
 
 PROPERTIES and GAS SENSING PERFORMANCES of LOW DIMENSIONAL METAL OXIDES 

NANOSTRUCTURES 
 

 
 
 
 

NOME DEL DOTTORANDO        
 

       Wadumesthree Gayan Chathuranga Kumarage 
 
 
 
NOME DEL SUPERVISORE  

Prof.ssa. Elisabetta Comini 

 
 
 
 
 
 
 
 
 

ANNO ACCADEMICO 2022/2023 



 



II 
 

PROPERTIES and GAS SENSING PERFORMANCES of LOW DIMENSIONAL 

METAL OXIDES NANOSTRUCTURES 

 

W. G. C. KUMARAGE 

 

Sensor Laboratory, Department of Information Engineering, Via Branze 38, 25123, 

University of Brescia, Brescia, Italy, 2023 

Abstract - English 

 

In the development of chemical sensors, sensitivity, selectivity, and stability (S3) are the most 

crucial factors. Additionally, factors such as fast response time and low operating temperature 

are crucial for practical gas sensor design. In this context, cobalt oxide (Co3O4) nanostructures 

were fabricated on alumina (Al2O3) substrates to study the potential of improving the above 

mention gas sensing functionality of Co3O4.  

The fabrication process of Co3O4/ZnO composite nanowires involves the in-situ thermal 

evaporation and oxidation at 800 °C in a vacuum environment with a pressure of 0.17 mbar 

and an airflow of 100 sccm Argon and 0.5 sccm oxygen. The Co3O4/ZnO composite nanowires 

produced feature a Pt tip, a Co3O4 layer, and a Co3O4/ZnO base with a Co3O4 root. These 

nanowires exhibit n-type semiconducting behavior, displaying a high response of 5530 (ΔG/G) 

at 40% relative humidity (RH) when operating at 250 °C, to 50 ppm of acetone. This n-type 

behavior is attributed to the high concentration of ZnO in the composite. The sensors exhibit 

good repeatability, stability, and can detect acetone at sub-ppb levels, making them ideal for 

breath analysis with a detection limit of 500 ppb. 

The prepared pristine Co3O4 nanowires (1-5 μm with 6-50 nm diameter) through thermal 

oxidation at 300 °C show excellent selectivity towards hydrogen when operating at 450 °C. 

The sensors exhibit abnormal n-type semiconducting behavior, due to the participation of 

lattice oxygen in the chemical sensing mechanism, as a result of the high operating temperature. 

The record low detection limit was 360 ppb. Furthermore, the sensors demonstrate excellent 

repeatability, stability, and resistance to humidity (90 RH%) gas sensing functionality due to 

their catalytic activity and high operating temperature. 

Additionally, the study aims to explore the feasibility of reducing the preparation cost through 

the use of green synthesis to produce Co3O4 nanowalls. To accomplish this, Co3O4 nanowalls 

were prepared through thermal annealing at 280 °C on a hot plate. The resulting nanowalls 
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displayed good selectivity towards acetone when operating at 500 °C and this performance was 

further improved by 25.2-fold to 10 ppm acetone through Pt functionalization. 

This study also investigates the synthesis of monoclinic TiO2 nanobelts and Nb2O5 

microcolumns through hydrothermal methods. The use of acetic acid as a protonating agent 

was found to effectively protonate TiO2-(B) and produce TiO2 gas sensors with impressive 

performance, reaching a response of 6.5 to 10 ppm of acetone at 150 °C. Nb2O5 microcolumns 

grown at 180 °C and calcined at 700 °C formed an orthorhombic crystal structure, which 

showed good selectivity in detecting ethanol with a detection limit of 1.4 ppb when operated 

at 500 °C in dry air. The sensors also maintained good performance in conditions of 90% 

humidity, only experiencing a 4% degradation in response compared to dry conditions (2.51, 

10 ppm). 
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Riassunto - Italiano 

 

Nello sviluppo di sensori chimici, la sensibilità, la selettività e la stabilità (S3) sono i fattori più 

cruciali. Inoltre, fattori come il tempo di risposta rapido e la bassa temperatura di esercizio sono 

fondamentali per la progettazione del sensore di gas. Nanostrutture di ossido di cobalto 

(Co3O4) sono state fabbricate su substrati di allumina (Al2O3) per studiare il potenziale di 

miglioramento della suddetta funzionalità di rilevamento del gas del Co3O4. 

Il processo di fabbricazione dei nanofili compositi Co3O4/ZnO prevede l'evaporazione termica 

in situ e l'ossidazione a 800 °C in un ambiente con una pressione di 0,17 mbar e un flusso  di 

100 sccm di argon e 0,5 sccm di ossigeno. I nanofili Co3O4/ZnO prodotti presentano una punta 

di Pt, uno strato di Co3O4 e una base di Co3O4/ZnO con la parte iniziale di Co3O4. Questi 

nanofili presentano un comportamento semiconduttore di tipo n, mostrano un'elevata risposta 

di 5530 (ΔG/G) a 50 ppm di acetone con il 40% di umidità relativa (RH) a 250 °C. Questo 

comportamento di tipo n è attribuito all'elevata concentrazione di ZnO nel composito. I sensori 

presentano una buona ripetibilità, stabilità e sono in grado di rilevare l'acetone a livelli inferiori 

a ppb, questo li rende ideali per l'analisi del respiro in cui è richiesto un limite di rilevamento 

di 500 ppb. 

I nanofili Co3O4 invece sono stati preparati (1-5 μm con diametro 6-50 nm) attraverso 

l'ossidazione termica a 300 °C. Essi mostrano un'eccellente selettività verso l'idrogeno quando 

operano a 450 °C. I sensori presentano un comportamento semiconduttore anomalo di tipo n, 

a causa della partecipazione dell'ossigeno reticolare nel meccanismo di rilevamento a causa 

dell'elevata temperatura operativa. Il limite di rilevamento minimo è di 360 ppb. Inoltre, i 

sensori dimostrano un'eccellente ripetibilità, stabilità e funzionalità di rilevamento del gas 

all'umidità (90 RH%) grazie alla loro attività catalitica e all'elevata temperatura di esercizio. 

Inoltre, questo studio mira a esplorare la fattibilità della riduzione dei costi di preparazione 

attraverso l'uso della sintesi verde per produrre nanowall di Co3O4. Questi nanowall di Co3O4 

sono stati preparati mediante trattamento termico a 280 °C su una piastra riscaldante. I nanowall 
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risultanti hanno mostrato una buona selettività nei confronti dell'acetone quando si opera a 500 

°C e le prestazioni sono state ulteriormente migliorate di 25,2 volte verso 10 ppm di acetone 

attraverso la funzionalizzazione del Pt. 

Questo studio indaga anche la sintesi di nanocinture di TiO2 monoclino e microcolonne di 

Nb2O5 attraverso metodi idrotermali. È stato scoperto che l'uso dell'acido acetico come agente 

protonante protona efficacemente TiO2-(B) e produce sensori di gas TiO2 con una risposta di 

6,5 a 10 ppm di acetone a 150 °C. Le microcolonne Nb2O5 cresciute a 180 °C e calcinate a 

700 °C hanno formato una struttura cristallina ortorombica, che ha mostrato una buona 

selettività nel rilevare l'etanolo con un limite di rilevamento di 1,4 ppb se operata a 500 °C in 

aria secca. I sensori hanno anche mantenuto buone prestazioni in condizioni di umidità del 

90%, registrando una riduzione del 4% in risposta rispetto alle condizioni in aria secca (2,51, 

10 ppm). 
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Figure 1.1. (a) Unit cell and (b) primitive cell (right) of Co3O4. Light cyan and 

navy-blue balls indicate Co2+ and Co3+ ions, red balls indicate O2− 

ions.  

 

3 

Figure 1.2.  Schematic crystal field splitting and occupations of the Co 3d 

electrons in tetrahedral and octahedral environments. The relative 

energy of Co(3d) and O(2p) derived from density of states 

calculations are indicated, with reference to the valence band 

maximum at 0 eV, (b) band structure of Co3O4 obtained by PBE. 
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Figure 1.3.  Surface energies of the Co3O4 (1 1 0) and Co3O4 (1 1 1) surfaces as a 

function of the oxygen chemical potential, μo, using μo 
gas as zero 

reference. The dotted vertical lines mark the oxygen-poor and 

oxygen-rich limits for μo following the same approach as that of 

Reuter and Scheffler. 
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Figure 1.4. The advancement of p-type MOX gas sensors by yearly 
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Figure 1.5. Crystal structure of anatase, rutile, and brookite phase of TiO2. 
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Figure 1.6. The crystal phase diagrams of (a) orthorhombic (T-

Nb2O5), (b) tetragonal (M-Nb2O5), (c) monoclinic (H-Nb2O5) and 

the corresponding crystallographic plan views along the c-axis. The 

red and green balls represent Nb atoms and O atoms, respectively.  
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Figure 1.7. Phase Transition of Nb2O5 as a Function of Temperature 8 

Figure 1.8. Band structure and projected DOS calculated with GGA for T-Nb2O5 

(a) and B-Nb2O5 (b) phases. 
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Figure 2.1. Illustration of parts of a chemical sensor. 

  

13 

Figure 2.2. Classification of gas sensors based on sensing methods and types of 

gas sensors.   
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Figure 2.3. Formation of space charge layer in the presence of O2. VAir is the 

potential difference between the MOXs surface and the upper barrier 

in pure air. 
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Figure 2.4. Effect of particle size and contacts on resistances and capacitances. 20 

Figure 2.5. Schematic models for grain-size effects. 
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Figure. 3.1. Illustration of (a) The sputtering system, (b) the arrangement of the 

metal target inside the main chamber, (c) the dimension of the 

sputtering chamber. 

 

28 

Figure 3.2. The block diagram of synthesis and characterization of ZnO/Co3O4 

nanowires. 

29 
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Figure 3.3. Illustration of (a) The visual interpretation of growth steps, (b) 

thermal evaporator used to prepare the ZnO/Co3O4 composite 

nanowires. 

 

29 

Figure 3.4. Block diagram for Co3O4 nano walls preparation. 
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Figure 3.5.  Sketch of the Co3O4 petal/walls formation process by oxidizing 

annealing of a metallic film. 
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Figure 3.6. Block diagram for Co3O4 nanowires preparation.  

 

32 

Figure 3.7. Schematic illustration of the mass flow phenomena of the formation 

of the Co3O4 nanowires. 

 

33 

Figure 3.8. Schematic formation of (a) sodium titanate (Na2Ti3O7) nanosheets (b) 

hydrogen titanate (H2Ti3O7) nanobelts (c) TiO2 nanobelts. 
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Figure 3.9. Schematic of fabricated sensor device. 
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Figure 3.10. The steps of fabricating gas sensing device. 
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Figure 3.11. Panalytical diffractometer at the SENSOR Lab, Brescia, Italy- 

PANalytical. 
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Figure 3.12. Raman instrument at the SENSOR Lab, Brescia, Italy- HORIBA, 

XploRA Nano. 
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Figure 3.13. Transmission electron microscopy at the Atomic Structures and 

Defects in Advanced Materials Laboratory, Bucharest, Romania- a 

JEOL ARM-200F. 

 

39 

Figure 3.14. Field Emission - Scanning Electron Microscope at the SENSOR Lab, 

Brescia, Italy- TESCAN-MIRA 3. 

 

40 

Figure 3.15. Electron paramagnetic resonance at the Atomic Structures and 

Defects in Advanced Materials Laboratory, Bucharest, Romania- 

bruker ELEXSYS E580 spectrometer in the X-band and an 

ELEXSYS E500Q. 
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Figure 3.16. Illustration of (a) The functional testing system, (b) gas sensing 

chamber with sensor hub, (c) the sensors hub. 
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Figure 4.1  X-ray diffractogram of the prepared ZnO/Co3O4 
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Figure 4.2. Field emission microscope image of the prepared Co3O4/ZnO 

nanowires (a) low magnification, and (b) higher magnification. 
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Figure 4.3.  Scanning transmission electron microscopy (STEM) image of (a) a 

single Co3O4/ZnO nanowire; (b) Corresponding EDX spectra of the 

48 



XIV 
 

nanowire; elemental mapping of the composite (c) Co (d) Zn, (e) O, 

and (f) Pt. 

 

Figure 4.4. EDX mapping of the constituent elements near the tip of the   

Co3O4/ZnO composite nanowire. (a) conventional TEM, (b) mapping 

of Pt, (c) mapping of Co and (d) mapping of O.  
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Figure 4.5. X-ray photoelectron spectroscopy (a) full spectrum; spectrum of (b) 

Zn; (c) Co; (d) Pt, and (e) O.   

 

49 

Figure 4.6.  Gas sensing performances (a) Dynamic response of the Co3O4/ZnO 

sensors at both dry and 40 RH% air (light blue pattern area), (b) 

response value of the sensors towards 50 ppm acetone having initial 

Co thickness of 50 nm, and (c) 100 nm in the working temperature 

200-450 °C. 
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Figure 4.7. Dynamic response of the Co3O4/ZnO sensors at the working 

temperature of (a) 250 °C and (b) 400 °C both at dry and 40 RH% air 

conditions. 
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Figure 4.8. Figure 4.8. Response and recovery time of Co3O4/ZnO nanowires 

having a higher density of nanowires at (a) 400 °C, 0RH%, (b) 400 

°C, 40RH%, (c) (a) 250 °C, 0RH%, (b) 250 °C, 40RH%. 
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Figure 4.9. Power fitting of the Co3O4/ZnO sensors at the working temperature 

of 205 and 400 °C. 
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Figure 4.10. The selectivity performance of the Co3O4/ZnO sensors. 
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Figure 4.11.  (a) selectivity; (b) repeatability of the Co3O4/ZnO sensors for three 

consecutive cycles when working at the optimum working 

temperature of 400 °C. 
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Figure 4.12. Schematic of the proposed (a) Co3O4/ZnO nanostructure; (b) the 

charge transfer path. 
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Figure 4.13. FE-SEM of Co3O4 (a) low magnification, (b) high magnification, (c) 

CTEM of Co3O4 nano wall, (d) electron diffraction pattern for the 

HRTEM of Co3O4 nanowalls, (e) CTEM of Co3O4 nano petals, (f) 

electron diffraction pattern for the HRTEM of Co3O4 nano petals, (g-

h) HRTEM of Co3O4 nano petals.  
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Figure 4.14. EDS spectra of the grown Co3O4 nanowalls.  

 

62 

Figure 4.15. TEM image of the Pt functionalized Co3O4. The size of these 

nanoparticles ranges from 4 nm to 18 nm. 
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Figure 4.16. Raman spectra of the (a) metallic Co, (b) prepared Co3O4 nanowalls.  
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Figure 4.17. EPR measurement of the Co3O4 nanowalls X-band (a) before the 

thermal aging, (b) after thermal aging at 400 °C for 8 hours, Q- band 

spectra (c) before the thermal aging, (d) after thermal aging at 400 °C 

for 8 hours.   
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Figure 

4.18.  

 (a) Electrical responses of the fabricated Co3O4 nanowalls based 

sensor exposed to different acetone concentrations (10, 25 and 

50 ppm) in dry (RH 0%) and humid air (40 RH%) at the range of 

operating temperature (350 °C, 400 °C, 450 °C and 500 °C). The dark 

yellow rectangles represent the acetone concentrations. The blue 

vertical lines divide the graphs, corresponding to different humidity 

values (0 RH%, 40 RH%), (b) Electrical responses of the fabricated 

Co3O4 nanowalls based sensor exposed to different acetone 

concentrations (10, 25 and 50 ppm) in dry (RH 0%) and humid 

atmospheres (40 RH%) at the operating temperatures (300 and 

350°C). The graph in red represents the Pt functionalized while graph 

in blue represents the pristine Co3O4.  

 

65 

Figure 4.19. (a) response of the Pt-Co3O4 and pristine Co3O4 sensors to 10 ppm 

acetone at dry air, (b) response vs. acetone concentration of the Pt-

Co3O4 and pristine sensor at the operating temperatures of 500 °C in 

dry air, (c) response vs. acetone concentration of the Pt-Co3O4 sensor 
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CHAPTER I 

Introduction 

1.0 Background 

 

A long and healthy life is the desire of every living being. While aging cannot be completely 

prevented, it can be mitigated to some extent through living in healthy environments and 

consuming quality foods. Unfortunately, both indoor and outdoor environments are 

increasingly being contaminated. Outdoor pollution is caused by natural events like windblown 

dust and volcano eruptions as well as human activities such as burning fossil fuels and 

industrial emissions. One of the major concerns is air pollution from harmful substances like 

sulfur oxides (SO2), nitrogen oxides (NOX), carbon monoxide (CO), ammonia (NH3), methane 

(CH4), and volatile organic compounds (VOCs). Thus, monitoring and controlling toxic air 

pollution is crucial for society’s and the environment’s safety. 

Air pollution poses a serious threat to human health and the environment. When primary 

pollutants mix with the atmosphere, they can transform into even more dangerous secondary 

pollutants, such as ozone (O3) and nitrogen and sulfur compounds, which can cause harm to 

ecosystems and the environment [1]. While some of these pollutants are removed by natural 

processes like dry or wet deposition, many remain in the atmosphere and contribute to air 

pollution. The indoor environment is also polluted by a variety of sources, including VOCs, 

perfumes, hairsprays, cleaning products, paint, tobacco smoke, and more. This exposure can 

lead to a variety of health problems, including headaches, respiratory infections, heart disease, 

lung cancer, and more. In 2012, approximately 8% of global deaths were attributed to air 

pollution, and this number rose to 12% in 2019 [2]. Monitoring toxic and exhaust gases is 

crucial for ensuring society’s and the environment’s safety. 

The demand for sensors with the ability to detect environmental pollutants, such as 

volatile/semi-volatile organic compounds (VOCs/SVOCs), harmful gases, particles, and 

chemicals, continues to grow. These sensors must possess high sensitivity, selectivity, stability, 

reliability, low power consumption, durability, affordability, and ease of use to be considered 

as effective sensors for real-world applications. As a result, numerous sensors have become an 

integral part of daily life, monitoring various environmental and human body parameters, with 

CHEMICAL GAS SENSORS being among the most versatile in detecting a wide range of 

toxic gases and VOCs.  
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Chemical sensors typically consist of metal oxides (MOXs) that are divided into two 

categories: n-type and p-type. N-type MOXs, such as ZnO, SnO2, In2O3, TiO2, Fe3O2, WO3 are 

usually semiconductors with electrons as the majority carriers. While NiO, Co3O4, Cr2O3, 

Mn3O4, CuO have holes as the majority carriers [3,4]. Although p-type MOX gas sensors are 

less researched compared to n-type, they have potential advantages, such as high catalytic 

activity, which allows for low operating temperatures in gas sensors [5]. On the other hand, n-

type MOXs have high electron density, resulting in a higher conductance.   

The development of MOX nanostructures is a rapidly growing research area in the field of 

chemical sensors. This is due to the benefits of higher surface-to-volume ratios, increased 

stability, and larger active areas, which enhance gas sensing functionality, as evidenced by 

various studies [5-8]. Additionally, techniques such as noble metal functionalization [9,10] 

compositing [11,12], doping [13], and heterostructuring [14] can further improve the gas 

sensing abilities of chemical sensors.  

This thesis aims to develop various MOX nanostructures and improve their gas sensing 

capabilities through composite formation and functionalization. The thesis begins by 

introducing chemical gas sensors, including their background, operating principle, and basic 

functionality test. The process of synthesizing MOXs and characterizing them is then described 

in the materials and methods section. In chapter 4, the gas sensing abilities of the prepared 

sensors and the results of physical characterization are thoroughly discussed. Finally, the main 

findings are summarized in the conclusion. 

 

As the foundation of the thesis, the basic structure and material properties of the material under 

investigation are presented below.  
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1.1 Cobalt oxide (Co3O4) 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. (a) Unit cell and (b) primitive cell (right) of Co3O4. Light cyan and navy-blue balls 

indicate Co2+ and Co3+ ions, red balls indicate O2− ions [15]. 

The formula for the spinel structure is typically represented as (A)[B2]C4, where A and B are 

cations in tetrahedral and octahedral coordination, respectively, and C represents anions. For 

stability, A is typically divalent and B is trivalent, such as in the formula (A2+)[B3+]C4. The 

cobalt oxide (Co3O4) follows this structure as (Co2+)[Co2
3+]O4. The high spin Co2+ and low 

spin Co3+ occupy interstitial tetrahedral (8a) and octahedral (16d) sites in the close-packed face-

centered cubic lattice of CoO.Co2O3. The material's p-type conductivity is due to Co vacancies 

in the crystal lattice and/or excess oxygen at interstitial sites. The band structure and the 

relevant spins are shown in Figure 1.2 (a,b) respectively. However, the charge carrier 

concentration can vary with operating temperature or doping. Also, the stability of the material 

under the different oxygen level is crucial for the gas sensing applications.  In this case, among 

the supposed two ideal and six defect Co3O4 (1 1 0) surface models, the B surface with 

octahedral cobalt cations vacancy is easiest to form in an O-rich atmosphere and the A-

terminated surface with the three-fold surface oxygen anion vacancy in an O-rich atmosphere. 

Among the Co3O4 (1 1 1) surfaces, the B′ surface terminated with the Cotet cation is most stable 

(Figure 1.3) [16].  

 

(a) (b) 
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Figure 1.2. Schematic crystal field splitting and occupations of the Co 3d electrons in 

tetrahedral and octahedral environments. The relative energy of Co(3d) and O(2p) derived from 

density of states calculations are indicated, with reference to the valence band maximum at 

0 eV [16], (b) band structure of Co3O4 obtained by PBE [15]. 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Surface energies of the Co3O4 (1 1 0) and Co3O4 (1 1 1) surfaces as a function of 

the oxygen chemical potential, μo, using μo 
gas as zero reference. The dotted vertical lines mark 

the oxygen-poor and oxygen-rich limits for μo following the same approach as that of Reuter 

and Scheffler. 

(a) (b) 
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Consequently, studies on the gas sensing applications of Co3O4 have grown (Figure 1.4) due 

to its exceptional sensitivity, response/recovery, stability at high and low temperatures, 

superior electrical and chemical properties, and abundant availability. Accordingly, various 

nanostructures of Co3O4 have been studied for gas detection, such as nanoparticles [17,18], 

nanowires [19-21], nanorods [22,23], nanosheets [24,25], nanocubes [26], nanoneedles [27], 

hollow microspheres [28,29], and urchin-like structures [30,31].  

However, mass production, stability, and manufacturing cost are key challenges in reported 

Co3O4 studies. This work aims to address these issues by exploring low-cost, green synthesis 

of Co3O4 nanowires and stable composite nanowires to improve gas sensing functionality and 

the scalability of Co3O4-based gas sensor manufacturing. 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. The advancement of p-type MOX gas sensors by yearly [5]. 

 

1.2 Titanium dioxide (TiO2) 

TiO2 is a desirable transition-metal oxide for its biocompatibility, stability, abundance, and 

cost-effective production [32,33]. Figure 1.5 shows its crystallite phases, including anatase, 

rutile and brookite [34]. The building blocks of TiO2 are chains of TiO6 octahedra that form 

tetragonal lattice structures. The anatase structure has zigzag chains of octahedra linked by four 

edge-shared bonds (faces sharing, Figure 1.5(a)), while the rutile phase has linear chains of 
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octahedra at each corner, linked by two opposite edges of each octahedron (Figure 1.5(b)). 

Rutile is the most stable crystal structure in bulk materials, but brookite structures (Figure 

1.5(c)) can also occur depending on growth techniques and mechanisms [35].  

 

 

 

 

 

 

 

 

 

Figure 1.5. Crystal structure of anatase, rutile, and brookite phase of TiO2. 

In addition to the three crystal phases, there is another crystal phase called TiO2-(B) 

(monoclinic, Figure 1.6). TiO2-(B) has a layer structure that leads to low density, high specific 

capacity, and more open frameworks compared to other phases [36,37]. Despite its potential, 

the monoclinic TiO2 is rarely seen in literature due to synthesis difficulties. The pioneering 

work on TiO2-(B) was reported in 1980 by Marchand et al. [38]. Since then, numerous research 

works have been published on TiO2-(B) showing its high catalytic and electrochemical 

properties [39,40]. 

Today there many growth techniques, such as atomic layer deposition [41], electrochemical 

anodization [42], hydrothermal method [43], chemical vapor deposition (CVD) [44], and 

electrospinning [45], have been used to produce low-dimensional TiO2 structures for gas 

sensing applications [32]. This work focuses on utilizing the straightforward hydrothermal 

method to grow TiO2 nanostructures for chemical gas sensing and investigating the possibility 

of using acetic acid instead of HCl in the protonation process.  
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1.3 Niobium oxide (Nb2O5) 

 

 

Figure 1.6. The crystal phase diagrams of (a) orthorhombic (T-Nb2O5), (b) tetragonal (M-

Nb2O5), (c) monoclinic (H-Nb2O5) and the corresponding crystallographic plan views along 

the c-axis. The red and green balls represent Nb atoms and O atoms, respectively.  

 

Nb2O5, known as Nobia, is a MOX that has gained significant attention due to its various crucial 

properties that make it ideal for a wide range of applications [46-48]. These properties include 

its strong surface acidity and water tolerance in acid-catalyzed reactions. There is an increasing 

interest in niobium-containing materials for chemical gas sensing [49-51]. Nb2O5 has several 

polymorphic forms, including amorphous (a- Nb2O5), orthorhombic (T-Nb2O5), tetragonal (M-

Nb2O5), and monoclinic (M-Nb2O5) (Figure 1.6), which are formed by distorted NbO6 

octahedra. The extent of distortion depends on the connections of edges and corners and is 

influenced by the preparation temperature (Figure 1.7). 

Both B-Nb2O5 and T-Nb2O5 both show comparable band structures, including conduction and 

valence bands, as depicted in Figure 1.8. The Nb atoms play the biggest role in the conduction 

band, specifically in the d orbitals. Furthermore, the T-Nb2O5 phase has a higher density of d-

orbital states than the B-Nb2O5 phase. Systems with d and f orbitals are recognized for 

possessing strong electron correlations. [52].  
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Figure 1.7. Phase Transition of Nb2O5 as a Function of Temperature [52]. 

 

Figure 1.8. Band structure and projected DOS calculated with GGA for T-Nb2O5 (a) and B-

Nb2O5 (b) phases [52]. 
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CHAPTER II 

Chemical sensors 

2.1 State-art-chemical sensors 

 

Chemical Sensor is a device that converts chemical information into a measurable signal [1]. 

A gas sensor device constitutes of three main systems (Figure 2.1); (1) a system for transporting 

the chemical/gas which performs sampling, filtering, and preconditioning; (2) a section for 

detecting the analyte (sensing element); (3) a system for computing which process data and 

convert them into a readable format [2]. Furthermore, chemical sensors involve in two main 

processes: reception and transducer operation. The reception operation is the interaction of the 

analyte with the MOX surface. This involves in three gas sensing processes: gas diffusion,  the 

material/analyte interactions (surface/bulk reaction), and the transport of electrical parameters 

[3]. The interaction occurs at the material/analyte interface and the particular processes are an 

adsorption reaction, liquid-solid interactions or ion exchange. The absorption process is to be 

by either strong chemical bonding by charge exchange process (chemisorption) or weak van 

der Waals force (physisorption) between MOXs surface and gas analytes. Conductimetric 

chemical sensors are based on the fundamental working principle of this interaction and its 

effect on the sensor resistance.  

The transducer process involves converting the chemical signal into an electronic one in 

conductometric sensors. In this case, the sensing element is integrated with electrodes that can 

be either two-/three-/four-probes or interdigital electrodes (IDEs) by sputtering, conductive 

paste coating, or thermal evaporation to build electrical devices. Usually, insulating substrates 

such as polycrystalline Si/SiO2, Al2O3, glass, polymers, and sapphire are utilized in device 

fabrication. Furthermore, the electrical parameters of the sensing layer, for example, 

conductivity (σ), work function (ϕ), and permittivity (ε) are significantly altered by gaseous 

analytes in this process.  

Data processing is the use of raw electrical signals (conductometric sensors) for alarm or 

detection. Usually, raw data are processed from simple filtering/amplifying to advanced 

statistical methods for example, Linear discriminant analysis (LDA) and artificial neural 

networks (ANN) techniques.   
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Figure 2.1. Illustration of parts of a chemical sensor.  

It is difficult to make an exhaustive classification of all gas sensors that are currently available 

or in development. However, depending on the operation mode, the materials used and the 

detection mechanisms, we can distinguish between several main types that can be used in the 

field of gas detection according to the transduction mechanism. They can be electrical, 

mechanical, optical, thermal, calorimetric, or acoustic parameters. These parameters may be 

integrated into different types of gas sensors as classified in Figure 2.2. Besides, all of them 

have their own advantages and disadvantages as well as unique applications (Table 2.1) [4]. 

This dissertation work is focused on the second part of the sensor device which is the sensing 

layer that transforms the chemical interaction into an electrical signal in conductometric 

chemical sensors. 
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Figure 2.2. Classification of gas sensors based on sensing methods and types of gas sensors.  
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Table 2.1. Elementary gas sensing methods, advantages, disadvantage, and their application.  

Methods Advantages Disadvantages Application Fields 

Electrical  

(a) Low cost 

(b) Fast response time 

(c) High sensitivity 

(d) Low weight 

(e) Wide range of target gases 

(a) Sensitive to environmental factors 

such as humidity 

(b) Energy consumption 

(a) Industrial applications 

(b) Indoor air monitoring 

(c) Storage place of synthetic 

products such as paints, wax, 

or fuels  

Optical  

(a) High sensitivity, selectivity, and stability 

(b) Long lifetime 

(c) Insensitive to environmental change 

(a) Difficulty in miniaturization 

(b) High cost 

(a) Remote air quality monitoring 

(b) Gas leak detection systems 

with high accuracy and safety 

(c) High-end market applications 

Infrared 

(a) Highly selective and offer a wide range 

of sensitivities 

(b) The detector does not directly contact the 

gas 

(c) Corrosion resistance 

(d) Least amount of maintenance or 

replacement 

(e) Reliable design 

(a) Perform poorly in extreme 

environments; high humidity, fog 

(b) Failure to detect hydrogen  

(c) Do not work well when multiple 

hydrocarbon-based gases 

(a) Toxic and combustible gas 

monitoring 

(b) Industries, including the 

petrochemical industry 



16 
 

Calorimetric 

 

(a) Stable at ambient temperature 

(b) Low limit of detection 

(c) Adequate sensitivity  

(d) Low power consumption 

(a) Risk of catalyst poisoning and 

Explosion 

(b) Intrinsic deficiencies in selectivity 

(a) Most combustible gases under 

industrial environment 

(b) Petrochemical plants 

(c) Mine tunnels 

(d) Kitchens 

Gas 

Chromatograph 

(a) Excellent separation Performance 

(b) High sensitivity and selectivity 

(a) High cost 

(b) Difficulty in miniaturization for 

portable applications 

Typical laboratory analysis 

Catalytic  

(a) Excellent Accuracy and reproducibility 

(b) Fast response 

(c) Low power consumption 

(d) Humidity independent response  

(a) Catalytic poisoning 

(b) Sensor drift 

(c) Calibration 

(a) Coal mines  

(b) Industrial sectors 

(c) Drunk driving detection 

Acoustic  

(a) Long lifetime 

(b) Avoiding secondary pollution 

(c) Detect nerve and blister agents 

(a) Low sensitivity 

(b) Sensitive to environmental change 

(c) Difficulty in handling during the 

fabrication process 

(a) Components of Wireless 

Sensor Networks 

(b) Electronic nose 

(c) Food quality testing 

Cantilever  

(a) Higher sensitivity 

(b) Fast response time 

(c) Low cost 

(d) Array format 

(e) Small overall dimensions 

(a) Long-term stability 

(b) Poor performance in a viscous 

medium 

Typical laboratory analysis such 

as health care, energy, security, 

artificial nose setup 
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2.2 Conductometric metal oxide chemical sensors 

The pioneering work on employing semiconductors in chemical sensing has been reported by 

Brattain in the early 1950s [5]. This revolutionary idea was established on the study of a change 

in the electrical resistance of Ge when exposed to different environmental conditions. 

Accordingly, the first conductometry MOXs gas sensor was prepared in the 1960s in which 

ZnO thin film was employed to detect propane at the operating temperature of 485 °C (6). 

Today, many MOXs are known to demonstrate sensitivity to various gases [7-10]. Usually, 

below 500 °C, conductivity changes in MOXs for instance, TiO2 and ZnO, are based on 

adsorption/desorption phenomena that alter the primary surface or grain boundary (only for 

porous polycrystalline materials) conductivity [11,12]. The surface reactions include adsorbed 

negatively charged oxygen species in the form of molecular (O2
−) or atomic (O−). However, at 

higher temperatures, above 900 ºC, this surface reaction is changed to bulk reactions.  The bulk 

reactions occur between point defects in the oxides and oxygen (O2) in the gas phase. Typically, 

most of the MOXs sensors are based on surface phenomena, allowing the ability to fit them to 

detect a broad range of gases.   

 

2.3 Chemical gas sensing mechanism  

2.3.1 Bulk conductivity  

The modification in the stoichiometry of MOXs as a function of oxygen is well known. 

Besides, these changes in stoichiometry modify the electrical conductivity (σ) of the MOXs. 

Generally, this conductivity change is represented in equation 2.1 [11], 

k - Boltzmann’s constant 

T - temperature in degrees Kelvin 

EA - activation energy of bulk conduction, the energy required to form the ionic defects and 

their subsequent ionization by establishing charge carriers in the conduction or valence band. 

p(O2) - partial pressure of the oxygen gas 

n - depend on the nature of the point defects arising when oxygen is removed from the lattice 

σ = σο exp (-EA/kT) p(O2)
1/n (2.1) 
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For example, TiO2 oxygen sensor is operating at a low oxygen pressure environment and at a 

sufficient temperature to produce defects, the TiO2 is supposed to reduce by forming Ti 

interstitials, Ti••••, as in equation (2.2).   

with the charge neutrality, 

The equilibrium constant of the reduction reaction (2.2) , 

From equation (2.3) and (2.4), 

 

Accordingly, when the oxygen pressure becomes the order of n = -5, TiO2 is reduced by 

formation of Ti interstitial defects.   

 

2.3.2 Surface conductivity  

 

The well-known clarification for surface conductivity is that negatively charged oxygen species 

play a crucial role in detecting analyte gases such as H2 and CH4. Once, oxygen is chemisorbed, 

onto the MOXs surface, charge carriers (electrons in n-type and holes in p-type MOXs) in the 

MOXs are extracted from the near surface region up to a certain depth of the MOXs. This 

process creates oxygen species: molecular 𝑂2
−, atomic O−, and O2− at the temperature < 150 

°C, 150 - 400 °C, and > 400 °C respectively, as shown in the equation (2.6) - (2.8), on the 

MOXs surface [3].  Among these, 𝑂− is the most reactive species with reducing gases usually 

in the temperature range of 300-500 °C, in which most semiconductor gas sensors are operated. 

So, the response of the sensor is significantly dependent on the variation in surface coverage 

of 𝑂−. Once, charge carrier is trapped (as in equating 2.6-2.8), an electron depletion region in 

an n-type (hole accumulating layer in p-type) will be formed. The built electron depleted layer 

TiTi
x +  2OO

x  →  Tii
•••• + 4e + O2(g) (2.2) 

4Tii
•••• = n  (2.3) 

KR = [𝑇𝑖𝑖
••••]. 𝑛4. 𝑝(𝑂2) (2.4) 

n = 4. [𝑇𝑖𝑖
••••] = (4 𝐾𝑅)

1
5 .⁄  𝑝(𝑂2)

−1
5⁄  (2.5) 
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(or hole accumulating layer) acts as a potential barrier at the surface with a significant width 

and height.  

 

Consequently, the resistance of an n-type MOXs gas sensor is increasing as exposed to air, due 

to the development of a potential barrier. Furthermore, the space charge layer width (W) can 

be specified using Poisson’s equation as follows [12,13]: 

 

 

Q
S - surface charge 

N
D - number of ionized donor states per unit volume 

 K - static dielectric constant of the oxide 

 ε
O
- permittivity of the vacuum  

Δφ
S- 

surface potential barrier height.  

For example, with usual values (Kε
O 

~10
-12 

F/cm, N
D 

~ 10
18 

– 10
20 

cm
-3 

and Δφ
S 

~ 1V), the 

space charge layer thickness is generally around 1 – 100 nm [11]. 

 

The electrical conduction is modified subject to the formation of the space charge layer 

(depletion layer or hole accumulation layer) due to the ionosorption species as shown in Figure 

2.2. The change of the potential barrier in air and reducing gas environments due to the 

variation of the space charge region at each grain boundary, contact and surface of MOXs is 

shown in Figure 2.3 [14]. Furthermore, the electrical transport mechanism should be modified 

when the grain size (dm) becomes low compared to the Debye length (λD). In a large grain, 

(grain size, dm >> thickness of the space charge layer, 2λD), the conductance is limited by 

Schottky barrier at grain boundaries. Once, dm = 2λD, conductance is restricted by necks 

between the grain, (Figure 2.4), while the conductance is highly affected by each grain once 

O2(gas) + e− → O2
−

 (ads) (2.6) 

O2
−

 (ads) + e− → 2O−
(ads) (2.7) 

2O−
(ads) + e− → O2

−
 (ads) (2.8) 

W =  
Qs

e. ND
= [

2. K. ε0. ∆∅s

e. ND
]

1
2⁄

 
(2.9) 
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dm < 2λD. Typically, the lower grain size (dm) enhances the sensor performance, especially in 

nanometer dimensions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Formation of space charge layer in the presence of O2. VAir is the potential 

difference between the MOXs surface and the upper barrier in pure air [15]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4.  Effect of particle size and contacts on resistances and capacitances [14]. 



21 
 

 

 

 

 

 

 

 

 

Figure 2.5. Schematic models for grain-size effects [16]. 

 

The operating temperature is another important parameter that directly alters the performance 

of the sensor. In general, higher adsorption/desorption process of the gas molecule, and the best 

operating temperature of sensors is above 200 °C. Typically, the detection process achieves a 

highest at an ideal temperature and decreases when the temperature is further increased. 

Consequently, when the operating temperature rises beyond the optimum value, the oxygen 

molecules are desorbed at the surface resulting decrement in the resistance by releasing more 

electrons into the grain of n-type MOXs [15].  

Also, doping and decorating MOXs with oxide, noble metals, or carbon structure significantly 

enhance the surface phenomena. These methods have been well effective in enhancing the 

sensor performances such as sensitivity, speed, and low operation temperature. Unfortunately, 

it is not completely understood the mechanism that governs the effect of dopant materials on 

the sensing process. Besides, it is recognized that the sensitivity and speed are enhanced by the 

reduction of particle size, microstructural changes, and the alterations in electronics of the 

MOXs surface.  
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2.4 Sensor requirements and characteristics 

The most important characteristic of sensors is 4 ‘S’: sensitivity (response), speed (response/ 

recovery time), selectivity, and stability. Besides, limit of detection (LOD), reproducibility, 

and repeatability are some typically utilized sensing parameters. 

The response is generally defined as the fraction of the resistance on the sensing layer when 

interacting with the analyte gas (Rgas) and the one in the air (Rair). For instance, the response of 

an n-type MOXs sensors toward oxidizing analyte in air is shown in Equation 2.10.  The 

sensitivity is described as the derivative of the calibration curve ( response vs concentration). 

Selectivity defines the capability of identifying the target gas as other compound are present.  

The speed, response time (Tres) and recovery time (Trec) are defined as the time required for the 

electrically transduced signals of the sensor to change to 90% of the saturation/baseline value 

after exposure to the target/purging gas. Long-term stability is the ability of the active material 

to keep its properties, such as electrical resistance in case of conductometric sensors, constant 

over time. The repeatability is the evaluation of the eventual signal change upon exposure to a 

specific concentration of the gaseous analyte. The coefficient of variation (CV) can be used to 

characterize either the repeatability of responses or the reproducibility of sensors, equation 

2.11. The limit of detection is the least concentration of analyte gas that may be detected by 

the sensor. LOD can be calculated by two means. One is the IUPAC standard method and the 

second is the simple 10% response method. The IUPAC method involves when the signal is 

over three times of the noise level in the system. The root mean square (RMS) deviation at the 

baseline and the slope of the response curve have been utilized to calculate the noise level and 

theoretical LOD of a sensor [17,18]. Second method is the relationship of response vs. 

concentration. Based on the power fitting, the theoretical LOD is calculated to be the 

concentration with the response of 10% in line with the empirical assumption that 3RMSNoise 

is normally lower than 10%. Lastly, operating temperature is the temperature where the sensor 

is operating.  

 

Response = ΔI/Iair = (V/Rair - V/Rgas)/ (V/Rair) = Rair/Rgas – 1 

I- current 

V- DC voltage 

R- resistance 

(2.10) 
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CV= (RSD/Raverage)×100% 

RSD - standard deviation 

Raverage - average value of responses 

(2.11) 

LOD = 3.
𝑅𝑀𝑆𝑛𝑜𝑖𝑠𝑒

𝑆𝑙𝑜𝑝𝑒
 

Slope - the slope of the fitted curve (response vs concentration 

RMSnoise - noise of the sensor, which can be calculated as in equation (2.13) 

 

(2.12) 

𝑅𝑀𝑆𝑛𝑜𝑖𝑠𝑒 = √
𝜈𝑥

2

𝑁
 

νx
2 - standard deviation  

N - total number of data points 

(2.13) 
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CHAPTER 3 

Experimental procedure 

3.0 Background 

This chapter focuses on the procedures and general conditions used during the preparation of 

various MOXs nanostructures and gas sensing devices, rather than providing a detailed 

theoretical description. The most used techniques are thermal oxidation and hydrothermal, 

which have been widely discussed in the literature and will not be covered in depth. The 

emphasis is on the experimental techniques used in the fabrication of the samples. 

Furthermore, a brief discussion of the employed characterization techniques is included in the 

latter part of this chapter. 

  

3.1 Processing   

3.1.1 Substrate preparation 

Nanostructures were grown on alumina (2 mm × 2 mm, Al2O3, Kyocera, Japan) substrate for 

conductometric gas testing and characterization. Prior to the deposition, all the Al2O3 

substrates were ultrasonically cleaned for 15 min in an acetone ((C3H6O, Carlo Erba, Milano, 

Italy)) bath and then dried with synthetic air to remove dust particles. Additionally, Al2O3 

substrates (3 mm×3 mm, Kyocera, Japan) were cleaned by using the same procedure for 

morphological and structural evaluation of the grown nanostructures.  

 

3.1.2 Magnetron sputtering 

Magnetron sputtering is a process that involves the use of a magnetron, a type of cathode, to 

generate plasma in a vacuum chamber. The plasma is then used to sputter, or physically 

remove, material from a target, which is then deposited onto a substrate. The process is 

widely used in the manufacturing of thin films, such as those used in coatings and 

semiconductors. Besides, magnetron sputtering is a popular technique due to its ability to 

produce high quality, uniform films with precise control over the thickness and composition 

of the deposited material. 

In this dissertation study, direct current (DC) magnetron, has been used to deposit the metal 

catalysts: Pt, metal layers: Co, and electrodes/heaters: Pt, TiW. Also, DC sputtering has been 
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used to functionalize the grown Co3O4 nanostructures with Pt (Table 3.1). In this process, a 

DC power supply is used to create an electric field between a target material and a substrate, 

while a magnetic field is applied to the target material to increase the plasma density and 

improve the sputtering efficiency. The high-energy ions from the plasma are directed toward 

the substrate, where they collide with the surface, knock out the atoms from the target and 

allow the deposition a thin film onto the substrate positioned normally in line with the target. 

Furthermore, the preparation of several Co thin films for the creation of Co3O4/ZnO 

composite nanowires often involves the use of Radio Frequency (RF) sputtering. This method 

employs an alternating current power source to generate a plasma, in which a self-sustaining 

discharge is created by applying a radio frequency voltage to the target material. This results 

in the ionization of the target material. 

Figure 3.1 shows a picture of the sputtering plant used in this work, made by Kenotec 

company (Italy). The magnetron sputtering system is made up of two separate chambers: the 

main, circular chamber where the deposition takes place and can hold up to four different 

target materials. The smaller, tubular chamber is known as the load-lock chamber where 

samples are placed before the deposition process without disrupting the vacuum in the main 

chamber. The two chambers are connected by a gate valve. A turbomolecular drag pumping 

station (TMH 064 D E) is used to create the vacuum in the load-lock chamber, with an 

electronic drive unit. Meanwhile, the main chamber is evacuated using a rotary and 

turbomolecular pump, specifically an Edwards Rotary Vane pump (RV12) with a maximum 

displacement of 17 m3/h, maximum pumping speed of 14.2 m3/h, and an ultimate total 

pressure of around 10-3 mbar. 

The magnetron sputtering system is composed of a process chamber that has a designated 

home position and can accommodate four different target positions. Two of these positions 

are connected to a DC power supply while the other two are connected to an RF power 

supply (with a maximum power of 600W). The position of the sample holder is controlled by 

a step-by-step motor that is operated by a computer. The properties of the deposited film can 

be adjusted by adjusting parameters such as temperature (ranging from room temperature to 

300 °C), plasma composition (using argon and oxygen from two separate lines, which have 

their flux and pressure controlled by two mass-flow controllers), the pressure within the 

chamber, and the applied electrical power. The system is fully controlled by custom 

Microsoft Access/Visual Basic software. 
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Figure. 3.1. Illustration of (a) The sputtering system, (b) the arrangement of the metal target 

inside the main chamber, (c) the dimension of the sputtering chamber. 

 

Table 3.1. Parameter used in DC magnetron sputtering to deposit metals. 

 

Parameters Materials 

Co Co Pt Pt Pt TiW 

Power (W) 50 100 50 75 75 75 

Method DC RF DC DC DC DC 

Temperature (°C) RT RT RT 300 300 300 

Time (s) 300 -600 1200 2 180 1200 180 

Ar flow (sccm) 7 7 7 7 7 7 

Pressure  

(×10-3 m.Torr) 
4.6 4.6 4.6 5.5 5.5 5.5 

Usage Thin 

film 

Thin 

film 

Catalyst 

Functionalizing 

Adhesion 

pads  

Electrodes 

Heaters  

Adhesion 

pads  

 

 

 



29 
 

3.1.3 Co3O4/ZnO composite nanowires 

The Co3O4/ZnO composite nanowires were synthesized through in-situ thermal oxidation and 

physical vapor deposition (PVD) in a specialized thermal evaporator chamber at the Sensors 

lab of the University of Brescia. The diagram illustrating the process of preparing and gas 

sensing the composite nanowires is presented in Figure 3.2.   

 

 

Figure 3.2. The block diagram of synthesis and characterization of ZnO/Co3O4 nanowires.  

 

 

 

 

 

 

 

 

 

Figure 3.3. Illustration of (a) The visual interpretation of growth steps, (b) thermal evaporator 

used to prepare the ZnO/Co3O4 composite nanowires. 

The process of preparing Co3O4/ZnO nanowires consists of several steps as illustrated in 

Figure 3.2. Initially, Al2O3 substrates (2 mm × 2 mm) were cleaned as outlined in section 3.1. 

Substare Cleaning Sputtering
In-situ oxidation 

and PVD 

Material 
Characterization

Device Fabrication Gas sensing

(b) (a) 
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Subsequently, a thin layer of Co (50-100 nm) was deposited on the cleaned Al2O3 substrates 

using RF magnetron sputtering techniques with the parameters specified in Table 3.1. The Co 

thin metallic films (100 nm) were prepared by applying an RF plasma with the given 

parameters in Table 3.1. An ultra-thin layer of Pt (2-5 nm) was then deposited on top of the 

Co layer as a catalyst using DC magnetron (Table 3.1). The samples were subsequently 

placed into an oxidation chamber along with ZnO powder (99.9% purity, Sigma Aldrich) and 

heated to 450 °C at a rate of 20 °C per minute, under a pressure of 0.17 mbar and a flow of 

100 sccm Ar and 0.5 sccm O2 . The growth steps and oxidation chamber are illustrated in 

Figure 3.3 (a,b). The temperature was then elevated to 800 °C at a rate of 10 °C per minute, 

where the experiment was conducted for 3 hours at 800 °C at a pressure of 0.17 mbar. 

 

3.1.4 Co3O4 nanowalls 

A thin layer of Co (100 nm) was deposited on cleaned Al2O3 (2 mm × 2 mm) substrates using 

DC magnetron sputtering, with the parameters specified in Table 3.1. The samples were then 

immersed in 5 ml of distilled water (Carlo Erba Reagents S.A.S, France) in 25 mL glass 

beakers and boiled for 15 minutes until the water evaporated. Afterwards, the boiled samples 

were annealed at 280 °C for 6 hours on a hot plate in the air. Subsequently, the prepared 

Co3O4 nanostructures were functionalized with Pt nanoparticles using the parameters in Table 

3.1. The key experimental steps are outlined in block diagram 3.4. 

 

 

Figure 3.4. Block diagram for Co3O4 nano walls preparation.  

 

 

Substare Cleaning
Sputtering 

Co (100 nm)

Boilling (15 min) 
Distilled water  (5 ml)

Annealing (280 °C)

Duration 6 h
Pt Funtionalization Device Fabrication
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3.4.1.1 Growth mechanism of Co3O4 nanowalls  

The mechanism of growth for Co3O4 nanowalls that are produced by the thermal oxidation of 

Co foils has been previously explored [1,2]. However, the specific mechanism for the growth 

of Co3O4 nanowalls and nanowires in an atmospheric environment is not yet fully 

understood. However, the literature suggests the following mechanism for the growth of 

Co3O4 nanowalls (Figure 3.5) [3,4]:  

The growth of Co3O4 nanowalls begins with the melting of the surface of the Co film at 

temperatures close to 300 °C, which creates liquid Co. Oxygen from the surrounding air 

diffuses into the liquid Co and causes oxidation, forming a thin layer of CoO on the surface 

of the Co film. Mantaining the oxidation process leads to the formation of Co3O4 on the 

surface of the CoO layer. Co3O4 will precipitate after saturation in a liquid state and the 

nanowalls start to grow. With longer oxidation times, the length of the nanowalls increases. 

This process stops upon cooling the substrates, as the liquid condenses into solid Co3O4 

nanowalls. This two-step oxidation process continues deeper within the Co film as the 

oxidation time is prolonged. The growth mechanism of Co3O4 nanowalls is similar to the 

solid-liquid-solid (SLS) process [1,5]. 

 

Figure 3.5. Sketch of the Co3O4 petal/walls formation process by oxidizing annealing of a 

metallic film [6].  
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3.1.5 Co3O4 nanowires 

The experimental procedure began with cleaning the Al2O3 (2 mm x 2 mm) by sonication as 

described in section 3.1. Then, thin layers (50 nm and 100 nm) of metallic Co were deposited 

on the cleaned Al2O3 using Co plasma (DC) with the parameters specified in Table 3.1. The 

metallic Co films were subsequently thermally oxidized at a temperature of 300 °C under a 

pressure of 2.2 mbar and an Ar flow of 100 sccm for 3 hours in the oxidation chamber 

illustrated in Figure 3.3 (b). The process of preparation of Co3O4 nanowires is depicted in the 

block diagram of Figure 3.6. 

 

 

Figure 3.6. Block diagram for Co3O4 nanowires preparation.  

 

3.5.1.1 Growth mechanism of Co3O4 nanowires  

The Gibbs free energy of the reaction is an important measurement in determining possible 

reactions. A study by Li et al. found that the reaction between Co and O2 has a negative 

value, which can lead to the formation of CoO and Co3O4 [7].  This results in the formation 

of cobalt oxide films and nanowires [8,9].  Based on previous research, it is believed that the 

nanowires are composed of three layers: Co as the bottom layer, CoO as the intermediate 

layer, and Co3O4 as the top layer [10-12]. Consequently, the schematic of mass transport 

phenomena is illustrated in Figure 3.7.  The formation of the nanowires is prominent on the 

grain rather than the grain boundaries (Figure 1(d)) [13,14]. The lattice mismatch at the 

interface of the Co/CoO and the CoO/Co3O4 generates significant stress at the interface. 

Stress at the interfaces between these layers is thought to drive the diffusion of Co ions, 

which is facilitated by grain boundaries. Subsequently, Co ions diffuse from higher to lower 

Substare Cleaning
Sputtering (DC) 

Co (50,100 nm)

Sputtering (DC) 

Pt (2-5 nm)

Oxidation (300 °C, 3 h)

Ar (100 sccm)
Device Fabrication
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concentration Co3O4 nanowires roots i.e Co-CoO and CoO-Co3O4 as shown in Figure 3.7 

[2,13]. In this context, grain boundaries offer a significant role by forming a path for the 

diffusion of Co ions [13].   

 

 

 

 

 

 

 

 

Figure 3.7. Schematic illustration of the mass flow phenomena of the formation of the Co3O4 

nanowires. 

 

3.1.6 TiO2 nanobelts 

The alkali-hydrothermal method was used to synthesize TiO2 nanobelts. The process began 

by creating sodium titanate hydrate (Na2Ti3O7.mH2O) through hydrothermal means. A 1.0 g 

of titanium dioxide (TiO2, powder, 21 nm primary particle size, ≥99.5%, Aldrich) was mixed 

with 70 mL of 10.0 mol.dm-3 sodium hydroxide (NaOH, 98%, Loba Chemie, India) aqueous 

solution and mechanically stirred for 30 minutes followed by 15 minutes of ultrasonication.  

The stirring and sonication processes were repeated six times following each other. After 

that, the resulting mixture was placed in a 100 mL Teflon-lined stainless-steel autoclave and 

thermally treated for 48 hours at five different temperatures: 120 °C, 135 °C, 150 °C, 175 °C, 

and 200 °C. After that, the material was cooled down to room temperature. The resultant 

white slurry (Na2Ti3O7) was washed thoroughly with deionized water followed by a filtration 

process until the pH of the washing solution reach the value of 7. Then, the wet slurry was 

soaked in 1 mol.dm-3 acetic acid (99.5%, DAEJUNG) aqueous solution for 24 h to form 

protonated titanate form (H2Ti3O7). The prepared H2Ti3O7 was washed thoroughly with 
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distilled water and filtration till the washing solution become pH neutral. Later the obtained 

H2Ti3O7 was dried at 80 °C for 24 hours, and then calcinated at 500 °C for 3 hours.   

The basic chemical routing of the TiO2 nanobelt growth can be written as follows [13].   

The reaction starts with the dissolving of TiO2, in the presence of NaOH. 

During the CH3COOH washing, the Na2Ti3O7 nanobelt is known to convert as follows due to 

the ion exchange.  

Na2Ti3O7(s)
 + 2CH3COOH(aq) → H2Ti3O7(s)

 + 2CH3COO-Na+
(aq)

  (3.2) 

In the calcination process, H2Ti3O7 will convert to TiO2. 

 

 3.1.6.1 Growth mechanism of TiO2 nanobelts  

The formation of H2Ti3O7 from anatase TiO2 is a crucial step in the creation of nanobelt-like 

morphology in the final product, which is a result of the Dissolution-Recrystallization 

process. As OH- ions from a NaOH solution infiltrate the initial 3D anatase TiO2, the Ti–O–

Ti bonds are broken down and single-layered sheets (nanosheets) made of TiO6 octahedra are 

exfoliated [15]. As the TiO6 sheets are formed, Na+ ions insert themselves in the space 

between them to counterbalance the negative charge. This action regulates the Na/Ti 

proportion of the final titanate product, resulting in the formation of intermediate sodium 

titanate (Na2Ti3O7), as expressed in equation (3.1) [16]. Dissolution and exfoliation are more 

effortless for small anatase precursor particles, resulting in the formation of sodium titanate 

sheet units. These sheet units replicate the epitaxial crystal growth along the c-axis, leading to 

the development of sheet-like structures (Figure 3.8 (a)) [17]. Next, Na2Ti3O7 nanosheets are 

transformed into H2Ti3O7 nanobelts when the ion exchange process is employed (equation 

(3.2) and Figure 3.8 (b)). Accordingly, the formation of nanobelts-like structure is ascribed to 

the splitting of nanosheets to release the excess strong stress upon the replacement of Na+ by 

larger H3O
+ cations when forming H2Ti3O7 [18]. Finally, TiO2-B nanobelts are obtained by 

annealing the H2Ti3O7 at 500 °C as presented in equation (3.3) and Figure 3.8 (c). 

 

3TiO2(s) + 2NaOH(aq) → Na2Ti3O7(s) + H2O(l)  (3.1) 

H2Ti3O7(s)  → 3TiO2(s) + H2O(g) (3.3) 
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Figure 3.8. Schematic formation of (a) sodium titanate (Na2Ti3O7) nanosheets (b) hydrogen 

titanate (H2Ti3O7) nanobelts (c) TiO2 nanobelts.  

 

3.1.7 Nb2O5 microcolumns  

Nb2O5 microcolumns were produced through a method previously described [19]. The 

starting material used for the synthesis of Nb2O5 microcolumns was commercially available 

Nb2O5 powder (325 mesh, 99.9% trace metals basis, Sigma Aldrich). The process began by 

adding 1.0 g of commercial Nb2O5 powder to 64 mL of 10 mol.dm-3 Sodium Hydroxide 

(NaOH, AR, 98%, TECHNO PHARMCHEM HARYANA, India) solution and stirring for 30 

minutes, followed by ultrasonication for 15 minutes. The process of agitation and 

ultrasonication was repeated four times. The obtained precursor was transferred into an 80 

mL autoclave and placed in an oven at a temperature of 180 ℃ for 30 minutes and cooled to 

room temperature by natural cooling.  After that, the precipitate was collected and washed 

with 1 mol.dm-3 CH3COOH (300 ml) followed by deionized water (400 ml, DI, 0.055 µS cm-

1). This washing process is repeated four times. The product was dried in a vacuum oven at 

60 °C for 24 hours, which was named as Nb2O5-30. The same procedure was repeated for 

three different reaction times (60, 120, 180 minutes) and named as Nb2O5-60, Nb2O5-120, 

Nb2O5-180 respectively. Finally, as-synthesized Nb2O5 microcolumns (Nb2O5-30) were 
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calcined at 500 °C for 3 h to get hexagonal phase (Nb2O5-30/700 ℃). The basic chemistry 

behind the formation of Nb2O5 microcolumns growth can be written as follows [20]:  

The reaction starts with dissolving of Nb2O5, in the presence of NaOH. 

Nb2O5(s) + 2NaOH(aq) → 2NaNbO3(s) + H2O(l) (3.4) 

 

During the CH3COOH washing due to ion exchange: 

NaNbO3(s) +  CH3COOH(aq)  → HNbO3(s) + CH3COO−Na(aq)
+  (3.5) 

In the calcination process (700 °C), HNbO3 will convert to Nb2O5. 

2HNbO3(s) → Nb2O5(s) + H2O(g) (3.6) 

 

3.1.7 Device fabrication 

 

Figure 3.9. Schematic of fabricated sensor device. 

The following steps were utilized to fabricate the conductometric gas sensing devices: 
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Figure 3.10. The steps of fabricating gas sensing device. 

 

3.2 Material characterization 

3.2.1 Crystallographic data collection and structure determination 

The crystallographic analyses of the fabricated samples were done using X-ray diffraction 

(XRD), RAMAN at the Sensors Laboratory, and High resolution transmission electron 

microscopy (HR-TEM) techniques at Atomic Structures and Defects in Advanced Materials 

Laboratory, Bucharest, Romania. 

 

3.2.1.1 X-ray Diffraction  

The XRD measurements were performed using PANalytical X-ray diffractometer GIXRD 

(Figure 3.11), The Cu Kα radiation with λ=1.54184 Ǻ was used in continuous mode at a 

generator voltage of 40 kV, 40 mA tube current.  0.05° scan step size and step time of 25 s 

was used in the 2θ in the range of 20 – 80°. 

 

 

 

[01]

• TiW adhesion layers were deposited on the substrates for the heaters and 
electrodes using DC magnetron sputtering, with the parameters specified in 
Table 3.1

[02]

• Pt contacts were then deposited over the adhesion layers using the same 
sputtering conditions as before (as per Table 3.1)

[03]

• DC magnetron sputtering was utilized to deposit Platinum interdigitated 
contacts and heaters on alumina substrates, as per the conditions specified in 
Table 3.1

[04]

• The sensing devices were attached to TO packages with the use of electro-
soldered gold wires, as depicted in Figure 3.9

[05]

• The sensors underwent aging at 400 °C for 48 h to ensure stability of the 
electrodes and the sensing material
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Figure 3.11. Panalytical diffractometer at the SENSOR Lab, Brescia, Italy- PANalytical. 

 

3.2.1.2 Raman spectroscopy 

 

 

 

 

 

 

 

Figure 3.12. Raman instrument at the SENSOR Lab, Brescia, Italy- HORIBA, XploRA Nano. 

Raman spectra (HORIBA) (Figure 3.12) were employed to evaluate the morphological, maps 

for elemental and structural properties of the prepared nanostructures. Raman spectra were 

measured using a fiber-coupled 124 confocal optical microscope (HORIBA, XploRA Nano) 

at 100× magnification. Spectra were 125 recorded in the wavelength range of 200 - 1200 

cm−1 using a red laser source (638 nm). 
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3.2.1.3 High resolution transmission electron microscopy   

 

 

 

 

 

 

 

 

Figure 3.13. Transmission electron microscopy at the Atomic Structures and Defects in 

Advanced Materials Laboratory, Bucharest, Romania- a JEOL ARM-200F. 

The transmission electron microscopy  technique involves using a beam of electrons to pass 

through an ultrathin sample. As the electrons interact with the specimen, an image is formed 

through the electrons transmitted through the sample, magnified and focused by an objective 

lens. In this study, TEM images were taken using a JEOL ARM-200F analytical transmission 

119 electron microscope operated at 200 kV, as shown in Figure 3.13. Also, TEM is 

equipped with an EDS detector to acquire 120 Energy Dispersive X-ray (EDS) spectra or 

maps for elemental investigation. The TEM, HR-TEM and EDS are performed at the  from 

the Atomic Structures and Defects in Advanced Materials Laboratory, Bucharest, Romania. 
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3.2.2 Morphological evaluations 

3.2.2.1 Field emission scanning electron microscope (FE-SEM) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14. Field Emission - Scanning Electron Microscope at the SENSOR Lab, Brescia, 

Italy- TESCAN-MIRA 3.  

 

The Field Emission-Scanning Electron Microscope (FE-SEM) is capable of imaging organic 

and inorganic materials at nanoscale resolution. In this study, the surface morphology of 

nanostructures was examined using a TESCAN-MIRA 3 as shown in Figure 3.14. The 

samples were attached to a metallic stick using carbon glue tape to minimize charging effects. 

The SEM was typically operated at 3-5 kV, with a beam current of 130 μA, and a high 

vacuum of 10-10 Torr for the gun chamber and 10-6 Torr for the specimen chamber. 
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3.2.3 Magnetic resonance 

3.2.3.1 Electron paramagnetic resonance (EPR) 

 

 

 

 

 

 

 

 

Figure 3.15. Electron paramagnetic resonance at the Atomic Structures and Defects in 

Advanced Materials Laboratory, Bucharest, Romania- bruker ELEXSYS E580 spectrometer 

in the X-band and an ELEXSYS E500Q. 

Electron Paramagnetic Resonance characterization, is one of the most informative techniques 

on the electronic structure of paramagnetic species, would be very useful study. Thus, EPR is 

the most direct and powerful method for the detection and identification of metal complexes 

with unpaired electrons and free radicals. Subsequently, interpretation of the electron 

paramagnetic resonance spectrum can provide confirmatory information on the magnetic 

susceptibility of the synthesis materials. Accordingly, EPR measurements were conducted 

using Bruker ELEXSYS E580 and E500Q spectrometers operating in the X-band (9.8 GHz) 

and Q-band (34 GHz) respectively, equipped with CF935 continuous flow cryostats from 

Oxford Instruments. For the EPR investigations the Co3O4 samples were deposited on 

alumina substrates cut into 1.4 x 1.4 mm2 squares. For the X-band measurements three such 

samples were inserted in a 3 mm i. d. quartz tube, while for the Q-band measurements only 

one sample was inserted in a 2 mm i.d. quartz tube. The samples were submitted to thermal 

aging at 400 oC in air for 8 hours in a temperature stabilized (± 1o) furnace (Figure 3.15). 
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3.3 Electrical characterization 

3.3.1 Gas sensing system 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16. Illustration of (a) The functional testing system, (b) gas sensing chamber with 

sensor hub, (c) the sensors hub.  

The functional testing system (Figure 3.15 (a-c)) uses a climatic chamber to maintain a 

constant temperature of 20 °C in the stainless-steel test chamber. The testing system ((Figure 

3.15 (b)) allows for testing of various sensors under various conditions, including different 

atmospheres, temperatures, and humidity levels. The testing system has the capacity to hold 

up to ten sensors at once, enabling simultaneous measurement of their performance. The 

conductometric responses of the sensors were tested in a stainless steel chamber with a 

volume of 1 L, which is located inside a climatic chamber. A Dreschel bottle in a 

thermostatic bath set at 25 °C generates a saturated humid airflow, which is then mixed with 

synthetic dry air to reach the desired relative humidity (RH) level. A humidity sensor from 

Vaisala (Finland, model HMI 36) was utilized to monitor the atmosphere inside the test 

chamber and to regulate the flow of dry and humid air. Measurements were taken at a 

different humidity level for example, 40 RH% with a flow rate of 200 sccm.  
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The sensors were evaluated at various working temperatures ranging from 100 to 500 ºC and 

were stabilized for 10 hours at each temperature before being exposed to gases. Thurlbly-

Thander PL330DP power supplies were used to apply controlled voltage to the heaters to 

reach the desired test temperatures for the sensors. A fixed voltage of 1 V was applied to the 

sensors, and their conductance was measured using specialized picoammeters from Keithley 

(6485). The sensors were subjected to fixed concentrations of target gases, provided by SIAD 

SPA (Italy), such as ethanol (C2H6O), acetone (C3H6O), methanol (CH4), hydrogen (H2), 

nitrogen dioxide (NO2), carbon monoxide (CO), ammonia (NH3) and hydrogen sulfide (H2) 

for 20 min, and then the synthetic airflow was restored for 45 min to return to the baseline.  

Depending on the semiconducting nature of the sensitive material, the gas response is 

calculated using the formulas: 

For n-type MOXs 

For p-type MOXs 

 

 

 

 

 

 

 

 

 

For reducing gas Ggas−Gair 

Gair
=

∆G

G
  (3.7) 

For oxidizing gas Gair−Ggas 

Ggas
=

∆G

G
  (3.8) 

For reducing gas Gair−Ggas 

Ggas
=

∆G

G
  (3.9) 

For oxidizing gas Ggas−Gair 

Gair
=

∆G

G
  (3.10) 
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CHAPTER 4 

Results and discussion 

4.0 Background 

The following section presents the results of a comprehensive experimental study that was 

conducted to investigate a specific phenomenon or answer a set of research questions. The 

experiment was designed and executed with strict protocols to ensure accurate and reliable 

results. The results of this study provide valuable insights into the properties of these sensors 

and their potential for practical applications. The following section will thoroughly analyze 

the results, discuss their implications, and highlight their contribution to the field of MOXs 

gas sensors.  

 

4.1 Co3O4/ZnO composite nanowires for acetone sensing 

4.1.1 Material analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. X-ray diffractogram of the prepared ZnO/Co3O4.  

 

The X-ray diffraction (XRD) pattern in Figure 4.1 shows the reflection peaks that confirm the 

presence of ZnO and Co3O4 in the material being studied. The peaks at two theta values of 
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34.4°, 36.2°, 56.6°, 62.8°, and 67.9° belong to the (002), (101), (110), (103), and (112) 

reflection planes of wurtzite ZnO (JCPDS 01-070-8072), while the peaks at two theta values 

of 36.9°, 44.9°, 59.5°, and 65.5° are attributed to the (113), (004), (115), and (044) reflection 

planes of cubic Co3O4 (JCPDS 01-071-4921) [1,2]. Additionally, the presence of peaks at two 

theta values of 39.3°, 45.6°, and 66.5°, which belong to the (111), (002), and (022) reflection 

planes of Pt (JCPDS 01-088-2343), are also observed next to the reflection planes of the 

Al2O3 substrate (JCPDS 01-073-1512). 

 

 

 

 

 

 

Figure 4.2. Field emission microscope image of the prepared Co3O4/ZnO nanowires (a) low 

magnification, and (b) higher magnification. 

 

The low-magnified FE-SEM image in Figure 4.2 (a) shows the presence of Co3O4/ZnO 

nanowires in a large area, but it is difficult to observe their detailed morphology. However, 

Figure 4.2 (b) shows the existence of nanowires with various aspect ratios, with an estimated 

length range of 0.5-2.0 μm and a diameter of 30-50 nm. Notably, the image shows some 

nanowires crossing over each other. These overlapping and bridge nanowires significantly 

impact the Schottky junctions and space charge region, contributing to the sensor response 

[3,4].    

 

The STEM image in Figure 4.3 (a) shows a Co3O4/ZnO nanowire, while Figure 4.3 (b) shows 

the corresponding EDX spectra of the nanowire from its tip to the root. The nanowire 

composition shows evidence of the elements Zn, Co, Pt, and O, and no impurities have been 

revealed. The EDX element maps in Figure 4. 3 (c-f) confirm the uneven distribution of these 

elements in the composite. The body is mostly Zn, resulting in a ZnO structure (Figure 4.3 

(d)) while the tip of the nanowire is composed mainly of Pt (Figure 4.3 (f)). Additionally, Co 
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elements are present in the middle of the nanowire (Figure 4.3(c)), which could be due to the 

diffusion of a gradient in Co composition along the nanowire, resulting in the formation of a 

Co3O4/ZnO composite. 

 

The EDX mapping near the tip of the nanowire in the dotted rectangular area of Figure 4.3 (a) 

is shown in Figure 4.4, it confirms that the tip of the nanowire is rich in Pt and Co, resulting 

in Co3O4 underneath the Pt. These results help identify the correct constituting elements at 

the tip of the nanowire, which is important for understanding the gas sensing mechanism. The 

synergistic catalytic activity (Pt and Co3O4) of the prepared material could enhance the 

sensing performance of the sensors. Moreover, the presence of “heads” on the tips of each 

nanowire is justified to be the catalytic Pt nanoclusters followed by Co3O4 by EDX mapping. 

The presence of Pt nanoparticles and the Co3O4 at the tip of the nanowire would contribute to 

higher gas sensing performances ascribed to spill-over and chemical sensitization [3, 5]. 

 

 

Figure 4.3. Scanning transmission electron microscopy (STEM) image of (a) a single 

Co3O4/ZnO nanowire; (b) Corresponding EDX spectra of the nanowire; elemental mapping 

of the composite (c) Co (d) Zn, (e) O, and (f) Pt. 
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Figure 4.4. EDX mapping of the constituent elements near the tip of the   Co3O4/ZnO 

composite nanowire. (a) conventional TEM, (b) mapping of Pt, (c) mapping of Co and (d) 

mapping of O.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. X-ray photoelectron spectroscopy (a) full spectrum, the spectrum of (b) Zn; (c) 

Co; (d) Pt, and (e) O.   

The X-ray photoelectron spectroscopy (XPS) survey spectrum of the prepared Co3O4/ZnO 

nanowires confirms the presence of elements Co, Zn, Pt, and O, as seen in Figure 4.5 (a). The 

high-resolution XPS spectra in Figure 4.5 (b-e) further support the purity of the nanowires, as 

they are composed of only the elements identified in the energy-dispersive X-ray (EDX) 

analysis. The C 1S peak at 285 eV is used as the calibration for the XPS spectrum, as shown 
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in the inset of Figure 4.5 (a). The high-resolution spectra reveal two peaks in the binding 

energy corresponding to Zn (2P) at 1045.2 eV (2p3/2) and 1022.1 eV (2p1/2) in Figure 4.5 (b). 

These peaks are typically found at 1044.62 eV (2p3/2) and 1021.69 eV (2p1/2) for pure ZnO. 

The shift in the binding energy observed in Figure 4.5 (b) is likely due to the formation of 

Co3O4/ZnO, as Co has a higher electronegativity than Zn. Figure 4.5 (c) shows Co peaks at 

780.39 eV and 796.19 eV, corresponding to Co 2p3/2 and Co 2p1/2, respectively, which are 

known to originate from Co 2p of Co3O4 [6,7]. Additionally, distinct satellite peaks near Co 

2p1/2 (804.18 eV) and Co 2p3/2 (787.39 eV) suggest the presence of oxygen vacancies in 

Co3O4 [8]. Figure 4.5 (d) shows two peaks at 70.5 eV and 73.7 eV, suggesting the presence of 

metallic Pt [9]. The O 1s spectra in Figure 4.5 (e) shows three Gaussian peaks, indicating the 

presence of oxygen lattice, oxygen vacancies, and chemisorbed oxygen. The existence of 

oxygen vacancies in the nanowires is believed to contribute to the excellent sensing 

performance of the sensor at low working temperatures [10,11]. 

 

 4.1.2 Gas sensing analysis 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Gas sensing performances (a) Dynamic response of the Co3O4/ZnO sensors at 

both dry and 40 RH% air (light blue pattern area), (b) response value of the sensors towards 

50 ppm acetone having initial Co thickness of 50 nm, and (c) 100 nm in the working 

temperature 200-450 °C.  
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A series of experiments was conducted to determine the optimal working temperature of the 

sensor. Prior to gas sensing evaluation, the prepared Co3O4/ZnO nanocomposite sensors were 

thermally aged at 400 °C for 48 hours in air. Figure 4.6 (a) illustrates the dynamic response of 

the sensors to 10, 25, and 50 ppm of acetone (C3H6O) at working temperatures ranging from 

200-450 °C in both dry and humid air conditions (40% relative humidity).  It is observed that 

the electrical conductance of all sensors increases with increasing temperature, typical 

behavior of metal oxide semiconductors. The variation of electrical conductance with air and 

reducing gas (C3H6O) clearly shows the n-type conductivity of grown nanowires [12]. Such 

n-type behavior is ascribed to the relatively high content of the constituting compound ZnO 

compared to that of Co3O4. 

The sensors demonstrated a strong response to all concentrations of C3H6O at evaluated 

temperatures. As the concentration of C3H6O increased, the sensors' conductance also 

increased due to more molecules adsorbing onto the surface. Figure 4.6 (b, c) illustrates the 

response of sensors with initial Co layer thicknesses of 50 and 100 nm to 50 ppm of C3H6O. 

The sensors with 50 nm Co layers had a stronger response than those with 100 nm layers at 

all tested temperatures. This could be due to the higher density of nanowires in the 50 nm 

thick sample [13,14].  The sensors with a 100 nm thick Co layer have a lower resistance, 

resulting in faster recombination of charge carriers compared to the 50 nm thick layer. This 

leads to fewer gas molecules adsorbing onto the surface, resulting in a decreased response in 

the 100 nm thick Co sensor [15]. The sensor with a higher response is selected for further 

discussion. From now on, the term "sensors" refers to the sensors with an initial Co thickness 

of 50 nm (higher density of nanowires). The sensors' response increases as the working 

temperature increases before decreasing at 450 °C, which is typical behavior for metal oxide 

gas sensors and is attributed to the dynamics of the gas. At lower working temperatures, 

adsorption, desorption, and reactions are less active and gas adsorption is not efficient when 

the working temperature is too high, which negatively impacts the sensor performance [16]. 

The decrease in response at 450 °C could be caused by the combustion of C3H6O with lattice 

oxygen, which results in damage to the crystal structure. Additionally, a particularly high 

response is observed at a working temperature of 250 °C (Figure 4.6 (b, c)). This could be 

due to a combination of factors such as spill-over, chemical sensitization, and synergistic gas 

adsorption and catalytic properties of the nanowires, as described in the sensing mechanism. 

Sensors operating at low working temperatures have the benefits of low energy consumption, 

stability, increased safety, and portability. Figure 4.7 (a) shows the dynamic response of the 
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sensors to C3H6O concentrations of 10, 25, and 50 ppm at 250 °C. The response and recovery 

data have similar shapes, and the baseline value was not reached within the obtained time 

cycle. Figure 4. 7 (b) shows the dynamic response of the sensor at 400 °C, where the second-

highest response was observed. The sensors still have a curvy shape at 400 °C, but they 

recover well to the baseline conductivity when operating at 40% relative humidity, which is a 

practical application. 

 

 

 

 

 

 

Figure 4.7. Dynamic response of the Co3O4/ZnO sensors at the working temperature of (a) 

250 °C and (b) 400 °C both at dry and 40 RH% air conditions. 

 

In practical applications, response and recovery time are just as important as response value 

when it comes to assessing the performance of sensors. The response time is not significantly 

affected by temperature in both dry and humid air, but recovery time varies significantly with 

working temperature (Figure 4.8). It is worth noting that the recovery of the response is 

slower than the response time. This could be due to the accumulation of byproducts on the 

sensor surface because of incomplete combustion of C3H6O. Based on these results, the 

optimal working temperature for C3H6O gas sensing using the Co3O4/ZnO composite is 400 

°C. The corresponding response and recovery times are listed in Table 4.1 with a comparison 

of reported Co3O4/ZnO composites. 
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Figure 4.8. Response and recovery time of Co3O4/ZnO nanowires having a higher density of 

nanowires at (a) 400 °C, 0RH%, (b) 400 °C, 40RH%, (c) (a) 250 °C, 0RH%, (b) 250 °C, 

40RH%.   
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Table 4.1. Comparison of the sensing performance of different Co3O4-ZnO related sensors for acetone sensing. 

 

Material Structure Temp. (°C) 

Gas 

Acetone 

(ppm) 

Response 

Response/

recovery 

time (s) 

LOD 

(ppb) 

Long-term 

stability / 

Reproducibility 

Ref 

Pd@Co3O4-

ZnO 
Nanofibers 240 200 44.9 16/13 1000 NA/180 Days [17] 

Co3O4–ZnO 

Hetero-

junction 

composite 

290 100 113.8 24/18 500 
5 cycles/30 

days 
[18] 

Au @ ZnO Porous tube 190 50  115  3/74 NA NA/6 cycles [19] 

MOF ZnO/ 

Co3O4  

Hetero-

structure 
300  100  30.01  8/2  30 day/ 5 cycles [20] 

Co3O4/ZnO 
Nano-

composite 
180 100 63.7 N/A 200 

11 cycles/10 

weeks 
[21] 

Co3O4/ZnO  Nanowires 
250 50 

 

5780  390/930 400 3 cycles/3 

weeks 

This 

work 

 400 3572 290/380  500 

 

 *All the reported response values were calculated (Rair/Rgas) except reporting working in (∆G/G). 
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The sensors' calibration curves for C3H6O are plotted using a modified power law equation 

(Figure 4.9), y = axb, where ‘a’ represents sensitivity and ‘b’ represents the surface reaction 

between the target gas and the dominant oxygen species at the working temperature [22]. The 

fitting of the data to the power law relation is admirable, with correlation coefficients (R2) of 

at least 0.94. The detection limit is determined by extrapolating the lowest detection limit to 

an acceptable response value (∆G/G=0.1) using the power law relation. The sensitivity (the 

slope of the power law fitting curve) and the detection limit are shown in (Table 4.2). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. Power fitting of the Co3O4/ZnO sensors at the working temperature of 205 and 

400 °C. 

 

Table 4.2. Sensitivity and the detection limit of the Co3O4/ZnO sensors. 

Sensors working condition LOD (ppm) Sensitivity (ppm-1) 

250 0RH% 0.7 4.010-4 

250 40RH% 0.4 8.710-3 

400 0RH% 0.6 1.810-3 

400 40RH% 0.4 1.510-2 

   

The selectivity of the sensors towards other gases, such as C2H5OH, H2S, NH3, CO, NO2, and 

H2, was also evaluated (Figure 4.10). As seen in Figure 4.11 (a), the sensors display 
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exceptional selectivity for C3H6O when operated at the optimal temperature. The high 

response of the sensors to C3H6O compared to other gases may be due to the relatively low 

bond dissociation energy of C3H6O compared to other gases such as NH3, H2S, H2, CO, and 

NO2. The exact reason is not yet fully understood [23] and relatively low bond strength in C-

C bond in C3H6O (345 KJ/mol) compared to O-H (462 kJ/mol) of C2H5OH (the most 

significant for the interactions with the adsorbed oxygen species) [24]. As a consequence, 

C3H6O molecules are being easily adsorbed and reacted on the surface of the sensors in 

contrast to other investigated gases and VOCs, leading to an excessive release of electrons 

that increases the electrical conductance of the sensor. In addition, morphology, materials 

compositions, gas adsorption capacity, different reaction processes including catalytic 

activity, and consumed number of chemisorbed oxygen species of different tested gas 

molecules are contributing to the selectivity of the gas sensor [17,25]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. The selectivity performance of the Co3O4/ZnO sensors. 
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Figure 4.11. (a) selectivity; (b) repeatability of the Co3O4/ZnO sensors for three consecutive 

cycles when working at the optimum working temperature of 400 °C. 

 

The repeatability and stability of the sensor are important considerations for 

commercialization. To evaluate these properties, tests were conducted using three 

consecutive cycles of 10, 25, and 50 ppm C3H6O in both dry air and 40% relative humidity 

air, at the optimum working temperature of 400 °C. The results, shown in Figure 4.11 (b), 

demonstrate the sensor's good repeatability, with similar response values and a return to 

baseline when the air flow is restored. Additionally, the stability of the sensor over a three-

week period was evaluated. The sensor displayed considerable stability, with a response 

variation about 10% after three weeks.  

 

4.1.3 Working mechanism 

Based on the EDX mapping and electrical conducting type, the following hypothesis is 

suggested as shown in Figure 4.12 (a) in which the main sensing material is ZnO. A thin 

depletion layer forms on the surface due to surface states, resulting in minimal band bending 

at the surface. The gas sensing mechanism is likely due to the chemisorption of oxygen 

molecules on the ZnO surface, which traps electrons in the conduction band when the 

nanowires are exposed to air [18]. It is hypothesized that the main sensing element in the 

system, n-type metal oxide (ZnO), chemisorbs more oxygen to compensate for its 

deficiencies. However, the surface oxygen concentration on the transitional p-type (Co3O4) is 

significantly higher compared to that of n-type metal oxides. At temperatures below 150 °C, 

the adsorbed oxygen molecules form molecular 𝑂2
−. At temperatures between 150-400 °C, 
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atomic O− species are formed and at temperatures above 400 °C, O2− species are formed by 

trapping electrons from the conduction band of the ZnO. This study focuses on the O- species 

which is highly active in this range of tested temperatures. As a result, the depletion layer on 

the ZnO nanowires thickens. When the nanowires are exposed to C3H6O, the analyte gas 

reacts with the oxygen species present on the surface, leading to a reduction in the gas into 

CO2 and H2O, and releasing electrons back into the conduction band of the ZnO, as shown in 

Equations (4.1) and (4.2) [19,20]. The high response in the sensors may not be solely due to 

the simple sensing mechanism outlined previously. Additional factors, such as 

electron/chemical sensitization effects, the formation of p-n heterojunctions (Co3O4-ZnO), 

and the synergistic effect of Co3O4, may also contribute to the exceptional response observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12. Schematic of the proposed (a) Co3O4/ZnO nanostructure; (b) the charge transfer 

path. 

 

The formation of a n-p heterojunction between ZnO (n-type) and Co3O4 (p-type) in the 

composite material is a key factor in the high response observed in the sensors. The 

difference in work function between the two materials, with ZnO having a lower work 

function of 4.65 eV compared to Co3O4's 4.8 eV, likely plays a role in this effect [19,21]. As 
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a result of the preparation process, each ZnO (n-type) nanowire meets Co3O4 (p-type) 

creating n-p heterojunctions at the base of the nanowire. The higher work function of ZnO 

compared to that of Co3O4, causes electrons to transfer from the conduction band of ZnO to 

the valence band of Co3O4 and become trapped in Co3O4. This leads to the formation of an 

additional depletion layer between ZnO and Co3O4 at the base. Additionally, the presence of 

Co3O4 within the ZnO nanowire (as seen in Figure 4.3 (c,d))) creates an additional p-n 

junction inside the nanowire. This results in a drastic increase in band bending and a higher 

barrier potential, leading to higher resistance in the sensors. Furthermore, the formation of 

this n-p heterojunction is known to make the sensors more susceptible to attracting oxygen 

species and C3H6O [1, 26]. As a result, C3H6O molecules interact with both the holes (p-type 

Co3O4) and oxygen species (n-type ZnO) at the junction interface and produce intermediates 

(Equations 4.3, 4.4). Also, the formed intermediate interacts with oxygen species as shown in 

Equations 4.5,4.6 [27,28]. So, the depletion layer thickness of the heterojunction is further 

thinning resulting in lower barrier potential, in other terms high response.  Additionally, 

Co3O4 shows the cubic structure which is in the Fd-3m space group and consists of two 

inequivalent Co2+ sites [29].   The Co2+ sites in the tetrahedron coordination of Co3O4 have a 

remarkable catalyzing property for oxygen reduction. Thus, Co2+ ions are oxidized into Co3+ 

ions when it is in the air which are subsequently reduced into Co2+ when interacting with the 

acetone gas. As a consequence, electrons are transferred promptly between gas molecules and 

the surface of the sensing material when the sensor is exposed to the gas. Also, Co3+ is 

reduced into Co2+ at its surface (in our case), and then Co2+ into Co [13]. Thus, both the Co2+ 

and Co3+ sites play an important role in the gas sensing process [30]. Accordingly, the 

catalytic property and the synergistic gas adsorption property of Co3O4 are believed to 

enhance sensor response [31,32].  Also, the oxygen vacancy on the surface of 

Co3O4 improves the adsorption of high dipole gases. Thereby, it is believed the presence of 

Co3O4 at the tip of the nanowire would enhance the gas adsorption hence enhancing the 

sensitivity toward the C3H6O [33,34]. 

1/2O2(g) + e- ↔ O-(ad) 4.1 

C3H6O(g) + 8O- (ion) → 3CO2(g) + 3H2O + 16e- 4.2 

1/2O2(g)  ↔ O-(ad) + h+ 4.3 

C3H6O + O- + h+ → CH3CO+ + CH3O
- 4.4 

CO + h+ + O- →CO2 4.5 
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The composite sensor's exceptional performance can be attributed to several factors, 

including the formation of an n-p heterojunction between ZnO and Co3O4, the grain-grain 

interface contact, and the synergistic effect of Co3O4. The n-p heterojunction at the root of the 

nanowire creates a high resistance, which attracts more oxygen species and C3H6O. 

Additionally, the intercrossing of nanowires results in additional junctions between the 

overlapping nanowires, leading to a high electron motion and a high response when the 

sensor is exposed to gas [35]. The exceptional sensing performance of the sensors can also be 

attributed to the grain-grain interface contact. As seen in Figure 4.2 (b), the intercrossing of 

the nanowires creates an additional path for electrons to move through, shortening the 

distance to the electrodes as shown in Figure 4.12 (b). Furthermore, the presence of Pt 

nanoparticles at the tips of the nanowires forms Schottky junctions, which facilitates the 

transfer of electrons from the ZnO and Co3O4 (with lower work functions of 4.65 eV and 4.8 

eV respectively) to the Pt (with a higher work function of 5.64 eV), resulting in a high level 

of electron negativity in the Pt [36]. As a result, oxygen molecules/atoms are chemisorbed on 

the surface of the Pt clusters. This could be the reason for the satellite peak in the XPS 

spectrum of Pt (Figure 4. 4 (d)).   Thus, the amount of chemisorbed oxygen species at the 

sensor surface increases resulting in an enhancement in the sensor response [37]. 

Furthermore, when the sensor is exposed to the C3H6O, the chemical reaction between C3H6O 

and adsorbed oxygen species causes electrons to return to the sensing element surface. This 

increase in surface electron density raises the Fermi level, making it easier for electrons to 

overcome the barrier potential. Additionally, the Pt nanoparticles at the tip of the nanowires 

act as a catalyst, reducing the energy barrier for C3H6O adsorption on the sensing element 

surface and promoting the "spill-over effect." This results in the splitting of incoming C3H6O 

molecules into more active atomic species, which then react with the active sites (O-) on the 

sensing surface [38]. Accordingly, the tremendous C3H6O sensing response may be ascribed 

to a higher amount of oxygen species, formation of heterojunction, synergistic catalytic 

effect, spill-over effect, and the synergistic gas adsorption of Co3O4.   

 

 

 

CH3CO+ →CH+
3 + CO 4.6 
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4.2 Pt functionalize Co3O4 nanowalls for acetone sensing 

4.2.1 Material analysis 

 

Figure 4.13. FE-SEM of Co3O4 (a) low magnification, (b) high magnification, (c) CTEM of 

Co3O4 nano wall, (d) electron diffraction pattern for the HRTEM of Co3O4 nanowalls, (e) 

CTEM of Co3O4 nano petals, (f) electron diffraction pattern for the HRTEM of Co3O4 nano 

petals, (g-h) HRTEM of Co3O4 nano petals.  

 

FE-SEM images in Figure 4.13 (a) and (b) illustrate the synthesized Co3O4, which exhibits 

nanowalls with small nano petals. Figure 4.13 (c) presents TEM images of a nanowall, and 

the corresponding electron diffraction pattern in Figure 4.13 (d) confirms the FCC structure 

of Co3O4, with the most prominent diffraction spots being (311) and (400) crystallographic 

planes. The oxidation process typically starts at the surface of the Co thin film and progresses 

to the deeper layers of the film. Therefore, we believe that CoO is present in the deeper layers 

of the film close to the Al2O3 substrate. To analyze the composition of the nanostructures, 

TEM characterization was performed on the nano petals regions (as seen in Figure 4.13 (e)). 

The electron diffraction pattern in Figure 4.13 (f) corresponding to the image in Figure 4.13 

(e) confirms the FCC structure of Co3O4 (as per CIF file no. 9005896). The image in Figure 
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4.13 (f) displays fringes with interplanar distances of 2.4 Å, corresponding to the separation 

between (311) lattice planes, 2.8 Å, corresponding to the separation between (220) lattice 

planes, and 4.7 Å, corresponding to the separation between (111) lattice planes. The (111) 

and (311) lattice planes correspond to CoO, while the (220) lattice plane corresponds to 

Co3O4. Figures 4.13 (g-h) present HRTEM images of Figure 4.13 (e) which show the crystal 

planes related to CoO and Co3O4. Additionally, Figure 4.14's EDX spectra confirm the 

nanowalls and petals are composed of Co and O without any impurities. Furthermore, Pt 

nanoparticles can be seen on the surface of the functionalized Co3O4 nanowalls in Figure 4.15 

(a,b). 

 

Figure 4.14. EDS spectra of the grown Co3O4 nanowalls.  

 

 

 

 

 

 

 

 

Figure 4.15. TEM image of the Pt functionalized Co3O4. The size of these nanoparticles 

ranges from 4 nm to 18 nm. 

(a) (b) 
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Typically, spinel Co3O4 exhibits Raman-active vibrations (A1g+Eg+3F2g), infrared-active 

vibrations (4F1U), and inactive modes (F1g, 2A2U, 2EU, 2F2U) in vibrational modes [39]. 

Figure 4.16 (a) shows the Raman spectra of the as-grown metallic Co sample. The spectra 

depict only one broader peak at 529.3 cm-1. In general, a broader peak is expected for the 

metal. Besides, in Figure 4.16 (b), five characteristic peaks at 195, 482, 521, 620, and 692 

cm-1 are visible which belong to the symmetric phonon modes of F2g1, Eg, F2g2, F2g3 and 

Ag1 the crystalline Co3O4 respectively [40]. The strongest Raman peak at 193 cm-1 is 

attributed to the tetrahedral sites while the peak at 692 cm–1 is attributed to the octahedral 

sites of spinal Co3O4. Additionally, the Co3+ ions occupy octahedral sites (16a Wyckoff sites) 

and Co2+ ions occupy tetrahedral sites (8a Wyckoff sites) in the spinal structure of Co3O4 

[41]. Also, the bands at 193 cm–1 and 691 cm–1 could be ascribed to Raman vibration of Co2+-

O2– and Co3+-O2– respectively [42]. This result confirms the formation of the Co3O4 and in 

which tetrahedral sites are dominant compared to octahedral sites in the prepared structures. 

 

 

 

 

 

 

 

 

Figure 4.16. Raman spectra of the (a) metallic Co, (b) prepared Co3O4 nanowalls.  

 

The EPR spectra of the as prepared Co3O4, in both X- and Q-bands (Figure 4.17 (a,b)), 

consist of a broad and intense line at low magnetic field which strongly decreases in intensity 

after annealing in air for 8 hours. As the measurement temperature is decreased to 100 K, the 

line broadens and moves to lower magnetic fields (Figure 4.17 (c,d)), a behavior associated 

with the presence of a ferromagnetic phase. Room temperature ferromagnetism has been 

previously observed in CoO nanoparticles and attributed to the presence of oxygen vacancies 

[43] or uncompensated surface spins [44]. For nanostructured Co3O4 ferromagnetic coupling 
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was detected in samples with exposed (100) and (111) planes and predicted for the interface 

between Co3O4 and CoO [45]. The strong decrease of the spectra intensity after annealing at 

400 oC could be explained by the transformation of the observed CoO into Co3O4 and the 

decrease of the oxygen vacancies concentration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17. EPR measurement of the Co3O4 nanowalls X-band (a) before the thermal aging, 

(b) after thermal aging at 400 °C for 8 hours, Q- band spectra (c) before the thermal aging, (d) 

after thermal aging at 400 °C for 8 hours.   
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4.2.2 Gas sensing analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18. (a) Electrical responses of the fabricated Co3O4 nanowalls based sensor exposed 

to different acetone concentrations (10, 25 and 50 ppm) in dry (RH 0%) and humid air (40 

RH%) at the range of operating temperature (350 °C, 400 °C, 450 °C and 500 °C). The dark 

yellow rectangles represent the acetone concentrations. The blue vertical lines divide the 

graphs, corresponding to different humidity values (0 RH%, 40 RH%), (b) Electrical 

responses of the fabricated Co3O4 nanowalls based sensor exposed to different acetone 

concentrations (10, 25 and 50 ppm) in dry (RH 0%) and humid atmospheres (40 RH%) at the 

operating temperatures (300 °C and 350 °C). The graph in red represents the Pt 

functionalized while graph in blue represents the pristine Co3O4.  
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The conductometry measurements were performed using an initial stabilization step of five 

hours at each operating temperature while applying a voltage bias of 1V. The device was then 

exposed to three different concentrations of acetone (10, 25, 50 ppm) in a cycle that lasted 90 

minutes, with 30 minutes of exposure to gas followed by 60 minutes of exposure to synthetic 

air for recovery. The recorded current for both the Pt-functionalized (Pt-Co3O4) and the 

pristine sensors was found to be low. However, the electrical conductance was observed to 

increase slightly when humidity was introduced and decrease exponentially (Figure 4.18 (a)). 

This is an unusual n-type behavior for the prepared material, which is typically p-type. 

However, it is possible for the electrical conductance type to invert from p-n to n-p due to the 

high operating temperature, humidity, composition, additives (decoration) and reducing 

species [46-48]. Irrespective to the type of inversion (n-p or p-n) it is fascinating since it is 

beneficial to understand the sensing mechanism of the MOX. Regarding the Co3O4, 

Vladimirova et. al. has reported the inversion of conductance from p-n at a temperature 

higher than 250 °C in dry air due to the decomposition of CoT – O2
2- – CoO superficial 

adducts [49]. Additionally, Lin et. al. has reported the inversion of conductance due to the 

participation of lattice oxygen in the oxidation process [50]. This research found that the 

electrical conductance of our sensors increases slightly when exposed to humidity and 

decreases exponentially when exposed to acetone. This is an unusual behavior for the 

material, as it typically exhibits p-type conductance. However, when operating at 

temperatures greater than 300°C (Figure 18 (b)), we observed a transition in the sensor 

signal. Additionally, we observed that the electrical conductance increases with increasing 

temperature, which is a typical behavior for metal oxide semiconductors.  

The Pt-Co3O4 sensors demonstrate a greater sensitivity to acetone compared to the non-

modified Co3O4 sensor across the tested range of operating temperatures, as shown in Figure 

4.18(a). This enhanced response in the Pt-Co3O4 sensors can likely be attributed to the 

spillover effect resulting from the Pt functionalization. The Pt-Co3O4 sensors were found to 

have a higher sensitivity to 10 ppm of acetone when operating in dry air at 500 °C, as shown 

in Figure 4.19 (a). Additionally, the Pt-Co3O4 sensors had a higher sensitivity compared to 

the pristine Co3O4 sensors in dry air at 500 °C, as shown in Figure 4.19 (b,c). Henceforth, the 

term "sensor" in this study refers to the Pt-Co3O4 sensor. Furthermore, the sensor 

demonstrated a quick response to the presence of acetone and returned to its baseline when 

acetone was no longer present in the chamber, as shown in Figure 4.19 (d). 
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The sensors were tested for their response and recovery time using conductometry 

measurements. The response and recovery time of the sensors were found to be ≤ 380 

seconds and ≤ 650 seconds respectively, as per the results in Table 4.3. 

 

Figure 4.19. (a) response of the Pt-Co3O4 and pristine Co3O4 sensors to 10 ppm acetone at dry 

air, (b) response vs. acetone concentration of the Pt-Co3O4 and pristine sensor at the operating 

temperatures of 500 °C in dry air, (c) response vs. acetone concentration of the Pt-Co3O4 

sensor at the range of operating temperature 350-500 °C in dry air, (d) conductance variation 

of the Pt-Co3O4 sensor at the operating temperature of 500 °C to 10, 25 and 50 ppm acetone 

in dry air and 40 RH% air.    

The selectivity is one of the key properties of the sensors, hence we have tested the sensors 

toward H2, NO2, CO, C2H5OH in the operating temperature 350-500 °C and the response 

values are shown in Figure 4.20. The sensor has demonstrated good selectivity to acetone at 

its best operating temperature (Figure 4.21). Furthermore, the sensors have hold their sensing 

functionalities for three consecutive cycles (Figure 4.22 (a)) and good stability for tested four 

weeks (Figure 4.22 (b)). Table 4.4 summarize the recent advancement on Co3O4 in acetone 

sensing applications. In this context, the fabricated Pt-Co3O4 is a handy candidate for acetone 

sensing and can potentially be used in detecting breath acetone sensing. 

(b) 

(c) 
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Table 4.3. Acetone sensing dynamics of the Pt-Co3O4 and pristine Co3O4 sensor in dry air. 

Temp. 

(°C) 

Conc. 

(ppm) 

Pt-Co3O4 Co3O4 

Response Tres (s) Trec (s) Response Tres (s) Trec (s) 

350 

10 0.6 310 330 0.27 420 690 

25 0.94 300 300 0.35 520 750 

50 1.5 310 390 0.39 570 750 

400 

10 3.5 390 500 0.95 750 830 

25 4.9 380 550 1.09 690 720 

50 9.8 390 610 1.14 570 810 

450 

10 11.3 370 660 1.05 750 900 

25 14.3 380 710 1.21 600 960 

50 25.2 450 800 1.46 540 900 

500 

10 25.2 380 650 2.51 540 660 

25 42.6 380 710 4.29 500 630 

50 91.0 420 770 7.88 480 780 

 

 

 

 

 

 

 

 

 

 

Figure 4.20. Gas sensing response of the Pt-Co3O4 sensor towards NO2, H2, CO, CH4, 

C2H5OH and C3H6O at the range of operating temperature in dry air. 
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Figure 4.21. Pt-Co3O4 sensors response to acetone, ethanol, nitrogen dioxide, hydrogen, 

carbon monoxide and methene gases at 500 °C in dry air. 

 

 

 

Figure 4.22. (a) repeatability of the Pt-Co3O4 sensors signal for three consecutive cycles, (b) 

stability of the response of the Pt-Co3O4 sensor to acetone for the period of four weeks.  
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Table 4.4. Recent advancement on acetone sensing by low dimensional Co3O4 nano 

structures. 

Material Structure Conc. 

(ppm) 

Temp.  

(°C) 

Gas 

Response 

LOD 

(ppm) 

Ref. 

Co3O4  nanosheets 50 160 6.1 5 [50] 

Co3O4 Nano particles 100 200 8.61 0.1 [51] 

Co3O4 hierarchical nanofibers 100 190 9.3 5 [52] 

Ir–GO–Co3O4  Composite nanofiber 5 300 2.29 0.120 [53] 

Au-doped Co3O4 Nano cubes 100 340 22.2 0.01 [54] 

PdO-Co3O4 Hollow Nanocages 5 350 2.51 0.01 [55] 

Co3O4  porous nanosheets 100 150 11.4 1.8 [56] 

Co3O4  nanorods 100 240 5.6 2 [57] 

Co3O4  Nano cubes 100 240 2.99 10 [58] 

Co3O4  Porous rectangular 

rods 

50 200 1.94 5 [59] 

Co3O4 Nano petal with nano 

walls 

10 500 2.5 0.6 This 

work 

Pt-Co3O4 Nano petal with nano 

walls 

10 500 25.2 0.07 This 

work 

 

H2O(g) → OH– + H+ (4.6) 

H2O (g) + (MM + Oo) ↔ (MM
δ+ - OHδ-) + (OH)o

- + e-  (4.7) 

H2O (g) + 2(MM + Oo) ↔ 2(MM
δ+ - OHδ-) + Vo

++ + 2e- (4.8) 

 

Two mechanisms of H2O adsorption are worth noting. The first is the dissociation of H2O and 

its reaction with a lattice oxygen to form OO (Equation 4.6, 4.7). The second mechanism is 

the reaction of water with lattice oxygen forming two terminal hydroxyl groups (MM
+– OH–) 

and one oxygen vacancy (VO++, Equation 4.8). The adsorbed OH– group acts as a donor and 

the oxygen vacancies act as acceptors. This leads to increased conductance of the sensor in 

humid air (Figure 4.23 (a)). However, the response of the sensors decreases with increasing 

humidity levels when exposed to 10 ppm acetone at different humidity levels of 0, 20, 40, 60 

and 75% at an operating temperature of 500 °C (Figure 4.23 (b)). This decrease may be due 
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to the formation of hydroxyl groups on the surface of the sensor's material [60]. It can be 

suggested that the following possibilities may be causing the decrease in the sensor's 

response: a decrease in band bending due to a decrease in ionosorption oxygen, the formation 

of CoCo
+-OH- dipole which increases electron affinity and leads to increased resistance to 

electron motion in the material, and competition between water molecules and acetone to 

react with oxygen species. Additionally, techniques such as diffuse-reflectance-infrared-

Fourier-transformed-spectroscopy (DRIFTS) or in-situ operando measurements can provide 

more insight into this mechanism. 

 

 

Figure 4.23. (a) Conductance, (b) response to 10 ppm acetone of the Pt-Co3O4 sensors at 

different humidity (0,20,40,60,75 RH%) in air when working the 500 °C.   

 

4.2.3 Working mechanism 

4.2.3.1 Inversion of the conductance from p-n  

Co3O4 is typically a p-type semiconductor, where holes are the primary carriers. The energy 

band diagram of ideal Co3O4 is shown in Figure 4.24 (a). When the material is exposed to 

atmospheric air, oxygen is adsorbed on the surface and combines with oxygen vacancies by 

capturing electrons in the conductance band. This leads to an increase in hole concentration 

in the valence band and a downward bending of the energy band as shown in Figure 4.24 (b). 

The relevant reaction is shown in Equations 4.9 and 4.10 [61]. However, at higher operating 

temperatures (> 290 °C) the intra-lattice oxygen is diffused from the interior to the surface of 
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the crystal to maintain the oxygen equilibrium between the interior and the surface [62]. 

Accordingly, oxygen vacancies are created as shown in Equation (4.11). As a result, the 

surface-near region oxygen is replaced by both oxygens from the gas phase (as in the case of 

low temperature) and oxygen that has diffused in. The width of the hole accumulation layer is 

regulated by this diffusion. For example, when the concentration of oxygen vacancies at the 

surface [V0
++]surface is equal to the concentration of oxygen vacancies in the bulk [V0

++]bulk, the 

space charge is eliminated and the band becomes flat as shown in Figure 4.24 (a). On the 

other hand, when [V0
++]surface < [V0

++]bulk, a negative charge trapped at a surface acceptor state 

(Ea) creates an electron depletion space charge layer, leading to upward band bending at the 

donor state (Ed) as shown in Figure 4.24 (c). This results in the transfer of electrons into the 

conduction band [63]. Furthermore, when the electron concentration is higher than the hole 

concentration the surface conductance type is inverted from p-n. Besides, the formed oxygen 

vacancies promote the adsorption of oxygen at the surface which in turn increases the upward 

band bending and the depletion layer width as represented in Figure 4.24 (d).  Similarly, 

Vetter et. al. showed the effect of oxygen diffusion in the crystal lattice to surface Co3O4 and 

Choi et. al. showed the role of the oxygen vacancy site as an activity site for a sensing 

reaction and improving the selectivity of the Co3O4 sensor [34]. 

 

O2 + e− → O2
− 

(4.9) 

VO
++ +

1

2
O2 → OO + 2h+ 

(4.10) 

OO
X →

1

2
O2 + VO

.. + 2e 
(4.11) 

CH3COCH3 (gas) + 8O− → 3CO2 + 3H2O + 8e− (4.12) 

A dot represents a positive charge and × denotes neutrality. Subscripts denote the 

atom which would normally occupy the site, and e denotes conduction electrons 

and (Vo) is a surface oxygen vacancy. 
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Figure 4.24. Illustration of the relative energy band diagram of Co3O4 (a) before interacting 

with air, (b) when interacting with air an operating temperature < 300 °C, (c) when operating 

at a higher temperature (> 300 °C) [V0
++]surface < [V0

++]bulk (d) when air is interacting at a 

higher temperature.  

 

4.2.3.2 Acetone sensing mechanisms and selectivity 

When the material is exposed to atmospheric air, oxygen molecules are adsorbed and oxygen 

species are combined with oxygen vacancies as stated in Equations 4.9 and 4.10. 

Furthermore, when the sensor is operating at a higher temperature, the formation of oxygen 

vacancies on the surface of Co3O4 (Equation 4.11) increases the adsorption of molecular 

oxygen [62].  As a result, the increase of oxygen species on the surface of Co3O4 improves 

the interaction of acetone with the sensor because of more reactive sites. When acetone 

interacts with the material, electrons are donated to the oxygen species by acetone molecules 

as shown in Equation 4.12 [58]. As a result, the return of electrons to Co3O4 reduces the 

thickness of the electron depletion layer, decreasing the electrical resistance of the material, 

thus showing a gas sensing response to acetone. Additionally, the nanowalls structure with 

nano petals provides a good channel for carrier transport, promoting fast diffusion of charge 

carriers throughout the material, reaching the edges of the nanowalls and nano petals. 

Furthermore, the presence of the (111) crystal plane, where only Co2+ cations are present, in 

the grown Co3O4 enhances the catalytic activity of the material. This allows for easy 
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adsorption of more oxygen and analyte gas molecules, improving the sensor's response 

[30,64]. 

 

4.2.3.3 Higher response in Pt-Co3O4 compared to pristine Co3O4   

Usually, functionalization provides chemical sensitization called as the spillover effect which 

activates or creates the reactive species in one phase and they are subsequently transported to 

another phase [65]. The gas sensing capabilities of MOXs are affected by various spillover 

processes. These include the spillover of the target gas, the spillover of oxygen, and the 

inverse spillover of oxygen from the MOX. These processes are commonly used to explain 

the increased efficiency of MOX gas sensors [63].  The process of inverse spillover refers to 

the adsorption and reaction of the target gas on the surface of the functionalizing material, 

leading to an increase in the catalytic activity of the material. This process is often used to 

explain the enhanced receptor function of MOX gas sensors. For example, a study by Yunil 

et al. demonstrated that the catalytic activity of Pt-loaded materials toward acetone was 

significantly enhanced at temperatures above 300 °C [66].  

The inverse spillover process is a mechanism in which the adsorption and reaction of the 

analyte gas on the surface of the functionalizing material leads to an enhancement in the 

catalytic activity of the material. This process has been shown to improve the response of the 

Pt-Co3O4 sensor at high temperatures, such as above 300 °C. However, another possible 

explanation for the enhancement in response is the spillover activation of oxygen, which 

increases the concentration of active oxygen species at the surface. This leads to an initial 

increase in the band bending in the air compared to the pristine material, and in turn, results 

in changes in the surface charge and a greater sensor signal when exposed to acetone. [63]. 

On the other hand, spillover of the analyte gas process which is the enhancement of the 

adsorption and dissociation of the analyte gas molecules in which space charge layer is also 

available. However, this process is not effective until the acetone is present. On the other 

hand, the work function of Pt nanoparticles (5.35 eV) is higher than that of Co3O4 (4.5 eV) 

[67].  As a result of the inverse spillover process and the activation of oxygen, the transfer of 

electrons through the interface between Pt and Co3O4 can be facilitated, leading to an 

improvement in the response of the sensors by forming a Schottky barrier [68]. 
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4.3 Co3O4 nanowires for hydrogen sensing 

4.3.1 Material analysis 

 

Figure 4.25. FE-SEM images of prepared Co3O4 nanowires (a) 100 nm thick (b) 50 nm thick, 

(c) cross-sectional view of Co3O4 nanowires with initial Co thickness of 200 nm. 

 

Figure 4.25 (a-b) shows FE-SEM images of the prepared Co3O4, revealing the formation of 

nanowires. Figure 4.25 (b) displays a higher nanowire density in the 50 nm sample. The 100 

nm sample shows a non-homogeneous distribution of longer nanowires. Figure 4.25 (c) is a 

cross-sectional FE-SEM view of the 200 nm thick material, revealing three layers. Nanowires 

grow on the small grain of the top layer. Consequently, the growth mechanism can be 

understood as described in Chapter 3, section 5.1.1 (Figure 3.7).  

The TEM image in Figure 4.26 (a) shows nanowires with diameters 6-50 nm and lengths 1-5 

μm. Figure 4.26 (b) shows electron diffraction indicating three main Co3O4 reflection planes: 

(111), (220), and (311) (CIF no. 9005896). HR-TEM images in Figure 4.26 (c,d) show that 

the most prominent plane is (311), indicating growth in the (311) direction of the Co3O4 

crystal. Figure 4.27 (a) presents TEM characterization of various sections of the Co3O4 

nanowires, with Figure 4.27 (b-d) confirming growth in the (311) direction throughout the 

wire. Figure 4.28 shows EDS analysis, revealed that the nanowires consist only of Co and O. 
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Figure 4.26. (a) conventional TEM image of a grown Co3O4 nanowire, (b) electron 

diffraction pattern  (SAED), (c)-(d) HR-TEM image of the TEM image shown in (a). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.27. (a) An agglomeration of Co3O4 nanowires and the electron diffraction patterns 

obtained from different regions of the area shown in image a: (b) diffraction pattern obtained 

from the area marked with “DP1”, (c) diffraction pattern obtained from the area marked with 

“DP2” and (d) diffraction pattern obtained from the area marked with “DP3”.  

(a) (b) 

(c) (d) 

1 

μm 
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Figure 4.28. The EDS spectrum obtained on the agglomeration of nanowires, shown in figure 

(4.28), confirms the presence of Co and O; the presence of Cu and C peaks is due to electrons 

scattering on the TEM grid. 

Raman spectra of Co3O4 reveals five characteristic peaks at 195, 482, 521, 620 and 692 cm-1, 

which correspond to the F2g1, Eg, F2g2, F2g3, and Ag1 symmetric phonon modes of crystalline 

Co3O4 [40].  The strongest peak at 195 cm-1 is from Co2+ tetrahedral vibrations, while the 

weakest peak at 692 cm-1 is from Co3+ octahedral vibrations (Figure 4.29). Co3O4's cubic 

spinel structure has Co3+ at octahedral sites (16a Wyckoff) and Co2+ at tetrahedral sites (8a 

Wyckoff). The bands at 195 and 692 cm–1 can be assigned to the Raman vibrations of Co2+ ˗ 

O2– and Co3+ ˗ O2– respectively, which confirms the formation of Co3O4 and suggests that 

tetrahedral sites are dominant compared to octahedral sites in the prepared structures [69]. 
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Figure 4.29. Raman spectra of the prepared Co3O4 nanowires. 

 

Figures 4.30 (a,b) display the EPR spectra of the Co3O4 nanowires measured in the X- and Q-

bands, respectively, before and after thermal aging at 400 oC. The X-band spectrum of the as-

grown Co3O4 sample exhibits a very broad line at low magnetic fields, which further 

broadens as the temperature is decreased to 100 K (Figure 4.30 (c)). After the thermal aging 

of the Co3O4 sample this line disappears and the X-band spectrum shows no difference from 

the spectrum of the alumina substrate [Figure 4.30 (a)]. A similar evolution of the broad line 

is observed in the Q-band spectrum as well (Figure 4.31 (b)). This line is associated with the 

presence of a minority ferromagnetic phase, consisting probably of Co and/or CoO clusters 

[70] due to the incomplete oxidation of the cobalt layer.  The disappearance of the line after 

the 400 oC annealing could be due to the dissolution of the ferromagnetic clusters or 

oxidation processes that affected the ferromagnetic couplings.  

It should be mentioned that the EPR signature spectrum of Co3O4 consists of a Lorentzian 

shaped line with g ~ 2.23 [71] corresponding to ~314 mT in the X- and ~1090 mT in the Q-

band spectra, respectively, from the paramagnetic Co(II) ions in tetrahedral sites. The 

absence of this line in the recorded spectra, even for the more sensitive Q-band, can be 

explained by the very small amount of Co3O4 actually measured (sample volume of ~ 10-3 

mm3).  
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Figure 4.30. EPR spectra of the Co3O4 nanowires, before and after annealing at 400 °C for 8 

h, measured at room temperature in the (a) X- and (b) Q-band. (c) Room temperature X-band 

EPR spectrum of the Co3O4 nanowires compared to the spectrum measured at 100 K. The 

sharp lines in the 100 K spectrum are from paramagnetic centers in the alumina substrate.  

 

4.3.2 Gas sensing analysis  

Figure 4.31 (a) depicts the temperature-dependent conductance of Co3O4 nanowires in dry 

and humid air (40% RH). Both sensors show low conductance that rises with temperature in 

dry air, typical of metal oxide (MOXs) semiconductors. Conductance is lower in humid air 

due to water molecules absorbed onto MOXs surfaces, either as molecules (physisorption) at 

low temperatures or as chemical bonds (chemisorption) at high temperatures, hindering 

baseline conductance [16]. It has been observed that there is a significant decrease in 

conductance when sensors are operating at 500 °C in wet air. The performance of Co3O4 in 

detecting hydrogen at 300-500 °C was evaluated (Figure 4.31 (b)). Sensors were stabilized in 

a testing chamber with synthetic dry air for 4 hours before taking readings at each operating 

temperature. Hydrogen sensing was measured at 100, 250, and 500 ppm with each cycle 

lasting 90 minutes, including 30 minutes of exposure to gas and 60 minutes of exposure to 

synthetic air for recovery. The testing chamber (1L) takes 15 minutes to change the 

environment with a flow rate of 200 sccm.  
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Figure 4.31. The gas sensing functionality of the Co3O4 nanowire sensors (a) variation of the 

conductance of the sensors, (b) dynamic response of the sensors at the tested temperature 

range (300-500 °C), (c) response of the sensors for 100 ppm H2 at dry air, (c) dynamic 

response of the sensors at the optimum operating temperature (450 °C) in dry air and 40 

RH%.  

 

The sensors showed not much response at temperatures below 300 °C (Figure 4.31 (c)). 

Above 300 °C, they demonstrated an inversion of signal (Figure 4.31 (c)). Vladimirova et al. 

reported inversion of the conductance type of Co3O4 from p-n to n-p when operating at a 

temperature higher than 250 °C in dry air due to the breaking apart of CoT-O2
2--CoO surface 

adducts [49]. Also, Lin et. al. has reported the participation of lattice oxygen of the Co3O4 in 

the oxidation process which helps to invert the conductance [50]. Accordingly, in this 

context, the inversion of the conductance is thermally-driven. Furthermore, an exceptional 
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drop in the conductance at 500 °C at humidity air can be due to the desorption of absorbed 

oxygen from the Co3O4 and percent water molecules [72].  

The sensor with a higher density of nanowires (50 nm) showed a higher response than the 

sensor with a lower density of nanowires (100 nm), with a peak response of 2.32 for 100 ppm 

at 450 °C (Figure 4.31 (c)). Figure 4.31 (d) displays the dynamic gas sensing nature of both 

sensors at 450 °C. Both sensors recover to the baseline conductance in 40% RH air, but the 

Co3O4 (50 nm) sensor fully recovers to baseline conductance even in dry air. The estimated 

response time and recovery time of the Co3O4 (50 nm) sensor for 100 ppm H2 are ≤ 330 s and 

≤ 850 s, while the Co3O4 (100 nm) sensor has ≤ 300 s and ≤ 900 s response and recovery 

times, respectively (Table 4.5).  

 

Table 4.5. Various hydrogen sensors are fabricated with different MOXs nanostructures.   

a- (ΔG/G), b- (ΔR/R), c- Ra/Rg, 
d-Ig/Ia 

 

The sensor response is influenced not only by temperature but also by the type of gas. At 450 

°C in dry air, the sensor (50 nm, higher density of nanowire) was tested for selectivity with 

C2H5OH, C3H6O, NO2, CH4, and CO. The results showed selective H2 detection (Figure 4.32 

(a)). The repeatability of the sensor signals is also a key factor in its performance. The 

detection limit (LOD, 10% error) of the Co3O4 sensor in dry air is 360 ppb. Sensors have 

higher sensitivity when operating in dry air (Figure 4.32 (b)), which is due to the higher 

concentration of free electrons in this environment. This leads to more ionosorbed oxygen, 

Material Method Operating 

temperature 

(°C) 

Concen

tration 

(ppm) 

Respo

nse  

Response

/recovery 

time (s) 

Reference 

Co3O4  Thermal oxidation 450 100 2.32a 480/1240 This work 

ZnO   Spin coating 150 150 0.21b 70/204 [73] 

NiO  Hydrothermal 250 150 1.91b 150 [74] 

Co/SnO2  Electrospinning 330 100 23c 2/3 [75] 

MoO3  Hydrothermal RT 1000 17.3d 10.9/30.4 [76] 

Co3O4/ZnO  Electrospinning 300 10 1.33b 70/70 [75] 

ZnO  Decomposition 180 80 1.78b 1/2 [77] 

ZnO  VLS 250 100 72c <50/100 [78] 

WO2.72 Hydrothermal RT 100 0.27c 56/36 [79] 

TiO2 Hydrothermal 100 150 0.53b 85/620 [80] 
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which in turn enhances the sensor's ability to react with hydrogen and detect it at lower 

concentrations [81]. The H2 sensing ability of the sensor remains consistent in three 

consecutive tests of 100 ppm at the optimal operating temperature, as shown in Figure 4.32 

(c). Additionally, the sensor exhibits stability for up to 25 days with a decrease in response by 

10% at 450 °C, as depicted in Figure 4.32 (d). 

 

 

Figure 4.32.  (a) Selectivity comparison of the sensors at 450 °C against the ethanol, acetone, 

carbon monoxide, methane, and nitrogen dioxide in dry air, (b) response vs concentration 

fitting, (c) repeatability, (d) Stability of the Co3O4 nanowires at the 450 °C in dry air.  

 

The study was expanded to evaluate the sensor's performance under varying humidity levels, 

from dry air to 90% relative humidity. Figure 4.33 (a) displays the dynamic response of the 

sensor at different humidity levels (10, 20, 40, 60, 80, 90 RH%) after 25 days of initial 

testing. The baseline conductance remains unchanged with humidity, which is uncommon for 

MOXs sensors. In general, the baseline resistance is decreased by the hydroxyl ions (OH-) 

and protons (H+) formed by the dissociation and adsorption of water molecules on the MOXs 
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surface. Typically, OH- attaches to the metal cation and H+ attaches to the oxygen in the 

MOXs [82]. However, this mechanism can change to a hopping mechanism, where H2O is 

physiosorbed on the MOX surface by attaching to the H+ already generated due to 

chemisorption of H2O at low humidity conditions [82].  This study found the MOX's baseline 

conductance remains stable and strong even at high humidity levels. Figure 4.33 (a) shows 

the MOX's response to different humidity levels (10-90% RH%) after 25 days of testing. 

Unlike other MOXs sensors, the conductance baseline is not affected by humidity, as seen in 

Figure 4.33 (a). Figure 4.33 (b) demonstrates the MOX's response to 100 ppm H2 at various 

humidity levels (0-90% RH%). The results show no significant difference between the 

response at dry air (2.32) and 90% RH% (2.26) at the optimal operating temperature. 

 

 

 

Figure 4.33. The Co3O4 nanowire sensor functionality to 100 ppm H2 at humidity 

environment (a) dynamic response at 10, 20, 40, 60, 80, and 90 RH%, (b) response of the 

sensor at the 0, 10, 20, 40, 60, 80, and 90 RH% when operating at 450 °C.  

 

 

 

 

 

 

 

50000 100000 150000 200000 250000 300000

9
0
 R

H
%

8
0
 R

H
%

6
0
 R

H
%

4
0
 R

H
%

2
0
 R

H
%

8

4

 

 

C
o

n
d

u
ct

an
ce

 (


1
0

-1
2

)

Time (s)

0

1
0
 R

H
%

(a)

0 20 40 60 80 100
2.2

2.3

 

 

R
es

p
o
n

se
(

G
/G

)

Relative humidity (RH%)

(b)



84 
 

4.3.3 Working mechanism 

 

Formation of the hole-accumulating region is inn the Co3O4 when exposed to air illustrated 

in Figure 4.34 (a, b) and is comprehensively explained in section 4.2.3.  This leads to an 

increase in conductance when exposed to air (Figure 4.34 (d, e)). Additionally, when exposed 

to reducing gas, such as H2, is reacts with adsorbed oxygen species and releases electrons 

(Figure 4.34 (c)), it reacts with the adsorbed oxygen species and releases the electrons back 

as shown in Equations (4.13, 4.14) [83,84]. So, the decreased width of the hole accumulation 

layer leads to a decrease in conductance (Figure 4.34 (f)).  

 

 

  

 

 

 

 

 

 

 

 

 

Figure 4.34. Schematic of the formation of the hole accumulation layer:(a) before exposure to 

air, (b) after exposure to air, (c) interaction with H2, and the band bending: :(c) before 

exposure to air, (d) after exposure to air, (e) interaction with H2 of typical p-type Co3O4 

nanowire.      

The gas sensing mechanism in this study is distinct from conventional explanations. It is 

based on the inversion of conductivity from p-type to n-type, caused by thermal energy and 

lattice oxygen's involvement in H2 oxidation, resulting in the formation of oxygen vacancies 

(equation 4.15). 
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The inversion of the sensor signal from p-type to n-type conductivity occurs when the 

electron concentration surpasses the hole concentration on the surface of Co3O4, making 

electrons the main charge carriers [49]. When the surface layer of Co3O4 has more electrons 

[n] than holes [p], electrons become the main charge carriers, leading to a change in 

conductivity type from p-type to n-type and an inverted sensor signal, making the sensor act 

as an n-type material. The interaction of H2 with oxygen species increases the number of 

electrons and conductance. It is also being investigated if the transformation of CoO to Co3O4 

at the intermediate layer between Co and Co3O4 affects the electron concentration on the 

surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2H2(g) +  O2
−(g) → 2H2O(g) + e− (4.13) 

H2(g) + O−(ad) → H2O(g) + e− (4.14) 

OO
x →

1

2
O2 + VÖ + 2e, (4.15) 
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4.4 TiO2 nanobelts for acetone sensing 

4.4.1 Material analysis 

 

Figure 4.35. XRD patterns of samples: (a) intermediate H2Ti3O7, (b) TiO2-(B), and (c) Raman 

spectra of the prepared H2Ti3O7 at 200 °C before the calcination. B-TiO2-(B); ✓-H2Ti3O7; ⚫-

Na2Ti3O7; ◼-Na2Ti4O9; -Na2Ti9O19.  

 

The formation and crystal structure of TiO2 were studied using X-ray diffraction (XRD) 

analysis. Figure 4.35 (a) shows the presence of intermediate H2Ti3O7 and residual sodium 

titanate. However, these were eliminated after washing and annealing (Figure 4.35 (b)). 

H2Ti3O7 plays a crucial role in the final product's nanobelt-like morphology through the 

Dissolution-Recrystallization process. The diffusion of OH- ions into anatase TiO2 leads to 

Ti–O–Ti bond dissolution and exfoliation of single-layered TiO6 octahedra sheets 

(nanosheets). This is the cause of characteristic vibrational peaks in the Raman spectrum at 

280 cm-1 (Ti–O–Na), 372 cm-1 (Ti–O–Ti), and 670.8 cm-1 (TiO6) as shown in Figure 4.35 (c). 

The diffraction peaks in Figure 4.35 (b) at two theta value of 24.98°, 28.59°, 29.79°, 33.41°, 

39.47°, 43.48°, 44.61°, 48.66°, 52.89°, 58.47°, 62.38°, 67.27°, and 76.69° are, respectively, 

assigned to the reflections of the (110), (002), (40-1), (31-1), (31-2), (003), (60-2), (020), 
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(113), (71-1), (31-4), (02-3) and (712) of Monoclinic (JCPDs: 98-004-7691, space group 

C12/m1) TiO2 -B 

 

Figure 4.36. FE-SEM images of the obtained morphology at (a) starting anatase TiO2 powder, 

(b) hydrothermal treatment at 120 °C, (c) hydrothermal treatment at 135°C, (d) hydrothermal 

treatment at 125 °C, (e) hydrothermal treatment at 175 °C, (f) hydrothermal treatment at 200 

°C. 

 

FE-SEM images in Figure 4.36 (a-f) show intermediate H2Ti3O7 structures synthesized 

through anatase TiO2 (20-25 nm particle diameter) dissolution in NaOH solution and ion-

exchange with acetic acid. Hydrothermal treatment at 120 °C results in compact thick flake-

like anatase particles (Figure 4.36 (b)), which become large aggregated particles at 135 °C 
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(Figure S1(c)), and a compact film-like morphology at 150 °C (Figure 4.36 (d)). Further 

hydrothermal treatment at 175 °C and 200 °C transforms the anatase into belt-like shapes 

(Figure 4.36 (e-f)). The 200 °C treatment results in compact and low aspect ratio nanobelts, 

which were studied further. Figure 4.37 (a,b) shows the FE-SEM of the grown TiO2 

nanobelts at 200 °C and annealed at 500 °C.   

 

Figure 4.37. FE-SEM of the (a) H2Ti3O7 was prepared in the autoclave at 200 °C, and (b) 

TiO2-(B) was annealed at 500 °C. 

Figure 4.38 (a) displays a one-dimensional nanobelt structure in intermediate H2Ti3O7 using a 

conventional TEM (CTEM), which is ten micrometers in length. Figure 4.38 (b) shows the 

TiO2 nanobelts after annealing at 500 °C using CTEM. The HRTEM image in Figure 4.38 (c) 

with its insert confirms the well-crystallized nanobelts, displaying the (101) planes typical of 

anatase. The Selected Area Electron Diffraction (SAED) in Figure 4.38 (d) confirms the 

presence of crystallographic planes (101), (200), (105) of TiO2-(B) with lattice parameters 

a=b=3.785 Å, c=9.514 Å, 𝛼=𝛽=𝛾=90° and formation of nanobelts in the c-axis direction (CIF 

number 9009086). Figures 4.38 (e, f) reveal a "porous-like" morphology in certain regions of 

TiO2-(B) due to structural defects in specific areas along the nanobelts. 

 

EDS spectra were taken on the TEM grid to analyze the elemental distribution on the surface 

of TiO2-(B) nanobelts. The EDS maps in Figure 4.39 (a-c) display the presence of Ti and O 

elements on the nanobelt surface. Notably, Figure 4.39 (a-d) shows some nanobelts 

overlapping, which significantly improves the sensor's response in gas sensing [85]. 

 



89 
 

 

 

Figure 4.38. CTEM images: (a) H2Ti3O7, (b) TiO2-(B) and (e) formation of pores-like 

structure in TiO2-(B); (c) HRTEM image of TiO2-(B) with insert showing (101) planes; (d) 

SAED of TiO2-(B).   

 

Figure 4.39. (a) CTEM of several overlapping TiO2-(B) nanobelts; EDS analysis of TiO2-(B) 

nanobelts. The maps show the (c) O and (d) Ti distribution on the nanobelts corresponding to 

the HAADF image of (b).  
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4.4.2 Gas sensing analysis  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.40. Electrical conductance variation of the fabricated TiO2 nanobelts sensors at 

different working temperatures at 40 RH% conditions.  

Figure 4.40 shows the temperature effect on the conductance of the TiO2-(B) sensors. The 

conductance increases with temperature due to the semiconducting nature of the TiO2-(B) 

material. Among the sensors, TiO2-8n showed the highest conductivity at 400 °C [86]. In gas 

sensing tests, the highest response was recorded at 400 °C with the TiO2-8n sensor exhibiting 

the highest sensitivity to acetone compared to other sensors. Further analysis was focused on 

the TiO2-8n sensor. Further analysis was conducted on the TiO2-8n sensor due to its highest 

response towards acetone in the gas sensing studies performed at various operating 

temperatures, where the highest conductivity was observed at 400 °C. 

The gas sensing performance of TiO2-8n devices towards H2, CH4, NO2, C2H5OH, and 

C3H6O at temperatures from 100 to 500 °C (incremented by 50 °C) was investigated. The 

sensors showed typical n-type semiconducting behavior with increased electrical conductance 

upon exposure to reducing gases and returning to initial values when the gas flow was cut off. 

The literature shows that the working temperature affects gas interaction with the sensor until 

a certain catalytic temperature, then influences the response value. Thus, the optimum 
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working temperature plays a critical role in the performance of metal oxide gas sensors 

[87,88]. Usually, working temperature affects the gas interaction with the sensor up to a 

certain catalytic temperature and then hinders the interaction modulating the response value. 

Therefore, metal oxide gas sensors have different response values depending on their 

working temperature. Thus, investigating the optimum working temperature is significantly 

important when concerning the performance of the sensors. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.41. Response of the TiO2 nanobelts (TiO2-8n) to 10 ppm C3H6O at different working 

temperatures in 40% RH conditions.    

 

The response of the TiO2-8n sensor to 10 ppm of acetone (C3H6O) at various operating 

temperatures is displayed in Figure 4.41. The sensor displayed the strongest response at 150 

°C. Figure 4.42 illustrates the dynamic response of the TiO2-8n sensor to various 

concentrations of acetone at 150 °C. Usually, TiO2-based gas sensors operate at high 

temperatures (>200°C). However, the low operating temperature of the fabricated sensors 

could be due to the high catalytic property of the TiO2-(B), as seen in the conductance 

variation of the sensors [89]. Also, porous regions in the nanobelts encourage the oxygen 

adsorption/desorption mechanism. Accordingly, the porous-like region of the prepared 

nanobelts can potentially be one of the reasons for high response in low working 

temperatures [90,91]. 
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Figure 4.42. Dynamic response-recovery plot of the TiO2-8 sensor toward 10, 25 and 50 ppm 

of C3H6O at the working temperature of 150 °C.  

The response of the structures improves as the concentration of C3H6O increases (Figure 

4.43). A higher gas concentration leads to more interactions with the surface, leading to a 

stronger response [92]. The porosity of the nanostructures may contribute to quick gas 

adsorption and diffusion within the sensor, resulting in a response and recovery time of 348 s 

and 600 s at 40% relative humidity for 10 ppm C3H6O. These results are presented in Table 

4.6. 

The detection limit of the gas sensing material plays a crucial role in responding to small 

quantities of targeted gas and avoiding potential hazards in a polluted environment. The 

power fitting relationship (y=6.4492x0.6046) between response and concentration (Figure 

4.44 (a)) is crucial, where the slope indicates sensitivity and the intercept shows the detection 

limit. The fabricated sensors (Figure 4.44 (b)) have a favorable response with a detection 

limit of around 0.05 ppm (∆G/G = 1 in power fitting). In practical use, the sensor's 

reproducibility and stability of response are also critical factors to consider. 
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Figure 4.43. Variation of the TiO2 sensor’s response toward different concentrations of 

C3H6O at the working temperature of 150 °C. 

 

Table 4.6. Sensors’ performance to different concentrations of C3H6O.  

 

 

 

 

 

Thus, the reproducibility and stability of the TiO2-(B) nanobelts were evaluated towards 

acetone (C3H6O). Figure 4.45 shows the response of the sensor for three consecutive cycles 

of 50 ppm C3H6O at 150 °C and 40% RH. The results indicate consistent response values. 

The stability of the sensor is shown in Figure 4.46, where it holds its response well for two 

weeks towards 50 ppm C3H6O at 150 °C and 40% RH. Figure 4.47 displays the response of 

the TiO2-8n sensor to various gases and working temperatures. Moreover, Figure 4.44 (b) 

demonstrates the selectivity of the TiO2-8 sensors to 10 ppm C3H6O, 10 ppm ethanol 

(C2H5OH), 100 ppm hydrogen (H2), 100 ppm methane (CH4), and 1 ppm nitrogen dioxide 

(NO2) at a working temperature of 150 °C. 

C3H6O 

(ppm)  

40 RH% 

Response Response Response 

time (S) 

Recovery 

time (S) 

10 1.3 6.5 378 600 

25 2.1 9.6 348 960 

50 4.4 12.7 324 1320 
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Figure 4.44. (a) The plot of response vs concentration value of the sensor (TiO2-8n) toward 

the C3H6O at 150 °C, (b) Selectivity of the TiO2-8n sensor toward tested gases (10 ppm 

C3H6O, 10 ppm C2H5OH, 100 ppm H2, 100 ppm CH4 and 1ppm NO2) in 40 RH% humidity 

air at the operating temperature of 150 °C.    

 

 

 

 

 

 

 

 

 

 

 

Figure 4.45. Reproducibility study of TiO2-B nanobelts sensor toward 50 ppm C3H6O at 150 

°C at 40 RH%. 

Therefore, the C3H6O sensing abilities of TiO2-B nanobelts, such as response, selectivity, 

response/recovery times, reproducibility, and stability, make it a viable option for selective 

C3H6O sensing in various applications based on the literature survey shown in Table 4.7. 
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Figure 4.46. Stability study of TiO2-B nanobelts sensor toward 50 ppm C3H6O at 150 °C in 

both dry and 40 RH%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.47. Response values of the sensor towards 500, 100, 10, 10, and 10 ppm of CH4, H2, 

NO2, C2H5OH, and C3H5OH.  
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Table 4.7. Comparison of gas sensing parameters of TiO2-B nanobelts sensor with other reported TiO2-based C3H6O sensors. 

Material Synthesis route 
Working 

tempt. (ᵒC) 

Response 

(Ra/Rg) 

C3H6O 

(ppm) 

Res. 

Time 

(Tres) 

(s) 

Rec. Time 

(Trec) (s) 

The lowest 

detection 

limit (ppm) 

Reference 

TiO2 porous NPs Hydrothermal 275 13.9 100 11 14 - [93] 

TiO2 NPs Matrix-assisted 

pulsed laser 

deposition 

400 6 100  240 - 20  [94] 

Nanoporous TiO2 Hydrothermal 370  25.97 500  13 8  20 [95] 

Ag-TiO2 nanobelts Hydrothermal 260 28.25 500 6 8 0.8 [96] 

TiO2 nanorods Electrospun 500 13 300 12 6 - [97] 

TiO2-B nanorods Hydrothermal 320 2.3 100 3 180 - [98] 

TiO2-B nanobelts Hydrothermal 150  12.7 50 324 1320 0.7 This work 
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4.4.3 Working mechanism 

Typically, the gas sensing mechanism of TiO2-(B) nanobelts is enhanced by surface reactions 

and charge transfer from analyte gas adsorption. It relies on two key interactions: oxygen 

adsorption and interaction between the surface of TiO2 nanobelts and C3H6O. The mechanism 

involves adsorption of oxygen onto the exposed surface of TiO2-(B) nanobelts [99]. 

Accordingly, the resistance increases as shown in Figure 4.48 (a) [100]. 

 

When the sensor is exposed to acetone, it interacts with adsorbed oxygen molecules. The 

interaction with O2
− is particularly significant at the optimum working temperature of 150 °C. 

This interaction results in the decomposition of C3H6O into CO2 and H2O is given in 

Equations 4.16-4.17 [99]. This releases electrons (e−), reducing the depletion layer and 

lowering the sensor's resistance (Figure 4.48(b)). 

 

Figure 4.48. (a) electrical band bending due to the adsorption of oxygen species to the TiO2 

nanobelt surface (O2
−

ads, O
−

ads, O
2−

ads), (b) reduction of the space charge region resulting in a 

decrement in the electrical resistance due to the interaction between the acetone molecules 

and TiO2 surface. Where Ec is the conduction band, Ev is the valence band, and Ef is the 

Fermi level.    

CH3COCH3(gas) ↔ CH3COCH3(ads) (4.16) 

CH3COCH3(ads) + 8O−
(ads) → 3CO2(gas) + 3H2O(gas) + 8e−   (4.17) 

Potential barriers 

Ec 

Ef 

Ev 

Space charge layer 

2e- 

Oads
2- 

O2 

Ec 

Ef 

Ev 

Potential barriers 

Space charge layer 

C3H5OH 

CO2 + H2O 

O2- 

e- 

(a) (b) 
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4.5 Nb2O5 Microcolumns 

4.5.1 Material analysis 

 

 

Figure 4.49. FE- EM images of (a) commercial Nb2O5 powder, (b) Nb2O5 microcolumns, (c), 

(d) measurement of with and length of the prepared Nb2O5 microcolumns.  

 

The FE-SEM images in Figure 4.49 (a,b) display the morphological change of Nb2O5 powder 

during a hydrothermal reaction at 180 °C for 30 minutes. The Nb2O5, with a particle size 

under 45 µm, reacts rapidly with 10 mol.dm-3 NaOH in a hydrothermal environment and after 

30 minutes, high-purity niobate microcolumns are produced. Figure 4.49 (c,d) confirms that 

the resulting Nb2O5 has a length in the tens of micrometers, width and height in the hundreds 

of nanometers. 

 



99 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.50. XRD diffractogram of the row Nb2O5 and prepared Nb2O5 microcolumns.  

 

The reported XRD of pure Nb2O5 (Figure 4.50) consists of both orthorhombic (JCPDS card 

no: 00-27-1313) and monoclinic (JCPDS card no. 01-072-1121) phases.  However, when the 

prepared material was calcinated, around 700 °C, the crystal structure has been transformed 

to orthorhombic phase (JCPDS No. 00-030-0873).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.51. Raman spectra of commercial Nb2O5 and synthesized Nb2O5 microcolumns.  



100 
 

Figure 4.51 (in red) presents the Raman spectra of commercial niobium oxide powder. The 

monoclinic phase of the commercial Nb2O5 is identified by its unique 995 cm-1 Raman band 

[101,102]. Other peaks at 227 and 311 cm-1 represent Nb-O-Nb bonds, and the 678 cm-1 peak 

represents Nb-O bond stretching modes, confirming an orthorhombic phase [103,104]. 

Raman bands at 264 and 306 cm-1 are from Nb-O-Nb bending modes in the orthorhombic 

phase [103]. The absence of the 995 cm-1 Raman band confirms that the niobium oxide 

microwires are solely in the orthorhombic phase. 

 

4.5.2 Gas sensing analysis  

 

 

Figure 4.52. Gas sensing functionality of the Nb2O5 microcolumns (a) dynamic response to 

ethanol at 300-500 °C, (b) response value, response/recovery times, (c) repeatability of the 

sensors signal at 500 °C, (d) modified power fitting.   
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Figure 4.52 (a) displays the dynamic response of the chemiresistor ethanol sensors to 10, 25, 

and 50 ppm ethanol in air. The conductance of all the sensors increases when exposed to 

ethanol. However, the response is not significant below 350 °C because of the adsorption or 

reduction reaction of ethanol on the Nb2O5. The increase in conductance confirms that the 

Nb2O5 microcolumns are n-type with electrons as the dominant charge carrier. The sensors 

show clear recovery after ethanol is cleared from the test chamber. Response ((ΔG/G)%) and 

response/recovery times (time to reach 90% change in response during full response and 

recovery) are used to evaluate sensor performance. Figure 4.52 (b) shows that higher sensor 

response and faster response and recovery times are achieved when the sensors operate at 500 

°C in dry air. The study showed that a higher concentration of adsorbed ethanol molecules 

and oxygen species with rising temperatures can impact the temperature-dependent sensing 

response. The highest response recorded was 251.23% with a response time of 240 seconds 

and a recovery time of 950 seconds when detecting 10 ppm ethanol. Note, the system 

requires 5 minutes to exchange its 1L environment with a flow rate of 200 sccm. 

Furthermore, the response and recovery times were found to decrease with an increase in 

operating temperature. At optimal temperature, the system demonstrated complete recovery 

and excellent repeatability, making it suitable for practical use and eliminating baseline drift 

problems (Figure 4.52(c)). A comparison of ethanol sensors is summarized in Table 4.8. 

 

Table 4.8. The comparison of ethanol sensing performances of MOXs.   

Materials Methods Temp. 

(°C) 

Ethanol 

(ppm) 

Resp. Ref. 

Au/SnO2 Hydrothermal 340 100 18 [105] 

ZnO Nanowires Oxidation 240 100 5 [106] 

NiO/ZnO VLS 400 50 6.7 [107] 

Nb2O5-TiO2 

nanofibers 

Electrospinning 250 500 21.64 [108] 

CuO-Fe2O3 

hollow spheres 

Template 

method 

380 500 17.5 [109] 

Nb2O5 microcolumns Hydrothermal 500 10 2.51 This 

work 

 

The performance of the sensor was further examined, considering factors such as selectivity, 

long-term stability, detection limit (LOD), and stability in humidity. The sensor response 
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exhibited a linear relationship with ethanol concentration (Figure 4.52 (d)), with a correlation 

coefficient (R2) of over 0.99 for the power-fitting (y=a.xb) model, indicating a strong fit 

between the experimental data and the linear model. The LOD was calculated using the 10% 

method, demonstrating the sensor's ability to detect ethanol at 1.4 ppb when operating at 500 

°C. Additionally, the sensors demonstrated good selectivity in ethanol sensing (251.53) 

compared to CO (9.04), CO2 (49.65), NO2 (34.01), H2 (113.55), H2S (159.79), and C3H6O 

(89.8), as shown in Figure 2 (a). 

 

 

Figure 4.53. Selectivity of the Nb2O5 sensors towards C2H5OH (10 ppm) compared to CO 

(100 ppm), CO2 (100 ppm), NO2 (1 ppm), H2 (100 ppm), H2S (10 ppm), and C2H5OH (10 

ppm)  at 500 °C in dry air, (b) humidity dependent response, response/recovery time towards 

10 ppm C2H5OH.  

 

The study also evaluated the effect of relative humidity on the sensor's ability to detect 

ethanol at different humidity levels (0-90%). Results showed no major change in response to 

10 ppm ethanol at 500 °C, but a 41% decrease in baseline conductance with 10% RH. The 

baseline conductance remained unchanged even with 90% RH. These findings are displayed 

in Figure 2(b). Water molecules can absorb onto the MOXs through physisorption (at high 

RH%) or chemisorption (at low RH%), hindering gas sensing and baseline conductance [3]. 

In this context, resistance changes occur due to hydroxyl ions and mobile protons generated 

from water molecule adsorption on the MOX surface (active sites). Hydroxyl ions bond with 

metal cations while mobile protons (hydrogen ions) attach to oxygen on the MOXss surface, 

creating more hydroxyl ions. This affects the electrical conductance baseline depending on 
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hydroxyl ion and oxygen molecule levels. High humidity results in water molecule 

absorption through proton transfer, forming H3O
+ at the MOX surface and causing 

fluctuating electrical conductance. The study found no significant decrease in baseline 

conductance at high humidity compared to low humidity, likely due to high operating 

temperature. Although humidity changes, response time remained constant, but recovery time 

decreased by 59% compared to dry conditions. This quick recovery may be due to the 

formation of C2H5OH2
+.(H2O) with low ionic diffusion coefficient [108,110]. 

 

4.5.3 working mechanism 

 

 

 

 

 

 

 

 

 

Figure 4.54. The plot of log(Sg-1) vs log(Cg).  

 

The Nb2O5 surface contains an electron depletion layer (EDL) due to oxygen species that trap 

electrons in the Nb2O5 conduction band during the reduction of O2- O
-. Understanding the 

specific oxygen species absorbed on the Nb2O5 surface is important.  

The relationship between gas concentration (Cg) and response (Sg) is a well-known concept. 

Sg = 1 + a.Cg
a   (4.22) 

 

Where, the perfector and surface species charge parameters are represented by a and b, 

respectively. The value of b equals 0.5 or 1, indicating the absorbed oxygen ions on the 

1.0 1.2 1.4 1.6 1.8

0.1

0.2

0.3

0.4

0.5

0.6

 

 

L
o

g
 (

(
G

/G
)-

1
)

Log (ethanol concentration)

y = 0.5267x - 0
.3491; R

2 =0.999



104 
 

surface to be either O2− or O− [111]. By taking the logarithm on either side of Eq. (1) we can 

gain another equation that can be written as,  

log (Sg-1) = log(a) + b.log(Cg) 

 

 (4.23) 

 

Figure 4.54 displays a log(Sg-1) vs log(Cg) plot. The fit is linear with a correlation coefficient 

exceeding 0.999. Thus, our study concludes the dominant oxygen species to be O2-. This 

leads to a redox reaction on the Nb2O5 surface between O2− and C2H5OH upon exposure to 

C2H5OH, resulting in oxidation as follows 

C2H5OH (ads) + 6O2−
 (ads) → 3H2O (g) + 2CO2 (g) + 12e− 

 

 (4.24) 

 

As a result, when C2H5OH interacts with the oxygen species, the release of trapped electrons 

back to the conduction band of Nb2O5 causes an increase in conductance. 
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CHAPTER 5 

Conclusions 

The thesis discusses the preparation and characterization of various MOXs including 

Co3O4/ZnO composite nanowires, Pt-functionalized Co3O4 nanowalls, Co3O4 nanowires, TiO2 

nanobelts, and Nb2O5 microcolumns, and thoroughly examine their gas sensing properties. 

A new Co3O4/ZnO composite nanowire design was created using thermal evaporation and 

thermal oxidation. The nanowires feature a Pt tip, Co3O4 layer, and Co3O4/ZnO base with 

Co3O4 root, resulting from Co3O4 diffusion into ZnO. The nanowires display n-type 

semiconducting behavior with high sensitivity to reducing gases and air. The sensors made 

from these nanowires show a high response of 5530 to acetone (50 ppm at 40% humidity) at 

250 °C. They exhibit good repeatability and stability, with potential to detect acetone at sub-

ppb levels, making them suitable for breath analysis. The design improves metal oxide sensor 

selectivity with potential applications in catalysis, energy harvesting, and spintronics. 

A low-cost green synthesis method was developed to produce Co3O4 nano petals with large 

nanowalls in a spinal structure. Conductometric measurements showed n-type behavior at 

temperatures above 350 °C, due to interior oxygen diffusion to the surface. Pt functionalization 

(Pt-Co3O4) improved gas sensing performance compared to pristine Co3O4, thanks to spillover 

enhancement and inverse spillover of oxygen and analyte gas. The Pt-Co3O4 sensors showed a 

higher response of 25.2 to 10 ppm acetone at 500 °C in dry air and maintained performance 

under high humidity, making them a potential candidate for wearable acetone sensors and 

biomarker sensing with the low-cost green synthesis method. 

Also, the study focuses on synthesizing and evaluating the gas sensing properties of Co3O4 

nanowires and nanowalls. The nanowires were produced using a 50 nm cobalt layer through 

thermal oxidation (300 °C, 3h, 2.2 mbar, 100 sccm Ar), resulting in a higher density. TEM 

images showed nanowires with diameters of 6-50 nm and lengths of 1-5 μm, while HR-TEM 

showed preferential growth of (311). Raman spectroscopy revealed typical Co3O4 phonon 

modes, and EPR showed ferromagnetic behavior before aging but changing to 

antiferromagnetic/paramagnetic after aging at 400 °C. Gas sensing tests revealed an excellent 

response to hydrogen with higher nanowire density and an unusual signal reversal above 300 

°C due to lattice oxygen involvement. The sensors maintained stable conductance at 90% 

humidity for 25 days, thanks to catalytic activity of Co2+ and higher operating temperature.   

The sensors demonstrated exceptional selectivity for hydrogen over acetone, ethanol, carbon 
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monoxide, methane, and nitrogen dioxide, with a response of 2.32 for 100 ppm hydrogen and 

a detection limit of 360 ppb. 

During this research I also employed hydrothermal methods to synthesize successful 

monoclinic TiO2 nanobelts. Acetic acid was effective in protonating TiO2-(B) and produced 

TiO2 gas sensors with good performance, such as the highest response of 6.5 to 10 ppm acetone 

at 150 °C. The sensors showed good selectivity for acetone over ethanol, hydrogen, methane, 

and nitrogen dioxide, making the monoclinic TiO2-B nanobelts suitable for low-power gas 

sensing devices. The low detection limit and high acetone selectivity make them valuable for 

chemiresistive gas sensor applications.  

The growth of Nb2O5 microcolumns has been achieved using hydrothermal methods in addition 

to TiO2 nanobelts. After being prepared at 180 °C and calcined at 700 °C, the microcolumns 

formed an orthorhombic crystal structure. The sensors made from these microcolumns showed 

selectivity in detecting ethanol, with a detection limit of 1.4 ppb at an optimal operating 

temperature of 500 °C in dry air. The sensors also performed well at 90% humidity, with a 4% 

degradation in response compared to dry conditions (2.51, 10 ppm) and a 41% drift in baseline 

conductance. The sensors demonstrated excellent repeatability after three cycles and an 

unchanged response time at different humidity levels (10, 20,40,60,80 and 90 RH%), but a 

faster recovery time due to the formation of C2H5OH2
+.(H2O) with a low ionic diffusion 

coefficient. 

In this PhD activity, various chemical sensors with different materials (Co3O4, TiO2, Nb2O5) 

were prepared, with a special focus on the novel Co3O4/ZnO nanowires structures. These 

fabricated devices exhibited excellent sensing capabilities toward various chemicals. 

Additionally, the study aimed to investigate the impact of noble metal functionalization, 

humidity, and composite materials on the gas sensing properties of the prepared sensors. Long-

term stability and repeatability were also evaluated to ensure the practicality of the sensors. 

As a result of the promising findings, the study introduced a new flash lamp annealing 

technique for synthesizing Co3O4 nanostructures. The researchers are now working towards 

fabricating low-cost, flexible, and wearable acetone sensors in collaboration with EMPA in 

Switzerland. 
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