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Abstract 

In this thesis, research on gas sensors based on non-modified and modified with second-phase 

materials structured metal oxides (MOXs) is presented. These types of sensors and materials are 

investigated due to the MOX sensors’ relevance in current applications addressed to societal 

challenges, such as environment, security, and health, and impact of MOX materials on the 

functional properties of the sensor device. Compared with bulk and thin-film materials, 

structured MOX materials exhibit higher response due to their high surface-to-volume ratio and 

their particular morphology that is remarkably beneficial to the adsorption and desorption of 

gases. In addition, the modification of these structures with second-phase materials to form 

nanoscale interfaces (e.g., Schottky-barrier-like junctions or heterojunctions) at the structure’s 

surface adds further improvements by sensitizing chemically and electronically the structured 

MOX. Hence, the focus of this thesis is on developing synthesis routes based on aerosol assisted 

chemical vapor deposition (AACVD) that allow tuning the surface morphology of MOXs (shape, 

size, and dimensional control) and modifying their surface with second-phase constituents, such 

as noble metals, another MOXs, or organo-functional molecules, that, altogether, promotes 

synergistic effects at the surface and enhances the sensor’s sensitivity, selectivity, and/or 

operating temperature. 

The ‘host’ structured MOXs include WO3, ZnO, and Fe2O3 deposited via AACVD, whereas the 

second-phase materials involve films or particles of another MOX (CeO2, Fe2O3, and Cu2O), noble 

metal (Au), or organo-functional molecule (APTES), incorporated via AACVD, impregnation 

method, or silanization process. Therefore, in total, seven types of modified MOX structures and 

sensors are developed (CeO2@WO3, APTES@WO3, APTES@CeO2@WO3, Au@ZnO, Fe2O3@ZnO, 

Cu2O@ZnO, and Au@Fe2O3) together with their corresponding non-modified versions (WO3, 

ZnO, and Fe2O3). The morphology, crystalline structure, and chemical composition of these 

structures are analyzed by different methods, among others, electron microscopy, diffraction, 

and X-ray photoelectron spectroscopy. Results demonstrate the formation of highly crystalline 

wires (WO3), rods (ZnO), and pyramids (Fe2O3), with aspect ratios of 100, 7.5, and 1.5, 

respectively, and the incorporation of second-phase materials with characteristic loads between 

1 and 12 at%. These structures integrated into sensor devices are evaluated in thermoactivated 

and photoactivated mode towards oxidizing and reducing gases recognized as the most relevant 

for further application in environmental monitoring, and/or medical application, amongst which 

are ethanol, acetone, toluene, hydrogen, ammonia, carbon monoxide, and/or nitrogen dioxide. 

Overall, the sensors demonstrate the best results in detecting acetone, ethanol, and NO2, with 

the highest sensitivity to acetone (6.6 % ppm-1) and ethanol (19.2 % ppm-1) recorded at room 

temperature for the photoactivated APTES@CeO2@WO3 and APTES@WO3 sensors, 

respectively, and to NO2 (39.96 % ppm-1) recorded at 310 °C for the thermoactivated Au@ZnO 

sensors. Generally, gas sensors with surface modified materials prove enhanced gas sensing 

properties compared to pristine sensors, except in the case of Au@Fe2O3, which is explained by 

the excessive Au loading compared to other modified systems, that locks the active sites on the 

surface of Fe2O3, responsible for the gas adsorption, and thus lower the sensing capability of the 

sensor. The enhanced performance of the modified materials is mainly attributed to synergistic 

catalytic effects and the presence of nanoscale interfaces at the surface, which facilitate the 

electron transfer during the gas-solid interaction.  
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Introduction 

Motivation 

Over the past few decades, industrial development and population growth have increased 

the global energy demand and, consequentially, air pollution. Air pollution is caused by toxic, 

flammable, and explosive gases, such as CO, H2S, NH3, CH4, NO2, and H2, which represent critical 

factors that contribute to global warming, climate changes, and overall harm to human health. 

The human olfactory system can detect odorous gases, such as H2S, NH3. However, detection of 

some hazardous gases is impossible for humans, because some of them, like CO and H2, are 

odorless, tasteless, and colorless [1]–[3]. Thus, early detection of these harmful gases has 

attracted a lot of interest among the researchers and this topic has been intensely investigated 

[4]–[11]. Additionally, in recent years, the interest has been extended to the detection of VOCs, 

not only because their presence is significant as markers for (indoor/outdoor) air quality [12], 

but also as markers for food quality [13], and early diagnosis of several diseases [14]. Therefore, 

the precise and reliable detection of these gases and their concentrations are of great 

significance to people’s health and safety in everyday life, during industrial productions, or for 

medical applications. For this purpose, different instruments are available and they are mainly 

based on conventional analytical techniques such as high-performance liquid chromatography 

(HPLC) [15] and gas chromatography/mass spectroscopy (GC-MS) [16]. However, these 

techniques are bulky, time-consuming, expensive and most of the time incompatible with the 

new digital era. Hence, new simple, portable, low-cost, and reliable devices for detection of 

gases and vapors are in great demand.  

Among a variety of sensors, systems, and technologies developed for gas sensing, the most 

used are pellistors, electrochemical, optical, and thick film metal oxides (MOXs). However, these 

cannot accomplish the conditions of size, cost, and performances at low concentration levels. 

As an alternative, this thesis is focused on the development of gas sensors, based on structured 

MOX materials and micro/nanotechnologies. Using micro/nanotechnologies ensures the 

miniaturization of the device, which reduces material consumption during the fabrication 

process and power consumption during the operation of the sensor. Compared with bulk and 

thin-film materials, structured MOX materials exhibit higher response due to their high surface-

to-volume ratio as well as due to the presence of specific crystal facets that provide a particular 

electronic structure to the surface, which is remarkably beneficial to the adsorption and 

desorption of target gases [17] [18]. The functionality of structured materials can be enhanced 

additionally by tailoring their physical and chemical properties via the incorporation of second-

phase modifiers. These modifications in the material increment not only the adsorption centers 

at the surface, but also modify its band energy structure due to the formation of nanoscale 

interfaces such as Schottky-barrier-like junctions (metal–MOX) or heterojunctions (MOX–MOX, 

organo-functional molecule–MOX) [19] [20]. Therefore, in this research, special attention is 

devoted to two possible ways of tailoring the gas sensing properties of the material. The first 

focuses on tuning the surface morphology (shape, size, and dimensional control), whereas the 

second involves the functionalization (or surface modification) of MOX crystalline structures 

with second-phase constituents such as noble metals, another MOXs, or organo-functional 
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molecules, that, altogether, promotes synergistic effects at the surface and enhances the 

sensor’s sensitivity, selectivity, and/or operating temperature compared to traditional bulk gas-

sensitive films. The synthetic routes for these structured and modified materials make use of 

aerosol assisted chemical vapor deposition (AACVD) method due to its industrially attractive 

characteristics that include, among others, scalability, compatibility with microelectronic 

fabrication processes, atmospheric pressure operation, and rates of deposition with a higher 

order of magnitude than low-pressure processes.  

Objectives 

The main objective of this thesis was directed to develop and evaluate the performance of 

micro gas sensor devices based on structured MOXs that incorporate surface modification in the 

form of nanoscale interfaces that consist of a ‘host’ MOX and a ‘guest’ material (i.e., another 

MOX, metal nanoparticles (NPs), or organo-functional molecules). 

In this line, to achieve the main goal, the thesis pursued the following specific objectives and 

activities: 

1. Synthesis and surface modification of structured MOXs and analysis of their physical and 

chemical properties. 

The activities around this objective were focused on synthesizing gas-sensitive MOXs, e.g, 

WO3, ZnO, and Fe2O3, with structured morphologies, e.g., wires, rods, sheets, etc. via a vapor 

synthesis method based on AACVD. This objective also included the surface modification of the 

MOX structures using particles of other gas-sensitive MOXs (e.g. CeO2, CuO, Fe2O3), noble metals 

(e.g. Au), or organo-functional species (e.g. APTES) introduced via vapor or liquid phase routes. 

Moreover, as a part of this objective, the synthesized structures were characterized using 

techniques such as SEM, TEM, XRD, XPS, etc. 

2. Assembling of the gas microsensor devices.  

This objective involved the integration of the structures synthesized in Objective 1 over the 

active area of appropriate transducing platforms. To this is end, different methods were 

explored, including direct deposition of structures using shielding masks and immersion of 

structures into colloidal solutions. The assembled structures were characterized by SEM, XRD, 

and/or XPS to confirm the correct integration of materials. In this research, micro platforms 

based on resistive transducing principle were used. These platforms were fabricated in the Clean 

Room facilities of the IMB-CNM (CSIC) by other researchers of the institute and with the support 

of the technical staff.  

3. Test of the microsensor devices towards gases and VOCs 

As a part of this objective, the performance of the assembled devices was verified by 

monitoring the oxidizing and reducing gases recognized as the most relevant for further 

application in environmental monitoring and/or medical applications, amongst which are 

ethanol, acetone, toluene, hydrogen, ammonia, carbon monoxide, and/or nitrogen dioxide. The 

purpose of these activities was to establish the optimal working temperature for each sensor 

and its functional properties including sensitivity, selectivity, response/recovery time, and 

stability, amongst others.   
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Thesis structure 

The crucial topics of the thesis are described and discussed through the following structural 

sections: 

Chapter 1 is devoted to the state of the art of the structured MOX materials utilized in gas 

sensing as well as modified MOX materials with formed nanoscale interfaces between materials 

(heterojunctions, Schottky barriers, and inorganic/organic interfaces). This chapter covers 

characteristics of the material, material activation, synthesis methods, transducing technologies 

in the gas sensor devices, and the MOX-based sensor performances towards a variety of gases. 

Chapter 2 describes all the experimental techniques used during the research for the 

synthesis of MOX gas sensing materials, their complete characterization, and the techniques 

used for testing the developed gas sensor devices. 

Chapter 3 is divided into four sections. Section 3.1 further reviews state of the art in MOX 

gas-sensitive materials, with the focus on VOCs detection by non-modified and modified MOX-

based sensors. Sections 3.2, 3.3, and 3.4 present the novel results and contributions to the state 

of the art in the area of gas sensing, aerosol assisted chemical vapor deposited MOXs, and MOXs 

surface modified with second-phase materials. Achievements in the previously enumerated 

objectives are minutely described in these sections. The results are presented in the following 

journal articles: 

3.1. Gas-sensitive materials 

Journal Article 1 - VOCs sensing by metal oxides, conductive polymers, and carbon-based 

materials, Tomić, M., Šetka, M., Vojkůvka, L., Vallejos, S., Nanomaterials, 2021, 11(2), 552, doi: 

10.3390/nano11020552.  

3.2. Modification of tungsten oxide by nanoscale interfaces 

Journal Article 2 - Cerium oxide-tungsten oxide core-shell nanowire-based microsensors 

sensitive to acetone, Tomić, M., Šetka, M., Chmela, O., Gràcia, I., Figueras, E., Cané, C., Vallejos, 

S., Biosensors, 2018, 8(4), 116, doi: 10.3390/bios8040116. 

Journal Article 3 - UV-light activated APTES modified WO3-x nanowires sensitive to ethanol 

and nitrogen dioxide, Tomić, M., Fohlerova, Z., Gràcia, I., Figueras, E., Cané, C., Vallejos, S., 

Sensors and Actuators, B: Chemical, 2021, 328, 129046, doi: 10.1016/j.snb.2020.129046. 

Conference Paper 1 - Gas microsensors based on cerium oxide modified tungsten oxide 

nanowires, Tomić M., Grácia I., Salleras M., Figueras E., Cané C., Vallejos S., Spanish Conference 

on Electron Devices (CDE), Salamanca, Spain, 2018,  doi: 10.1109/CDE.2018.8597067. 

3.3. Modification of zinc oxide by nanoscale interfaces 

Journal Article 4 - ZnO structures with surface nanoscale interfaces formed by Au, Fe2O3, or 

Cu2O modifier nanoparticles: characterization and gas sensing properties, Tomić, M., Claros, M., 

Gràcia, I., Figueras, E., Cané, C., Vallejos, S., Sensors, 2021, 21, 4509, doi: 10.3390/s21134509. 

Conference Paper 2 - ZnO nanorods and their modification with Au nanoparticles for UV-

light activated gas sensing, Tomić, M., Gràcia, I., Figueras, E., Cané, C., Vallejos, S., Spanish 
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Conference on Electron Devices (CDE), Sevilla, Spain, 2021, doi: 

0.1109/CDE52135.2021.9455726. 

3.4. Modification of iron oxide by nanoscale interfaces 

Journal Article 5 - Aerosol assisted chemical vapor deposition of gas sensitive Fe2O3 and Au-

modified Fe2O3 structures, Tomić, M., Gràcia, I., Figueras, E., Cané, C., Vallejos, S.  – To be 

submitted 

Chapter 4 summarizes and compares the sensing properties of all the synthesized materials 

and sensors in this thesis. In this chapter are listed the general conclusions of this research. 

Appendix A includes the gas sensing results of other modified MOX-based sensors obtained 

in collaboration with an internship student (B. Bendahmane) from the Electronic Department of 

Science and Technology Faculty, Frères Mentouri University, Constantine, Algeria. These results 

are published in the following article: 

Journal Article 1 - Influence of Mg doping levels on the sensing properties of SnO2 films, 

Bendahmane B., Tomić M., Touidjen N. H., Gràcia I., Vallejos S., Mansour F., Sensors, 2020, 20, 

2158, doi: 10.3390/s20072158. 

Appendix B includes results on the application of electrochemically synthesized ferrate(VI) 

salts in the treatment of pesticide-contaminated water. This article was published during the 

thesis, although the results were obtained in the Research and Development Center, IHIS 

Techno-Experts, Belgrade, Serbia before enrolling to the doctoral program at UAB: 

Journal Article 2 - Encapsulation of micro-sized barium ferrate(VI) and its effectiveness in 

removing clomazone pesticide from water, Nikolić Bujanović, Lj., Čekerevac, M., Simičić, M., 

Tomić, M., Journal of Materials Science, 2020, 55(17), 7295, doi: 10.1007/s10853-020-04519-4.  

Appendix C includes the contribution to the investigation of other researchers from the 

group on the development of MOX nanostructures and their application in gas sensing. These 

results are presented at the following conferences: 

Conference Paper 1 - Integration of one-dimensional gas-sensitive nanostructures grown via 

chemical vapour deposition into microdevices, Vallejos S., Tomić M., Gràcia I., Figueras E., 

Chmela O., Hubalek J., Domènech G., Prades D., Romano-Rodriguez A., Barth S., Cané C., Smart 

Systems Integration 2018 - International Conference and Exhibition on Integration Issues of 

Miniaturized Systems, Dresden, Germany, 2018, ISBN: 978-395735082-4. 

Conference Paper 2 - Room temperature ethanol microsensors based on silanized tungsten 

oxide nanowires, Vallejos S., Fohlerová Z., Tomić M., Gràcia I., Figueras E., Cané C., International 

conference Eurosensors, Graz, Austria, 2018, doi: 10.3390/proceedings2130790 

 



 

Chapter 1 

Literature review 

Chemical gas sensors are devices that transform chemical information into an analytically 

useful signal (e.g., electrical, optical, piezoelectric. etc.), which can be measured and quantified 

directly or indirectly. They consist of two main components:  

 Receptor - chemical recognition element (i.e., gas-sensitive material) that receive the 

information from the environment, and 

 Transducer - recognition system that translates that chemical information (produced 

between the analyte and recognition element) into a physical output signal.  

Additionally, a heater can be integrated into a gas sensor to activate the gas-sensitive layer. 

However, this component is not necessary if the receptor operates at room temperature or is 

photoactivated, which will be explained later in this chapter. A schematic illustration of the main 

gas sensor’s components is presented in Figure 1.1. 

 

Figure 1.1. Schematic representation of a thermoactivated gas sensor (cross-section). 

Therefore, this chapter reviews the advancements in the development of individual sensor’s 

elements (gas-sensitive materials, their synthesis and possible activation, and transducing 

platforms) which improvement ensures overall amelioration of a gas sensor. 

1.1. Gas-sensitive materials 

The gas sensing material is one of the main components that directly influences the whole 

performance of the sensor device. Therefore, a gas-sensitive material should fulfill certain 

requirements related to its sensitivity, selectivity, stability, and speed of response; features 

known as the four “S”s of gas sensing. Moreover, the material is expected to interact reversibly 

and reproducibly with the specific analytes of interest showing strong stability in harsh 

conditions such as high temperature and/or high relative ambient humidity. From the 

economical point of view, the sensitive material should also be widely available, simply and 

inexpensively synthesized, compatible, and easily implemented with specific transducing 

platforms. These requirements could be accomplished by choosing materials with 
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semiconducting properties such as metal oxides (MOXs), polymers (POMs), and carbon-based 

materials (CbMs). Amongst them, MOXs are the primarily used materials in gas sensors since 

they have outstanding physical and chemical properties, use low cost and simple synthesis 

methods, and have the ability to detect different gases including flammable and toxic gases.  

Nanoscale MOX materials and in particular nanostructures (with sizes within the Debye 

length of the surface, typically between 2–100 nm) are attractive in gas sensors. This is because 

nanostructures have proved to enhance the functionality of gas sensors, not only due to their 

higher surface-area-to-volume ratio, as opposed to bulk materials, but also due to the presence 

of specific crystal facets that provide a particular electronic structure to the surface.  

Due to the electrostatic interactions between the positive metallic and negative oxygen ions, 

MOXs have firm and solid ionic bonds. Especially interesting are transition metal oxides, in which 

the s-shells are completely filled, ensuring good thermal and chemical stability of MOX while d-

shells may not be completely filled, giving them a variety of unique properties that make them 

potentially of great use in electronic devices. These unique properties include wide band gaps, 

high dielectric constants, reactive electronic transitions, optical, and electrochromic 

characteristics, as well as gas sensing properties [21]. 

The statistics of the number of published articles available in the Scopus database (Figure 

1.1) show that most studied MOXs are those with n-type conductivity (79.2 %), while p-type 

MOXs for gas sensors application are present in only 16.9 % of studies. A small percentage of 

articles (3.9 %) is devoted to MOXs that can have both, n- and p-type semiconducting behavior, 

for instance Fe2O3, as the most representative case in the literature. From total number of n-

type MOXs in the literature, the most investigated are ZnO (32.3 %), SnO2 (32.3%), TiO2 (12.5 %), 

WO3 (10.6 %), and In2O3 (6.6 %). The studied n-type MOXs also include Mo2O3 (2.1 %), V2O5 (1.4 

%), Ga2O3 (1.1 %), Nb2O5 (0.6 %), and Ta2O5 (0.4 %). On the other side, from the total number of 

p-type MOXs, researchers paid the most attention to CuO (30.0 %), NiO (24.8 %), Co3O4 (11.8 

%), CeO2 (9.5 %), Cu2O (5.2 %), Cr2O3 (4.2 %), Y2O3 (3.6 %), Bi2O3 (3.0 %), La2O3 (2.9 %), TeO2 (1.5 

%), Ag2O (1.3 %), Mn3O4 (1.2 %), and Sb2O3 (1.1 %). It is important to note that even the most 

investigated p-type MOX, i.e., CuO, represents only around 5 % of the total number of studied 

MOXs (both, n- and p-type). 
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Figure 1.1. Number of articles involving different types of the metal oxide based gas sensor reported in 
the literature (Scopus database from 1978 – 2021). The data were collected using the name of metal 

oxide (e.g. “ZnO”) + “gas sensor” as keywords. 

MOXs with wide band gaps (e.g., between 2 and 4 eV) and low activation energy of the 

centers are generally an optimal combination for chemoresistive sensors [22]. This combination 

is found for instance in ZnO, SnO2, or WO3; therefore their extended use in gas sensing and the 

interest in this thesis of using these MOXs as models for structuration via AACVD as well as for 

the evaluation of gas sensing performance after their surface modification with second-phase 

materials. The main physical, chemical, and gas sensing properties of the ‘host’ MOXs employed 

in this thesis are summarized below.   

ZnO, for instance, is an n-type semiconductor with a direct band gap of 3.37 eV [23] which 

has shown large surface-to-volume ratio morphologies that improved sensitivity and response 

speed with respect to other morphologies with bulky characteristics. The wide use of ZnO in the 

literature is probably related to its relatively facile synthesis processes and high chemical 

stability [24]. It has shown outstanding results in the detection of methanol [25], ethanol [26], 

formaldehyde [27], acetaldehyde [28], nitrogen dioxide [29], hydrogen [30], and carbon 

monoxide [31]. WO3 is also an n-type semiconductor with a band gap of 2.6 – 3.7 eV [32]. WO3 

is explored in the literature due to its sensitivity to gases such as acetone [33], methanol [33], 

toluene [34], hydrogen [35], carbon monoxide [36], and nitrogen dioxide [37]. The use of this 

material in the group of Gas Sensors at IMB-CNM (CSIC) has been exploited intensively in recent 

years due to its feasibility to form 1D structures via AACVD [34] [38]. So that the interest in 

exploring further the performance of WO3 as ‘host’ MOX in this thesis. The thesis also devotes 

special attention to the development of Fe2O3 as a ‘host’ material, since it is low-cost, non-toxic, 

stable, resistive to corrosion, and earth-abundant transition metal oxide [39]. Previous research 

in the group of Gas Sensors at IMB-CNM (CSIC), proved this material is a good modifier for WO3 

[34], and therefore, this thesis investigates its properties as a ‘host’ MOX, rather than only a 

modifier. The literature shows that Fe2O3 can be sensitive to gases such as methanol [40], 

ethanol [41] [42], butanol [43], acetone [44] [45], hydrogen sulphide [46] [47], hydrogen [42], 

nitrogen dioxide [48] [49], and carbon monoxide [21] [50].  
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Table 1.1 summarizes some of the literature reports on ZnO, WO3, and Fe2O3 their 

characteristics, and gas sensing performances.  

Table 1.1. Material characteristic and sensing properties of pristine ZnO, WO3, and Fe2O3. 

 

 

Material Morphology Size, nm Gas c, ppm T, °C R¤ tR, s tr, s Ref. 

ZnO 

NPls 3.9 S Methanol 50 360 4.8 N/A N/A [51] 

NPs com 10–100 Ø 

Ethanol 

100 N/A 2.6 16 100 [26] 

NShs 1000 T 100 N/A 8.5 10 80 [26] 

NTPs (NRds) 50 Ø 1000 L 500 340 57 50 70 [52] 

NPls 19 T 100 380 8.9 32 17 [53] 

HSps 300-350 Ø 30-40 s-T Acetone 320 270 7 79 108 [54] 

NPs N/A 
Acetaldehyde 

0.05 220 2 N/A N/A [28] 

NRgs N/A 0.05 220 1.1 N/A N/A [28] 

NWs 50-80 Ø Benzene 50 80 1 N/A N/A [55] 

NWs 50-80 Ø Toluene 50 80 1 N/A N/A [55] 

NWs 50-60 Ø  H2S 20 150 1.15 180 60 [56] 

pNTs 30 T H2 5000 200 7.57 50 180 [57] 

NPs 18-40 S 
NO2 

100 150 6.9 ~20 ~285 [58] 

NRds 43.9 S 1 200 1.41 48 180 [59] 

NPs 53 S 

CO 
80 250 3.8 21 70 [60] 

NWs 50-80 Ø 50 80 1.1 N/A N/A [55] 

WO3 

NPls 50–80 T Methanol 300 300 33 14 13 [61] 

NShs 100 T 

Ethanol 

100 300 4.8 34 36 [62] 

NPls 50–80 T 200 300 70 7 10 [61] 

NPs com N/A 500 200 2.9 N/A N/A [63] 

NPls 50–80 T Butanol 2 300 31 16 9 [61] 

NPls 100 L 40 T 

Acetone 

400 300 15.8 7 23 [64] 

NPls 50 Ø 5 T 500 200 38.7 3 6 [63] 

NPs com N/A 500 200 5 N/A N/A [63] 

NNs 50-100 Ø 10000 L 
Toluene 

100 220 2.5 400 170 [34] 

MFls (NPls) 
2000-3000 Ø-MFls 

50–300 W-NPls 26 T-NPls 
100 320 16.7 2 21 [65] 

HTs 58.6 t-w T 32.2 s-w T H2S 2 300 6.7 120 300 [66] 

NPs com N/A H2 5000 RT 1.1 79 8 [67] 

PF 85 T  
NO2 

16 ppb 150 1.3 200 N/A [68] 

NPls 50.2 S 100 100 131.7 N/A N/A [69] 

CFL (NRds) 450-600 Ø-CFL 30–95 S-NRds CO 20 270 12.9 9-15 5-9 [70] 

Fe2O3 

ML (NPs) 58 S-NPs Methanol 30 RT 11 20 50 [40] 

NPs 25 S 

Ethanol 

100 200 16.7 189 46 [41] 

Ts 60000 L 50 RT 27 N/A N/A [42] 

NPs 200 S 50 RT 7 N/A N/A [42] 

L 9-12 W 6000 L Butanol 100 260 8.3 34 21 [43] 

NPs 3 S 
Acetone 

100 340 9.1 N/A N/A [44] 

NPs 8-20 S 1 250 1.9 N/A N/A [45] 

NFs 50-100 Ø 
H2S 

1 250 6.1 40 300 [46] 

NEs 275 l-a Ø 125 s-a Ø 50 260 8 0.8 2.2 [47] 

Ts 60000 L 
H2 

50 RT 2.3 N/A N/A [42] 

NPs 200 S 50 RT 0.7 N/A N/A [42] 

NPs 50 S 
NO2 

5 200 3.4 10 180 [48] 

NPs 50-60 S 200 200 1.2 12 188 [49] 

NPs 40 S 
CO 

100 300 22.5 4 160 [21] 

NPs 10-20 Ø 100 350 2.3 N/A N/A [50] 
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NPls: nanoplates, NPs: nanoparticles, com: commercial powder, NShs: nanosheets, NTPs: nanotetrapods, NRds: 

nanorods, HSps: hollow spheres, MSps: microspheres, NRgs: nanorings, NWs: nanowires, pNTs: porous nanotubes, 

NFs: nanofibers, NEs: nanoelipsoids, L: leaf-like, MFls: microflowers, PF: porous film, HTs: hemitubes, CFL: cauliflower-

like, ML: monolayer, Ts: tubes, CS: crystal size, N/A: data not available, Ø: diameter, T: thickness, L: length, s-T: shell 

thickness, t-w T: top wall thickness, s-w T: side wall thickness, S: size, l-a Ø: long-axis diameter, s-a Ø: short-axis diameter, W: 

width, RT: room temperature, c: concentration, T: operating temperature, R: response, tR: response time, and tr: 

recovery time. 

¤ Sensor responses are given (or recalculated, if needed) in accordance with the formula Ra/Rg (reducing gases) or 

Rg/Ra (oxidizing gases). Since some values are extracted from graphical data, some negligible inaccuracy is possible. 

1.1.1. Tuning the surface morphology 

Some examples of tuning the surface morphology approach are given in Table 1.1. In this 

context, various materials with morphological shapes in the nanometric scale with increased 

surface-to-volume ratio have proven to be more effective for gas detection [17] [18]. Generally, 

the surface properties of these peculiar morphologies, including crystalline and structural 

properties, have been shown to determine the sensing activity of these materials. More 

precisely, the density of states at the surface has been revealed to play an important role in the 

sensing mechanism of gases dominated by the space-charge-controlled grain-boundary 

conduction model, in which the grain sizes, surface chemical states, and gas adsorption amount 

determine the overall performance of the sensors [71]. For instance, comparative studies of 

sensors based on complex structures with flower-like hierarchical porous single-crystalline ZnO 

nanosheets and commercial ZnO powder demonstrated for the former three-times better 

responses to ethanol with nearly 40% faster response [26].  Another study, focused on 

controlling the features of various ZnO nanostructures [28], demonstrated enhanced sensitivity 

to acetaldehyde in the sub-ppm range (50 ppb) when tuning the ZnO morphology into nanorings 

instead of nanoparticles, nanorods, or nanotubes. 

Most of the works involving pristine MOXs in the literature have found correlations between 

the sensor’s performance and morphology, microstructure, and size of gas-sensitive materials 

[72]–[77]. Therefore, the sensor’s performances have shown to improve by:  

 Tuning the surface morphology: shape, size, and dimensional control to obtain 0D (e.g., 

nanoparticles and quantum dots), 1D (e.g., nanofibers, nanotubes, and nanowires), 2D 

(e.g., thin films, nanosheets, and nanoplates), and 3D (e.g., porous films and 

nanoflowers, which consist of 2D nanosheets) materials. 

Additionally improvements in the sensor’s performances could also be achieved by:  

 Modifying or functionalizing the pristine material: control of type and level of 

intentional impurities (doping, formation of Schottky barriers, heterojunctions, and/or 

inorganic/organic hybrid structures). 

1.1.2. Modification or functionalization of the pristine 

material 

The effects of the second approach (i.e., modifying or functionalizing the pristine material) 

are demonstrated in Table 1.2, where the performances of the non-modified and modified 

sensors are compared. The modification or functionalization process, which consists of the 

incorporation of intentional “impurities” at/in the material surface/structure, includes: 
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 Decorated materials, when incorporating a low amount of noble metal, another MOX 

(with sizes less than 10 nm), or organic compound at the surface. These are represented 

by an “@” sign in between the ‘guest’ and ‘host’ material, e.g., Au@WO3.  

 Simple mixtures, when mixing two or more gas-sensitive materials randomly. These are 

represented by a hyphen “-“ sign in between the constituents, e.g., ZnO-CuO. 

 Bilayers and trilayers, when there is a well-defined partition or interface between the 

two or three gas-sensitive materials. These are represented by a slash “/” sign in 

between the constituents, e.g., CuO/SnO2. 

 Doped materials, when incorporating ‘guest’ atoms into the material structure, e.g., Ce-

doped SnO2. 

The enhanced sensing performance of these functionalized materials has been attributed to 

electronic effects (band bending due to Fermi level equilibration, charge carrier separation, 

tuning of the depletion layer, and increased interfacial potential barrier energy) and/or chemical 

effects (decrease in activation energy, targeted catalytic activity, and synergistic surface 

reactions). Results in the literature [73] [78] show that functionalized materials improve further 

the sensitivity, response time, working temperature, and/or selectivity to some extent by 

reducing the cross-responses to different gaseous molecules.  

Table 1.2 demonstrates that the decoration of popular gas-sensitive MOXs (SnO2, ZnO, WO3) 

with noble metals (e.g., Au, Ag, Pt, Pd), secondary oxides (ZnO, CeO2, TiO2, CuO, Fe2O3, PdO), or 

organo-functional molecule (APTES) is a generalized method for improving the sensing 

performance of MOX-based sensors. For instance, research on the load variations of Au at ZnO 

revealed the dependence of the response on Au concentration.  Results showed that Au-loaded 

ZnO has better responses to various VOCs, including diethylether, acetone, chlorobenzene, 

trichloroethylene, isoprene, ethylacetate, butylacetate, formaldehyde, and hexaldehyde. The 

3 at.% Au@ZnO systems improved the response to isoprene, while the 5 at.% Au@ZnO to 

methanol [51]. Similarly, investigations on Ce- and Mg-doped SnO2 found better sensing 

performance to formaldehyde, methanol, ethanol, and acetone for 2% Ce-doped SnO2 and 

ethanol, toluene, and acetone for 1 at.% Mg-doped SnO2 as compared to non-modified SnO2 

[79]. Further, the decoration of TiO2 nanorods with 12 at.% of Pd showed enhanced responses 

to isopropanol as well as a clear improvement to hydrogen, which registers 35 times better 

response for the Pd@TiO2 systems than for the non-modified TiO2 nanorods [80]. Besides 

improved responses, sensors usually have also shorter response and recovery times. This can be 

noticed for Au@SnO2 sensors with the response time to NO2 of 35 s, compared to 470 s recorded 

for non-modified sensors [81]. Also, for Pt@WO3 sensors to toluene, which have 4 and 5.7 times 

faster response and recovery times, respectively, than WO3 sensors [34]. 

The functionalization of MOXs with secondary MOXs, instead of noble metals, also revealed 

further advantages. For instance, the sensing properties of WO3 nanowires decorated with Fe2O3 

nanoparticles to toluene proved to be comparable to Pt@WO3 nanowires, indicating that the 

use of expensive precious metals for MOXs functionalization could be circumvented [33] [34]. 

Other examples of secondary MOXs include CuO, which was employed to improve the sensing 

properties of ZnO to acetone [82] and SnO2 to xylene [83]. This type of modified system (i.e., 

MOX/MOX) also showed advantages in cataluminescence (CTL) gas/vapor sensors. Thus, 

TiO2/SnO2 exhibited better CTL properties including stable intensity, high signal/noise values, 

short response, and better sensitivity to benzene and toluene compared to intrinsic SnO2 [84]. 
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Remarkable results were reported for 2.25 at% CuO addition to pure WO3 sensor, which 

achieved more than 25 times higher response to H2S compared to non-modified WO3 sensor 

[85]. The importance of molar ratio between two MOXs was also studied. Thus, ZnO/WO3 sensor 

response to CO was 38 for ZnO:WO3 molar ratio 6:4, and only 2 for molar ratios 2:8 and 8:2 [86]. 

Functionalization of MOXs with organo-functional molecules, more precisely with APTES, is 

another alternative already shown in the literature [20] [87], although is less extended 

compared to noble metal or MOX decoration. Despite less investigated, it has shown the 

potential to activate the MOX gas sensitivity and selectivity, as the organo-functional modifier 

can interact with the gaseous species and influence the electrical properties of the MOX 

‘support’. Thus, for instance, APTES@P-WO3 operating at 340 °C [20] demonstrates its 

competitiveness with metal or MOX modified materials, showing the sensor’s performances in 

the same order of magnitude as M@MOX or MOX@MOX sensors as well as more than 5 times 

higher response to NO2 compared to the pure P-WO3.  

Table 1.2. Sensing properties of modified and non-modified gas-sensitive materials. 
Material Loading Gas c, ppm T, °C R¤ tR, s tr, s Ref. 

Au@ZnO Au 3 at.% 
Isoprene 50 360 

31 N/A N/A 
[51]  

ZnO Au 0 at.% 25 N/A N/A 

Au@ZnO Au 5 at.% 
Methanol 50 360 

21 4 3 
[51] 

ZnO Au 0 at.% 4.8 N/A N/A 

Ag@ZnO Ag 1 at.% 
Formaldehyde 100 240 

170.4 12 90 
[88] 

ZnO Ag 0 at.% 6 46 102 

Pd@ZnO N/A 
CO 100 220 

15 100 255 
[89] 

ZnO N/A 1.4 350 425 

Pd@ZnO N/A 

Benzene 50 80 

2.2 N/A N/A 

[55] Pt@ZnO N/A 1.0 N/A N/A 

ZnO N/A 1.0 N/A N/A 

Pd@ZnO N/A 

Toluene 50 80 

1.0 N/A N/A 

[55] Pt@ZnO N/A 2.7 N/A N/A 

ZnO N/A 1.1 N/A N/A 

SnO2–ZnO ZnO m.r. 0.1 

H2 10 300 

168.6 187 592 

[90] SnO2 ZnO m.r. 0 4.2 N/A N/A 

ZnO SnO2 m.r. 0  63.8 N/A N/A 

Ce-doped SnO2 Ce 2 at.%  
Formaldehyde 500 320 

10 8 4 
[79] 

SnO2 Ce 0 at.% 28 10 5 

Mg-doped SnO2 Mg 1 at.% 
Ethanol 80 160 

14 143 N/A 
[91] 

SnO2 Mg 0 at.% 1 N/A N/A 

Pd@TiO2 Pd 12 at.%  
Isopropanol 5000 200 

4.4 N/A N/A 
[80] 

TiO2 Pd 0 at.%  1.6 N/A N/A 

Pd/M-WO3 Pd 1 wt.% 
H2 5000 RT 

11.8 80 10 
[67] 

M-WO3 Pd 0 wt.% 2.9 64 15 

Fe2O3@WO3 Fe 3.9 at.% 

Toluene 100 220 

8 150 15 

[34] Pt@WO3 Pt 3.7 at.% 7.8 100 30 

WO3 Fe & Pt 0 at.% 2.5 400 170 

Au@WO3 Au 0.01 wt.% 
H2S 2 300 

7.5 45 25 
[92] 

WO3 Au 0 wt.% 4.8 48 28 

Pt@WO3 N/A 
Acetone 2 300 

3.4 N/A N/A 
[92] 

WO3 N/A 1.2 N/A N/A 

Pt@WO3 N/A 
Toluene 2 300 

1.7 N/A N/A 
[92] 

WO3 N/A 1.0 N/A N/A 

Pt/Fe2O3 Pt 1 wt.% 
Acetone 1 250 

2.9 N/A N/A 
[45] 

Fe2O3 Pt 0 at.% 1.9 N/A N/A 

Au/Fe2O3 N/A 
NO2 5 100 

8.5 60 450 
[93] 

Fe2O3 N/A 1.3 N/A N/A 

Au@SnO2 N/A 
NO2 30 300 

4 35 N/A 
[81] 

SnO2 N/A 1.4 470 N/A 

CuO/SnO2 Cu 3 mol%  Xylene 50 280 10 N/A N/A [83] 



CHAPTER 1. LITERATURE REVIEW 

 

12 
 

SnO2 Cu 0 mol%  2.5 N/A N/A 

PdO-SnO2 Pd 0.1 mol%  
CO 200 300 

320 
N/A N/A [94] 

SnO2 Pd 0 mol%  40 

ZnO-CuO 
Cu 65 at.% 

Zn 35 at.% 
Acetone 10 300 1.2 22 26 [82] 

ZnO/WO3 m.r. 6:4 

CO 200 RT 

38 48 62 

[86] ZnO/WO3 m.r. 2:8 2 63 71 

ZnO/WO3 m.r. 8:2 2 67 72 

CuO/WO3 Cu 2.25 at.% 
H2S 10 300 

534 5 1440 
[85] 

WO3 Cu 0 at.% 21 7 1860 

TiO2/SnO2 N/A 
Benzene 100 220 

13,000 * N/A N/A 
[84] 

SnO2 N/A 5000 * N/A N/A 

APTES@P-WO3 APTES 2 mol% 
NO2 1 340 

45 30 31 
[20] 

P-WO3 APTES 0 mol% 8.8 37 35 

M: mesoporous, P: porous, m.r.: molar ratio, N/A: data not available, v.: volume, * CTL sensors: the 
response represents the relative CTL intensity, RT: room temperature, c: concentration, T: operating 
temperature, R: response, tR: response time, and tr: recovery time. 

¤ Sensor responses are given (or recalculated, if needed) in accordance with the formula Ra/Rg (reducing 
gases) or Rg/Ra (oxidizing gases). Since some values are extracted from graphical data, some negligible 
inaccuracy is possible. 

The literature survey demonstrates the significance of formation of surface nanoscale interfaces 

through the modification of MOXs with noble metals or other MOXs. However, it does not 

discuss in detail the influence of certain parameters such as the type of conductivity of the 

modifier MOXs or the utility of these modified structures in photoactivation mode. The vast 

number of studies on functionalized MOXs use synthesis methods that are not scalable or fully 

compatible with micro- and nano-fabrication processes. In that context, this research has a 

complete strategy that aims at fulfilling part of the missing information in the field of 

functionalized structured MOX gas-sensitive materials, their synthesis, integration, and 

performance both in thermoactivated and photoactivated mode.  

1.2. Photoactivated vs. thermoactivated gas 

sensors 

Typically, MOXs are chemically poorly responsive to gaseous species at room temperature 

(RT) since they are passivated by the adsorption of oxygen molecules from the atmosphere. 

Therefore, two strategies are generally employed to activate MOXs – thermoactivation using 

temperatures in the range of 200−500 °C [95] or photoactivation using light irradiation usually 

in the ultraviolet (UV) range. In general, the major drawback of using thermoactivation lies in 

the heaters' power consumption and its loss of reliability with the time [96]. The high 

temperatures needed for MOX activation may also limit its applicability in explosive and 

flammable environments, and bring poisoning issues [97] [98]. Traditional gas sensors use 

thermoactivation, therefore the reports in the literature make usually reference to results 

obtained in thermoactivated mode, as can be noticed in Table 1.1 and Table 1.2. However, in 

recent years, photoactivation of gas-sensitive materials for RT operation [99] has been used as 

an alternative to thermoactivation to circumvent these drawbacks, particularly the high power 

consuming resistive heaters, considering that the on-chip integration of light emitter 

components with low power consumption (tens of μW or less) in gas sensing microsystems is 

progressively being implemented [97]. Hence, there is an increasing number of articles in the 

literature (some of them are given in Table 1.3) that demonstrate the possibility of detecting 

various gases using photoactivated gas sensors. Moreover, it can be noticed that the responses 

of the sensors to the similar concentrations of the gases are comparable with the responses of 
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thermoactivated sensors presented in Table 1.1 and Table 1.2. Therefore, in this research, both 

approaches are used, thermoactivation and photoactivation. 

As a way of photoactivation, light sources, such as LEDs (light-emitting diodes), xenon, or 

mercury lamps were used to provide sufficient energy for charge carrier promotion and by 

increasing their irradiance, the sensor performance to target gases can be improved to some 

extent [100]. UV-light is preferred for photoactivated gas-sensitive MOXs due to their wide band 

gaps. However, the intrinsic drawbacks of energy consumption and high cost hinder currently 

the wide application of typical UV-light sources in gas sensors. In that context, visible light can 

be a good substitution, although not always applicable for wide band gap MOXs. Modifying 

MOXs with nanoscale interfaces, particularly heterojunctions, may also bring a solution to this 

issue by introducing localized band gap changes in the MOX that potentially shift its operation 

into the visible region of the light.  

Table 1.3. Photoactivated gas sensing responses of MOX-based gas sensors. 

Material Gas c, ppm T, °C 
Irradiation Parameters 

R¤ Ref. 
Light λ, nm Eλ, mW·cm−2 

ZnO Formaldehyde 100 RT LED 365 N/A 12.6 [101] 

ZnO H2S 25 RT LED 354 1.22 3.5 [102] 

ZnO Ethanol 60 RT 
Mercury 

lamp 
365 N/A 1.7 [103] 

ZnO Ethanol 100 RT LED array 365 3.6 1.1 [104] 

SnO2 Acetone 54 RT 
Mercury 

lamp  
>200 20 1.8 [105] 

TiO2 NO2 100 RT LED 365 N/A 2.3 [106] 

In2O3 NO2 1 RT LED 400 N/A 60 [107] 

In2O3 NO2 8 RT LED 380 5 180 [108] 

In2O3 NO2 0.5 RT LED  325 400 μW 1.8 [109] 

In2O3 NO2 2 RT LED 365 1.2 3.6 [110] 

Au@ZnO Ethanol 100 RT Xe 365 1.2 2.0 [111] 

Au@ZnO NO2 5 RT Xe 365 1.2 4.5 [111] 

Pt@ZnO NO2 5 RT LED 365 25 5.4 [98] 

Pd@SnO2 Ethanol 100 RT N/A 365 480 10.2 [112] 

ZnO/Pd NO2 
100 
ppb 

RT Xe 475 0.8 2.6 [113] 

Au/WO3 NO2 10 RT LED   400 15 2.2 [114] 

C-doped ZnO Ethanol 400 RT N/A 370 0.5 ~6 [115] 

ZnO/In2O3 NO2 5 RT LED 365 25 3.2 [116] 

ZnO/SnO2 Formaldehyde 100 RT LED 365 N/A ~8 [117] 

SnO2/ZnO NO2 5 RT N/A 365 1.2 6.2 [118] 

Bi2O3/ZnO NO2 5 RT N/A 254 1.2 6.7 [119] 

TiO2/SnO2 Formaldehyde 0.6 RT LED 365 10 ~5 [120] 
T – Temperature; λ – wavelength; N/A – not available; Eλ – irradiance; c – concentration; R – response. 

¤ Sensor responses are given (or recalculated, if needed) in accordance with the formula Ra/Rg (reducing gases) or 

Rg/Ra (oxidizing gases). Since some values are extracted from graphical data, some negligible inaccuracy is possible. 

1.3. Synthesis methods 

The integration of MOX material over the transducing platforms and material synthesis 

methods is an essential phase for sensors’ scalability and large production. This integration can 

mostly be achieved by direct or transfer methods [121] [122] as demonstrated in Table 1.4. The 

first (direct methods) involve the selective deposition of the material over the transducing 
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platform. Direct methods can reduce the processing time and steps of the whole sensor 

assembling process, particularly when using bottom-up approaches (i.e., synthesis of materials 

through assembling of atoms derived from chemical precursors) rather than top-down 

approaches (i.e., based on carving, slicing, or etching a macroscale material source). The second 

(transfer method) relies on the use of pre-synthesized materials and their dry or wet transfer 

(re-deposition) over the transducing platform. Transfer methods can facilitate a broad choice of 

materials and modifications and can be especially useful when integrating aligned single 1D 

structures into a transducing platform, although one must be aware of the surface 

contamination issues which entail most of the transfer procedures [122].  

Table 1.4. Summary of the most common synthesis and integration methods of MOX materials for gas 
sensing 

Synthesis Method 
Typical Integration 

Method 
Reference 

W
e

t 
C

h
e

m
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e
si

s 

(W
C

S)
 

Hydrothermal Process 
Transfer 

Direct 
[17] [18] [25] [67] [79] [80] 
[84] [123]–[128] 

Precipitation   Transfer [45] [67] [94] [129] [130]  

Sol-Gel Method Transfer [131]–[134] 

Sonochemical Process  Transfer [27] [28] 

Microwave-Assisted Approach  Transfer [83] [135] 

One-Pot Wet-Chemical Method  Transfer [26] 

Photodeposition  Transfer [51] 

Calcination of Precursors  Transfer [136] 

Chemical Vapor Deposition (CVD)  
Direct 

Transfer 
[33] [34] [55] [81] [93] 

Sputtering Direct [85] [137]  

Electrochemical Deposition  Direct [138] 

 

Table 1.4 summarizes the most commonly used MOX synthesis methods reported in the 

literature and the typical integration of MOX material into the transducing platform. Most of the 

synthesis methods belong to wet chemical synthesis (WCS) methods which include 

hydrothermal process  [17] [18] [25] [67] [79] [80] [84] [123]–[128], precipitation method [45] 

[67] [94] [129] [130], and sol-gel method [131]–[134] as most frequently used as well as 

sonochemical process [27] [28], microwave-assisted approach [83] [135], one-pot wet-chemical 

method [26], photodeposition [51], and calcination of precursors [136]. As it can be noticed from 

the table, transfer methods are by far the most used approaches in the literature for integrating 

the materials synthesized by WCS into the transducing platforms. Transfer methods are 

generally based on the formation of pastes or suspended solutions using common solvents (e.g., 

ethanol, terpineol) for their subsequent printing or drop coating.  

Besides WCS, other popular synthesis methods are chemical vapor deposition (CVD) [33] 

[34] [55] [81] [93], sputtering [85] [137], and electrochemical deposition [138]. The preferable 

integration methods for these techniques are either direct methods (sputtering and 

electrochemical deposition) or both, transfer and direct (CVD). Direct methods allow for the 

selective integration of films and structures by implementing masks or patterns on desired 

locations. Even though these techniques are not exempt from introducing residual impurities 

during material processing, the in-situ integration approach with no further manipulation or 

extra steps diminishes considerably the contamination of the material surface.  

Although traditional CVD methods are the most commonly used methods for direct 

integration of the sensing material they have several disadvantages such as high deposition 
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temperature (above 800 ºC), need of catalyst seeds for material growth, need of volatile 

precursors which results in a narrowed choice of precursors, and often pressure below the 

atmospheric [139] [140]. To overcome these obstacles in this research is used a CVD variation – 

aerosol assisted chemical vapor deposition (AACVD), which operates at lower temperatures and 

atmospheric pressure. In AACVD, precursors need to be only soluble but not necessarily volatile, 

and the material can grow without catalyst seeds. The last is especially important for structured 

materials since previously, the growth of the structures was possible only with the support of 

catalyst seeds and at higher temperatures. For example, the AACVD of ZnO structures in the 

form of rods was achieved only at temperatures exceeding 550 °C by using pregrown TiO2 

catalyst seeds [141]. However, recently, the researchers from the Gas Sensors group at IMB-

CNM (CSIC) demonstrated the AACVD of ZnO rods at 400 °C without using catalyst seeds by 

adjusting the solvents and concentrations of the precursor solution [142]. These findings were 

used as a base in this thesis for tuning the deposition of other MOXs, particularly CeO2, Cu2O, 

and Fe2O3. 

1.4. Transducing platforms 

Enabling the usage of gas-sensitive materials in advanced applications demands their 

coupling with appropriate transducing platforms, which allow measuring the electrical or optical 

changes induced by the physicochemical phenomena experienced in the material during the 

target gas-sensitive material interactions. These platforms can be based on different working 

principles: mass-sensitive (e.g., resonating cantilevers), thermal (e.g., pellistors, thermoelectric, 

or Seebeck-effect-based sensors), optical (e.g., phosphorescence/fluorescence or 

chemiluminescence sensors), or electrochemical (e.g., conductometric, amperometric, and 

potentiometric sensors) [143]. Among these different transducing approaches, resistive-based 

gas sensors (chemosensors), used in this thesis, are the most popular due to their simple 

operation principle, small size, and low cost [144].  

Back in the past, most of the technologies for gas sensing transducing platforms relied on 

thick film technology, particularly using silica or alumina substrates. Currently, however, the 

transducing platforms exploit micro/nano fabrication technologies (usually based on silicon as 

substrate), which makes it possible for their incorporation into integrated circuits (IC) at 

micro/nano scale in a single chip [97] [145]. During the past decades, various types of gas sensors 

(resistive, thermal, mass-sensitive, optical) have been studied using standard micro-electro-

mechanical systems (MEMS) technology. MEMS  are  three-dimensional,  electro-mechanical  

devices, which  are  made  by  micromachining  silicon  wafers  using standard microelectronic 

fabrication and post-process techniques [146]. MOX materials integrated with MEMS 

technology are widely employed in gas sensing applications due to the drastically reduced size, 

low cost, and significantly lower power consumption of such devices, while improving overall 

performance [147]–[149]. A comparison of conventional (bulk) and MEMS-based transducing 

platforms for gas sensors is displayed in Figure 1.2. The main difference is that in MEMS, silicon 

is etched from the back side avoiding thermal conduction through the bulk and thus, improving 

heat dissipation and unnecessary power consumption. 
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Figure 1.2. Schematic representation of typical a) conventional and b) MEMS-based transducing 
platforms for gas sensors.  

Another significant advantage of using micro/nano fabrication technologies is the possibility 

to integrate several different transducers on a single chip along with the driving and signal 

conditioning circuitry or other smart features (e.g., wireless communication) to build electronic 

noses with potentially low cost via mass production [143]. A good approximation of this concept, 

in which various transducing principles were implemented monolithically in a microsystem to 

operate simultaneously, was developed previously using micro/nano fabrication technology 

[150].  

Recently, miniaturized light platforms (micro light plates) for the photoactivation instead of 

thermoactivation of gas-sensitive material have also been developed. It was demonstrated that 

MEMS technology can also be appropriate technology for photoactive materials since LEDs can 

be integrated in the transducing platforms of resistive gas sensors [97]. 

 



 

Chapter 2 

Methods 

2.1 Synthesis methods 

The synthesis of pure MOX materials and most of their modifications in this thesis was 

performed using aerosol assisted chemical vapor deposition (AACVD) method. Exceptionally, 

other methods were used for WO3 functionalization with APTES (Journal article 3) and ZnO 

modification with Au (Journal article 4), when AACVD showed no effectiveness. All synthesis 

methods are described below: 

2.1.1 AACVD  

AACVD method is based on atomization (using ultrasonic atomizer) of the precursor 

solution, composed of a metal precursor dissolved in an organic solvent into fine droplets of 

aerosol [139]. These droplets are further transported using carrier gas, usually nitrogen, to a 

heated reactor controlled by a PID (Proportional Integral Derivative) system. There, the aerosol 

droplets of precursor solution undergo evaporation, forming precursor vapor, which undergoes 

homogeneous and/or heterogeneous chemical reactions [151]. In the heterogeneous reaction, 

preliminary decomposition of the vaporized precursor may occur in the gas phase. The 

vaporized precursors and their gaseous intermediate species can be adsorbed onto the surface 

of the heated substrates, where they undergo substantial decomposition and chemical 

reactions, and yield the desired materials. If the deposition temperature is too high, the major 

decomposition and/or chemical reactions may occur much earlier in the vapor phase, leading to 

homogeneous nucleation and the formation of fine particles (homogenous reaction). 

The reactor used in this thesis has a volume of approximately 8 cm2, and a height of 0.8 cm. 

The schematic illustration of a typical synthesis process is shown in Figure 2.1. 
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Figure 2.1. Scheme of AACVD system 

The material deposition is initially performed on Si or SiO2 tiles, and after the optimal 

synthesis conditions are defined, MOX structures are grown over Si-based transducing 

platforms. During the material deposition over the platforms, a shadow mask was used to 

protect the contacts and limit the growth of the structures exclusively over the electrode area 

[139]. 

The features of the synthesized material, for instance, the morphology of the structures or 

the density of the decorating NPs, are highly dependent on the applied conditions such as: 

 Precursor – Metal salt soluble in an organic solvent, 

 Solvent – Organic solvent (e.g. methanol, ethanol, acetone, etc.), 

 Aerosol capacity – The volume of aerosol mist per time produced using ultrasonic liquids 

atomizer,  

 Deposition temperature – The optimal temperature at which the desired morphology 

of the structures is obtained, 

 Carrier gas and flow – N2 was used as a carrier gas in this work.  The optimal flow for all 

depositions was 200 sccm [139], and 

 Position of the substrate in the chamber – Most of the materials had the center of the 

deposition in the area between the middle and the outlet of the chamber; however, 

Fe2O3 deposition was possible throughout the whole chamber, resulting in different 

morphologies at the inlet and at the outlet of the chamber. 

Therefore, all the materials synthesized during this thesis passed through the process of 

adjustment of the above conditions to find the optimal ones for the specific material and 

morphology. These optimized conditions are summarized in Table 2.1. For each material in the 

table, it is indicated whether it is synthesized as a non-modified (intrinsic) MOX or as a modifier 

material (noble metal or MOXs). 
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Table 2.1. Conditions used for AACVD synthesized materials in this thesis 
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WO3-x 
(pure MOX) 

Ws 
W(CO)6, 
30 mg 

M, 5 ml 0.25 390 200 
Middle-
Outlet 

60 500 
JA 2 

[152] CeO2 

(modification) 
Ps 

Ce(acac)3*xH2O, 
28 mg 

M, 2 ml 0.25 500  200 
Middle-
Outlet 

15 500 

WO3-x 
(pure MOX) 

Ws 
W(CO)6, 
20 mg 

M, 5 ml 0.25 390 200 
Middle-
Outlet 

60 500 
JA 3 

[153] 

ZnO 
(pure MOX) 

Rds 
ZnCl2, 
50 mg 

E, 5 ml 0.25 400 200 
Middle-
Outlet 

45 450 
 

JA 4 
[154] 

 

Fe2O3 
(modification) 

Ps 
FeCl3·6H2O, 
3mg 

A, 3 ml 0.5 430 200 
All 
positions 

5 450 

CuO 
(modification) 

Ps 
Cu(NO3)2·6H2O, 3 
mg 

E, 3 ml 0.5 450 200 
Middle-
Outlet 

5 450 

Fe2O3 
(pure MOX) 

fPys 
FeCl3*6H2O, 
100 mg 

A, 5 ml 0.3 370 200 Outlet 20 400 

JA 5 

Fe2O3 
(pure MOX) 

pPys 
FeCl3*6H2O, 
80 mg 

A, 5 ml 0.3 370 200 Inlet 25 400 

Fe2O3 
(pure MOX) 

Pys 
FeCl3*6H2O, 
100 mg 

A, 5 ml 0.3 370 200 Inlet 20 400 

Fe2O3 
(pure MOX) 

Shs 
FeCl3*6H2O, 
100 mg 

A, 4 ml 
E, 1 ml 

0.3 340 200 Outlet 30 400 

Au 
(modification) 

Ps 
HAuCl4 · 3H2O, 
50 µg 

M, 2 ml 0.5 370 200 
All 
positions 

10 400 

Ws – wires, Rds – rods, Ps – particles, fPys – flattened pyramids, pPys – porous pyramids, Pys – pyramids, Shs – sheets, 

M – methanol, E – ethanol, A – acetone, T – temperature, sccm – mass flow rate of one cubic centimeter per minute 

of a fluid, JA – journal article. 

2.1.2 Silanization method 

The silanization process, used during the experiments from the Journal Article 3, consists of 

surface modification of MOX (i.e., WO3-x) with organo-functional alkoxysilane molecules (i.e., 

APTES). In this process, the sample with previously deposited MOX structures was placed inside 

a custom-made self-assembled monolayer (SAM) chamber (with a volume of 77 cm3) in close 

proximity (next to each other) to a drop of 15 µl of silane (APTES 99% liquid) on a glass slide. The 

chamber was closed and dried three times under the N2 stream. The silanization was carried out 

by heating the chamber to achieve 5 torr vapor pressure. The temperature for silane 

evaporation was maintained at 120 °C for 10 min. 

Oxygen plasma treatment was used as an initial driving force for APTES adsorption on MOX. 

This technique, that has been already reported in the literature, has a role to activate MOX 

surface for the APTES adsorption by creating hydroxyl groups [155].  

The conditions for the silanization process were set by adjusting three parameters, including 

the duration of plasma treatment, APTES deposition time, and the amount of silane. The 

concentrations of Si, O, W, N, and C elements at the surface were determined from the XPS 
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spectra recorded for each applied condition using CasaXPS software. A summary of these results 

is displayed in Table 2.2, in which the control refers to the reference sample prior plasma 

treatment and APTES functionalization. 

Table 2.2. Concentration of elements (Si, O, W, N, and C) at the APTES modified WO3-x samples obtained 
under the different experimental conditions a) plasma treatment time (1 and 5 min), b) deposition time 
(10, 30 and 50 min), and c) amount of silane (15, 100 and 1000 μl). 

a)    b)    c) 
 

wt.% Control 1 min 5 min 

Si 2p - 8.8 5.7 

O 1s 61.2 40.1 44.9 

W 4f 22.8 11.9 15.2 

N 1s 1.5 5.5 3.7 

C 1s 14.5 33.8 30.4 

 

wt.% 10 min 30 min 50 min 

Si 2p 8.8 6.9 7.1 

O 1s 40.1 45.2 39.2 

W 4f 11.9 14.9 13.1 

N 1s 5.5 4.6 4.9 

C 1s 33.8 28.3 35.8 

wt.% 15 µl 100 µl 1000 µl 

Si 2p 8.8 6.9 11.5 

O 1s 40.1 46.1 33.7 

W 4f 11.9 16.1 8.3 

N 1s 5.5 4.9 7.9 

C 1s 33.8 26.1 38.6 
 

The obtained results indicate that the best conditions for APTES adsorption (the highest 

amount of Si and N) occurs for the plasma treatment time of 1 minute, deposition time of 10 

minutes, and 1000 μl of silane. Therefore, these conditions were used for the APTES modified 

WO3-x samples synthesized in this thesis. 

2.1.3 Impregnation method 

Despite the previous evidence of Au deposition by AACVD on Si and glass tiles and other 

surfaces including WO3 structures [156][157], this method did not show appropriate for the 

incorporation of Au NPs at the ZnO rods, reported in the Journal Article 4 [154]. Hence, the ZnO 

structures were modified with Au by impregnation using preformed nanoparticles synthesized 

by chemical reduction of HAuCl4·3H2O with Na3C6H5O7·2H2O [158]. Prior to the impregnation 

process, the as-synthesized nanoparticles were washed with distilled water by centrifugation 

(15000 rpm, 30 min) to eliminate the unreacted chemicals. The impregnation process consisted 

of immersing the ZnO samples during 60 s into the solution with the preformed Au nanoparticles 

suspended in methanol and heated at 60 °C. Methanol was the chosen organic solvent since it 

has previously used for the AACVD decoration of MOX with Au NPs [33]. The temperature and 

the impregnation time adjustment included the series of probes in which these parameters were 

varied and the obtained samples were characterized using SEM. These tests showed the best 

distribution and morphology of Au NPs for the impregnation time of 60 seconds and the 

temperature of Au NPs solution of 60 °C. 

2.1.4 Annealing process 

After each deposition, the samples were annealed prior to further characterization. 

Annealing is performed in a heated chamber controlled by a PID system, with the presence of 

synthetic air and using the high temperatures as shown in Table 2.1. The heating of the reactor 

and the samples has to be conducted gradually (approximately 15 °C/min), from room 

temperature to the desired annealing temperature. From the moment of reaching this 

temperature, the time of annealing was set to one hour; this procedure was determined in 

previous studies [34]. After that, the heating system is switched off, letting the samples in the 

chamber to cool down slowly for several hours, with the presence of airflow, until it reaches 

room temperature. 
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2.2 Material characterization 

The properties of materials (i.e. morphology, optical properties, and chemical composition) 

greatly influence the performances of a sensor. As stated in the previous chapter, they are highly 

dependent on the synthesis conditions and therefore can be tuned to some extent. Because of 

that, the characterization of the material is an important step that can confirm if the material 

with the desired properties is synthesized. 

In the following sub-chapters, the application and working principles of Microscopy 

Techniques and Spectroscopy Techniques are described. These methods were used to 

investigate MOX gas sensing materials' structural and morphological characteristics listed in 

Table 2.1. The specific experimental conditions and equipment features of each characterization 

technique are included in the published articles in Chapter 3. 

2.2.1 Microscopy techniques 

The most commonly used microscope today is a light microscope because it is inexpensive, 

robust, and noninvasive. However, this microscope is not capable to distinguish objects and 

features smaller than about 100 nm [159]. Therefore, in this thesis, instead of light microscopy, 

electron microscopy techniques such as scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM) are used due to their possibility to achieve high image resolution. 

Electron microscopes offer a very high magnification range, typically in the range 10 - 500000 

times for SEM, and 2000 - 1 million times for TEM [160]. This enables the characterization of 

microstructures from micro- to nanoscale or even smaller. 

SEM microscopes are designed primarily to examine surfaces features of the material, such 

as topography (texture), morphology (shape and size), structures orientation, and other physical 

and chemical properties of a specimen, whereas TEM microscopes are primarily designed to 

examine the internal structure of specimens, down to the atomic level. 

Contrary to optical light microscopes, which use light energy as a source to form images, 

SEM and TEM use electron beam sources. These microscopes generate a highly focused beam 

of electrons, which influence the sample inside a vacuum chamber. The interaction of these 

electrons with the examined material is a function of the kinetic energy of the incident electrons. 

Typical electron microscopes operate with electron energies of 1 - 300 keV [160], depending on 

the microscope used and the examined material. In this thesis, for instance, the energy of 3 keV 

is used for SEM, and 200 keV for TEM analysis. In comparison with SEM, which detects the 

scattered electrons emitted from the surface of the sample [161] after the electron beam-

sample interaction, TEM detects the transmitted electrons from the sample [162]. The images 

in electron microscopy are formed by collecting a signal generated by electron-sample 

interactions at different points across the sample. In SEM analysis the images are obtained by 

scanning an electron beam of high energy on the sample surface, hence the name scanning 

electron microscope. Electrons from the source travel in a vacuum within a column lined with 

electromagnetic lenses, which focus these electrons to a spot on the surface of the sample. At 

each location of the sample, information from the electron-sample interactions is collected by 

detectors and the image on a display is created [160]. In TEM, the electrons, with the electron 

energies much higher than SEM (80 - 300 kV) [162] which enable them to penetrate through a 

material, are transmitted through the sample focused by lenses and collected by a parallel 
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detector to form an image. At the highest resolution, the arrangement of atoms into different 

types of crystal structures can be determined. 

Scanning transmission electron microscopy (STEM) combines the principles of transmission 

electron microscopy and scanning electron microscopy and can be performed on either type of 

instrument [160]. A TEM can be modified into a STEM by the addition of a system that scans a 

focused beam across the specimen to form the image. Further, by fitting a transmission stage 

and a detector, SEM can also be operated in the STEM mode. Thus, STEM combines some of the 

advantages of SEM and TEM. Like TEM, STEM requires very thin samples and looks primarily at 

beam electrons transmitted by the sample. Like SEM, the STEM technique scans a very finely 

focused beam of electrons across the sample in a raster pattern.  

High-resolution transmission electron microscopy (HRTEM) provides direct images of the 

atomic structure of the samples, hence, it is possible to have direct information about the 

crystallographic structure of materials from images [160]. High phase contrast images as small 

as a crystal cell can be acquired. Additionally, HRTEM coupled with energy-dispersive X-ray 

spectroscopy (EDX), explained further in this section, are essential tools for the structural 

characterization of the material providing lattice parameters, crystal structure, morphology, and 

size of the MOX structures. 

Examples of the typical SEM and TEM images recorded in the thesis are shown in Figure 2.2. 

 

Figure 2.2. a) Low and high (inset) magnification SEM, b) STEM, and c) HRTEM images of the Fe2O3 
structured film. 

2.2.2. Spectroscopy Techniques 

Spectroscopy techniques are methods that are widely used for material characterization 

since they provide information about the atomic and molecular structures of materials. The 

working principle consists of analyzing the interaction between matter and electromagnetic 

radiation.  
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In this thesis, the characterization of the gas-sensitive materials was performed using 

several spectroscopy techniques, such as EDX, XPS, XRD, and DRS.  

Energy-dispersive X-ray spectroscopy (EDX or EDS) is an analytical technique used to 

analyze the composition of solid materials and thus, it was useful for the examination of MOX 

materials. The working principle relies on the excitation of electrons situated near the nucleus 

with a beam of electrons, causing more distant electrons to drop energy levels to fill the created 

vacancies in the electronic structure of the atom (Figure 2.3). This leads to a cascade of electrons 

from higher energy levels until the atom regains a minimum-energy state. Due to conservation 

of energy, each element emits a different set of X-ray frequencies as their vacated lower energy 

states are refilled, and measuring of these emissions provides qualitative and quantitative 

information about the near surface of the sample. To determine the sample's composition, the 

peaks in the spectrum are matched with peaks from the literature or standards [163]. 

 

Figure 2.3. Schematic diagram of the EDX working principle. 

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical 

analysis (ESCA), is one of the most widely used surface techniques in materials science. It is a 

semiquantitative method for determination of the atomic composition of the sample. 

Additionally, it provide us with other chemical information, such as oxidation states of the 

components and speciation (the way in which the atoms are bound). The working principle is 

based on irradiation of the sample by a high-energy X-ray source. The X-rays penetrate only 5 - 

20 Å into the sample, allowing for surface, rather than bulk, chemical analysis [164]. As an atom 

absorbs the X-rays, the energy of the X-ray will cause an electron from the lowest energy shell 

of the atom (K-shell) to be ejected, as illustrated in Figure 2.4. 
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Figure 2.4. Schematic diagram of the XPS working principle. 

The ejected electron has kinetic energy (KE) that is related to the energy of the incident 

beam (hν), the electron binding energy (BE), and the work function of the spectrometer (Φ). 

Thus, the binding energy of the electron can be calculated [164].  

𝐵𝐸 = ℎ𝜈 − 𝐾𝐸 −  𝛷s                       (2.1) 

Ultraviolet photoemission spectroscopy (UPS) is similar to XPS with the difference that XPS 

uses X-rays (with a photon energy of 200-2000 eV) to examine electrons at the core level, while 

UPS uses vacuum UV radiation (with a photon energy of 10-45 eV) to examine electrons 

in valence level [165]. In UPS the excitation source is a helium discharge source and depending 

on the operating conditions of the source, the photon energy can be optimized for He-I 

(21.22 eV) or He-II (40.8 eV) [166]. Due to this lower photon energy, only the low binding energy 

valence electrons may be excited using the He source. The working principle is based on photon 

interaction with valence levels of the molecule or solid, leading to ionization by the removal of 

one of these valence electrons. The kinetic energy distribution of the emitted photoelectrons 

(i.e. the number of emitted photoelectrons as a function of their kinetic energy) is measured 

using an electron energy analyzer and a photoelectron spectrum is recorded, providing 

information about the composition and electronic state of the surface region of a sample. 

The obtained data from the UPS spectra allow the determination of the sample’s work 

function (Φ) from the difference in the photon energy of He-I and the energy difference (ΔE) 

between the binding energy cut-off (Ecut-off) and the Fermi edge (EF = 0 eV), following the 

equation [21]:  

𝜙 = 20 eV −  Δ𝐸                                                               (2. 2) 

X-ray diffraction analysis (XRD) is a technique used in materials science to determine the 

crystallographic structure of a material. XRD is based on the ability of crystals to diffract X-rays 

in a characteristic manner allowing a precise identification of materials based on their diffraction 

pattern. The working principle is based on irradiation of crystals (regular arrays of atoms) with 

incident X-rays (waves of electromagnetic radiation with a wavelength between 10-3 and 101 nm 

[167]) and then measuring the intensities and scattering angles of the X-rays that leave the 
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material (Figure 2.5). Each rational plane of atoms in a crystal will undergo refraction at a single, 

unique angle (for X-rays of a fixed wavelength). 

The general relationship between the wavelength of the incident X-rays (λ), angle of 

incidence (ϴ) and spacing between the crystal lattice planes of atoms (d) is known as Bragg's 

Law, expressed as: 

 𝑛𝜆 = 2𝑑sin𝜃                                                               (2. 3) 

Where n (an integer) is the "order" of reflection [168]. 

 

Figure 2.5. Schematic diagram of the XRD working principle. 

Diffuse Reflectance Spectroscopy (DRS), sometimes known as Elastic Scattering 

Spectroscopy, is a technique that measures the characteristic reflectance spectrum produced 

when UV-Vis light interacts with a sample. DRS not only detects the light reflected from the 

material that comes from the surface (specular reflected light), but also the light reflected 

internally which leaves the sample in all directions (diffuse reflected light) as demonstrated in 

Figure 2.6.  

 

Figure 2.6. Schematic diagram of the DRS working principle. 
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The spectrum obtained from this technique contains information about the optical 

properties and structure of the examined material. This allows the estimation of the band gap 

energy of the material by applying the Kubelka-Munk function, f(R), on the measured 

reflectance:  

𝑓(𝑅) =  
(1 − 𝑅)2

2𝑅
=  

𝑘

𝑠
                                                        (2. 4) 

Where R is the diffuse reflectance, k is the absorption coefficient, and s is the scattering 

coefficient [169]. 

Further, the band gap energy (Eg) is calculated using the wavelength obtained from the 

diffuse reflectance spectrum according to the equation: 

𝐸𝑔 =  
ℎ𝑐

𝜆
                                                                    (2. 5) 

Where h is Planck’s constant, c is the speed of light, and λ is wavelength cut off [164]. 

2.3 Gas sensors fabrication 

In this thesis, two types of transducing platforms were employed - the first, based on an 

array of 4 silicon micromachined platforms (400 x 400 μm each), and the second, based on bulk 

silicon substrates (5000 x 4000 μm). Structures of both types of the  platforms are demonstrated 

in Figure 2.7 and they consist of (from the top to the bottom): 

 Interdigitated electrodes (IDEs): The micromachined substrates contain IDEs of Ti/Pt 

(25 nm/250 nm thick), with different electrode gaps of 5, 10, or 15 μm, whereas the bulk 

silicon substrates contain IDEs of Cr/Au (25 nm/250 nm thick), with electrode gap of 

5 μm. 

 Insulating layer - 500 nm thick silicon oxide layer to isolate the IDEs from the 

microheaters (for the micromachined structure) or the Si (for the silicon bulk structure). 

 Resistive heater – 25 nm/250 nm thick Ti/Pt heater, only in the micromachined 

structure.  

 Suspended membrane – Si3N4/SiO2 (300 nm/500 nm thick) membrane processed by 

wet-etching of the silicon bulk, only in the micromachined structure. 

The micromachined and silicon bulk platforms were produced at the wafer level employing 

various microfabrication steps such as oxidation, metallization, implantation, lithography, and 

etching of the substrate to define the membranes (in the case of micromachines). The platforms 

used in this thesis were designed and processed by other researchers and the technical staff of 

the Clean Room at IMB-CNM (CSIC), Barcelona, Spain. The design and development of the 

platforms have been discussed previously elsewhere [170]–[172].  

Finally, the MOX sensitive layer is deposited over the transducing platform using the 

shielding mask, as described previously, in Section 2.1.1 and the fabricated gas sensors are 

mounted on a standard TO-8 package as shown in Figure 2.7c. 
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Figure 2.7. Schematic representation of the a) Si bulk sensor’s layers, b) micromachined sensor’s layers, 
and c) Si bulk sensor mounted on a standard TO8 package, and d) array of micromachined sensors 

mounted on a standard TO8 package. The image b) is adopted from [172]. 

2.4 Gas testing 

The assembled MOX based microsensors were tested in a continuous flow test chamber 

provided with mass flow (MF) controllers that allow the mixture of dry/humid air and calibrated 

gaseous analytes (ethanol, acetone, toluene, carbon monoxide, nitrogen dioxide, and hydrogen) 

to obtain the desired concentration. Subsequently the gaseous analytes were purged with 

synthetic air until the initial baseline resistance was recovered. The electrical resistance 

measurements of the microsensor were achieved in a system provided with an electrometer 

and a multimeter with a 20-channel relay multiplexer to monitor various sensors 

simultaneously. To have proper control of the relative humidity (RH) inside the gas test chamber, 

an evaluation kit with a humidity sensor was also used. For the sensors that operate using 

photoactivation, continuous illumination from a light-emitting diode (LED) with a wavelength of 

365 nm was coupled to the system. The schemes of the thermoactivated and photoactivated 

gas testing systems are depicted in Figure 2.8. Further information about the specific conditions 

and equipment used for each of the tested sensors can be found in the journal articles published 

during the thesis (Chapter 3). 
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Figure 2.8. Schematic view of the a) thermoactivated, b) photoactivated gas sensing measurement 
system. Not-to-scale. 

2.4.1. Gas sensor parameters 

The main parameters considered during the validation of a sensor include its response, 

sensitivity, selectivity, response and recovery time, stability, limit of detection, and working 

temperature. The meaning of each parameter is described below: 

 Sensor response 

The response (R) of a chemoresistive sensor is proportional to the change in the resistance 

of the material when exposed to the gas. In this thesis, two different forms were used to 

mathematically express the response, as shown in Table 2.3: 

Table 2.3. Sensor response calculation depending on the type of the target gas. 

Reducing gases Oxidizing gases 

Ra/Rg or (Ra-Rg)/Ra Rg/Ra or (Rg-Ra)/Ra 

Ra – sensor resistance in ambient air, Rg – sensor resistance in target gas. 

The expression used for a specific sensor can be found in the Experimental part of each 

Journal Article, in Chapter 3. 

 Sensitivity 

The sensitivity of the sensor (S) is defined as the ratio between the change in response (∆R) 

and a fixed change in analyte concentration (∆c) [152].  

 Selectivity 

Generally, the selectivity of a gas sensor means the preferential detection of a particular gas 
in the presence of another gas under the same operating conditions. Hence, it can be expressed 
as the ratio between the sensitivity of the sensor towards the interference gas and the sensitivity 
of the sensor toward the target gas [173]. In some cases, statistical method, analysis of variance 
(ANOVA), was also used to compare the responses of the sensors towards the tested gases. 
Similarly, to have an appraisal of the selectivity among different gases, a mathematical algorithm 
based on principal component analysis (PCA) was employed sometimes. PCA serves as a 
dimensionality-reduction method that reduces the dimensionality of large data sets, by 
transforming a large set of variables into a smaller one that still contains most of the information 
as the large set [174].  
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 Response/Recovery time 

Response time is defined as the time required for a sensor to reach 90 % of the total 
response upon exposure to the target gas [175]. 

Recovery time is defined as the time required for a sensor to return to 90 % of the original 
baseline signal after the target gas is removed and the sensor is subsequently cleaned with dry 
air [175].  

 Stability 

The stability of the sensor refers to its ability to maintain the sensing properties repeatedly 
for a determined period. The sensors fabricated in this thesis were tested for at least four weeks 
accumulating a minimum of 120 h of operation. 

 Limit of detection 

For high-performance sensor applications, sensors should be capable to detect even very 
low concentrations of the gases. The minimum concentration of analyte gas, which can be 
detected by a sensor, is called its limit of detection (LOD) [176]. It is defined as concentration 
for which the signal peak (S) should have height at least three times the noise (N) [177]: 

𝐿𝑂𝐷 =  
𝑆

𝑁
= 3                                                              (2. 6) 

 Working temperature/Light wavelength 
Working temperature is a key property that influences the performance of a 

thermoactivated sensor. It is the temperature at which the sensor material must be heated to 
obtain the most optimal response.  

Analogously, for the photoactivated sensors, the crucial property is the light wavelength. 
The wavelength (λ) of the applied light used for the activation has to meet the following 
requirement: 

𝜆 ≤
ℎ𝑐

𝐸𝑔
                                                                   (2. 7) 

Where h is Planck’s constant, c is the velocity of light, and Eg is the band gap of MOX [178]. 

Due to the wide band gaps of most gas-sensitive MOXs, it was found that the most 
appropriate wavelengths for their activation are those in the UV range. Therefore, the 
photoactivated tests in this thesis were run under UV light. 

Additionally, the optimal irradiance of the lamp was examined on the APTES modified     
WO3-x sensor and it was found to be 1800 mW·cm−2 (more details can be found in the Journal 
Article 3, Section 3.2). This irradiance was used for all further photoactivated measurements. 

 



 

 

Chapter 3 

Results 

3.1 Gas-sensitive materials 

Most studies on gas-sensitive materials are focused on the detection of chemicals such as 

CO, NO2, O3, H2, NH3, or H2S due to their toxicity, their relation with atmospheric composition, 

and their presence in the environment [4]–[11]. However, in recent years, the application of gas-

sensitive materials has been extended to the detection of volatile organic compounds (VOCs), 

not only because they are common industrial contaminants, but also because they are key 

markers for (indoor/outdoor) air quality assessment [12] and early diagnosis of several diseases 

[14]. In this context, the development of new and optimized gas-sensitive materials is suitable 

and of interest to the state-of-the-art and the sensor’s industry.  This section presents the results 

of a review article on materials for VOCs sensing realized during the thesis and published in 

Nanomaterials MDPI journal with the title “VOCs sensing by metal oxides, conductive polymers, 

and carbon-based materials” [179]. The review focuses on non-modified or modified metal 

oxides (MOXs), polymers (POMs), and carbon-based materials (CbMs), paying special attention 

to their functional properties such as sensitivity, response time, and particularly selectivity (from 

a cross-sensitivity point of view), as this information is generally not found in other reviews. The 

work also identifies the most common technological solutions reported in the literature, 

including material features, synthesis methods, sensing principles, and the key enabling systems 

for their practical use. The objective of this work was directed to define the knowledge gap in 

the field of gas and VOCs sensitive materials and sensors.   

3.1.1. Results 

The review article compiles the literature data which refers to the use of metal oxides (e.g., 

ZnO, SnO2, TiO2, WO3), conductive polymers (e.g., polypyrrole, polythiophene, poly(3,4-

ethylenedioxythiophene)), and carbon-based materials (e.g., graphene, graphene oxide, carbon 

nanotubes), and their mutual combination for VOCs sensing. Among these materials, special 

attention is devoted to MOXs, due to their versatile properties and large presence in the 

literature. According to this literature survey, gas-sensitive materials with different 

morphologies (e.g., particles, rods, sheets, flowers, etc.) and with incorporated intentional 

impurities to form extra interfaces (e.g., Schottcky junctions, heterojunctions) were synthesized 

using various synthesis methods (e.g., wet chemical synthesis, chemical vapor deposition) and 

employed to detect VOCs. The collected literature shows the correlation between the sensor 

performances on one side, and morphology, microstructure, size, and composition of the gas-

sensitive materials on the other, to show the reader at one glance the attributes of most 

common systems for VOCs sensing. The review provides tables and data that compare the 

response of sensitive materials to an extensive list of VOCs, as well as other sensor 

characteristics, such as operating temperatures, transducing principles, and response and 

recovery times.  
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3.1.2. Conclusions 

The literature review of MOXs, POMs, and CbMs showed the suitability of these materials 

to sense a wide range of VOCs, particularly those from the group of oxygenated hydrocarbons 

(e.g., methanol, ethanol). Lot of attention was directed to the optimization of these materials, 

which mainly involves tuning morphology, size, and composition, with aim of improving the 

properties of the sensor in terms of sensitivity, speed of response, and selectivity to certain 

degree. Structured materials with intentionally introduced “decorative impurities” to form extra 

interfaces showed the best characteristics for VOCs detection. These decorated structures 

mainly include MOXs, either as a ‘host’ or as a ‘guest’ element in POMs or CbMs, due to their 

better stability as gas-sensitive materials compared to POMs and CbMs. In that sense, the thesis 

was further developed in the direction of investigating sensors based on structured MOXs with 

nanoscale interfaces at the surface. The literature survey also showed a lack of synthesis 

methods that allow for direct integration of structured materials into transducing platforms, 

reinforcing the need to continue developing methods, such as AACCD, which allows the direct 

integration, structuration, and modification of MOXs. Hence, WO3, ZnO, Fe2O3, CeO2, and CuO2 

were chosen as ‘host’ or ‘guest’ materials due to their proven gas sensing properties and the 

gap in the AACVD literature for obtaining modified structured versions of these materials. This 

list of materials was also found interesting due to the abundance of their elements, as is the 

case for iron, or their different conduction types (for WO3 and ZnO: n-type conductivity, for 

CeO2, and Cu2O:  p-type conductivity, and for Fe2O3: n- or p-type conductivity).  

3.1.3. Journal Article 1 

VOCs sensing by metal oxides, conductive polymers, and carbon-based materials, Tomić, M., 

Šetka, M., Vojkůvka, L., Vallejos, S., Nanomaterials, 2021, 11(2), 552, doi: 

10.3390/nano11020552.  
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3.2 Modification of tungsten oxide by nanoscale 

interfaces 

Tungsten oxide as an n-type semiconductor with wide band gap of 2.6 – 3.6 eV [32] is one 

of the most interesting MOXs for gas sensors. Previous investigations at IMB-CNM (CSIC) were 

devoted to the investigation of this material in its structured form and with Au, Pt, or Fe2O3 

nanoparticles as surface modificators [33] [34] [156] [38]. These modified tungsten oxide 

structures showed excellent results in the detection of various gases, such H2, CO and NO2, and 

VOCs, such as ethanol and toluene. Therefore, my research on this material was intended to fill 

the knowledge gap related to the influence of other surface modifier materials (inorganic and 

organic) on its gas sensing properties. In that line, this part of the thesis was focused on studying 

the properties of tungsten oxide-based sensors modified with another MOX (cerium oxide) and 

organo-functional molecule (APTES). Part of the experiments also explored the possibility of 

using photoactivation instead of thermoactivation for the operation of the sensors; a topic that 

was not investigated in the earlier studies at IMB-CNM (CSIC). In this context, this section 

presents the results of two research articles. The first was  published in the journal Biosensors, 

MDPI with the title “Cerium oxide-tungsten oxide cores-shell nanowire-based microsensors 

sensitive to acetone” [152], in which the sensors were operated using thermoactivated 

principles. The second article was published in the journal Sensors and Actuators - B: Chemical 

with the title “UV-light activated APTES modified WO3-x nanowires sensitive to ethanol and 

nitrogen dioxide” [153], in which the sensors were operated using photoactivation principles. 

Additionally, the section also show the results of the CDE 2018 conference proceedings article 

entitled “Gas microsensors based on cerium oxide modified tungsten oxide nanowires” [180], 

which contains the preliminary studies that paved the way for the findings of the two articles 

mentioned above. 

3.2.1. Results 

The first scientific contribution related to the cerium oxide-tungsten oxide core-shell 

nanowires describes the synthesis steps and the optimal deposition temperatures, solvents and 

precursors for the formation of this modified structured material using AACVD method. 

Characterization techniques (SEM, DRS, XRD, and XPS) confirmed the presence of both 

components, tungsten oxide and cerium oxide, in the synthesized structures. Gas tests 

demonstrated enhanced sensitivity to acetone for the core-shell structures compared to the 

non-modified materials (i.e., only tungsten oxide or cerium oxide). The sensors were also tested 

to acetone in humid ambient and it was demonstrated that the responses were declined as a 

consequence of the lowering of the baseline resistance due to humidity.  

The second scientific contribution includes the set-up of conditions to modify the surface of 

tungsten oxide nanowires with (3-aminopropyl)triethoxysilane molecule (APTES@WO3-x) and 

their performance upon reducing (acetone, ethanol, toluene, hydrogen, and carbon monoxide) 

and oxidizing (nitrogen dioxide) gases. These sensors were tested at room temperature, using 

UV-light activation. Characterization results (SEM and XRD) confirmed the deposition of 

crystalline nanostructured WO3-x in the form of nanowires while analysis of the surface by XPS 

corroborated the silanization process, showing additional Si 2p, Si 2s, and N 1s core-level peaks 

in the spectra of the APTES modified samples. Gas sensing results revealed enhanced sensing 

properties including better reproducibility, stability, and sensitivity of the APTES@WO3-x sensors 
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compared to the non-modified WO3-x sensors, especially to ethanol and nitrogen dioxide as well 

as strong selectivity to ethanol among other reducing gases (acetone, toluene, hydrogen, and 

carbon monoxide). Further analysis of the role of APTES in the gas sensing properties of cerium 

oxide-tungsten oxide core-shell nanowires corroborated the enhancement of the response for 

the APTES modified structures, with respect to those without modification. Interestingly, cerium 

oxide-tungsten oxide core-shell nanowires showed further enhancement of the sensitivity 

(approximately four times) to nitrogen dioxide with respect to the APTES@WO3-x sensors. 

Additionally, the journal article describes in detail the gas sensing mechanism of UV-LED-

activated APTES modified WO3-x sensor. 

3.2.2. Conclusions 

In summary, the development of tungsten oxide sensors modified with inorganic (cerium 

oxide) and organic (APTES) modifiers was achieved. The results confirmed the positive influence 

of the material modification in the overall sensing properties of tungsten oxide by 

demonstrating an improved performance including better sensitivity, stability, and selectivity of 

the sensors with modified materials compared to those without modification. Cerium oxide-

tungsten oxide core-shell nanowires without and with APTES modification showed the best 

response to acetone whereas APTES modified tungsten oxide nanowires showed the highest 

response to NO2 and ethanol. Certainly, the modification of the structures with APTES 

demonstrated the possibility to achieve good performances of the sensors at room temperature 

using photoactivation principles. These results were discussed and attributed to the presence of 

the reactive amino group at the APTES@WO3-x sensors, which facilitated the reaction with the 

tested gases and the electron transfer to/from the MOX under UV-light excitation. 

3.2.3. Journal Article 2 

Cerium oxide-tungsten oxide core-shell nanowire-based microsensors sensitive to acetone, 

Tomić, M., Šetka, M., Chmela, O., Gràcia, I., Figueras, E., Cané, C., Vallejos, S., Biosensors, 2018, 

8(4), 116, doi: 10.3390/bios8040116. 

3.2.4. Journal Article 3 

UV-light activated APTES modified WO3-x nanowires sensitive to ethanol and nitrogen dioxide, 

Tomić, M., Fohlerova, Z., Gràcia, I., Figueras, E., Cané, C., Vallejos, S., Sensors and Actuators, B: 

Chemical, 2021, 328, 129046, doi: 10.1016/j.snb.2020.129046. 

3.2.5. Conference Paper 1 

Gas microsensors based on cerium oxide modified tungsten oxide nanowires, Tomić M., Grácia 

I., Salleras M., Figueras E., Cané C., Vallejos S., Spanish Conference on Electron Devices (CDE), 

Salamanca, Spain, 2018,  doi: 10.1109/CDE.2018.8597067. 
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S1. Setting of condition for the modification of WO3-x nanowires with APTES 15 

Generally, the adsorption of APTES at a MOX surface is complex and predetermined by various 

experimental parameters such as the APTES concentration, process time, and temperature. Oxygen 

plasma treatment was used as an initial driving force for APTES adsorption to MOX. This energy-

saving and eco-friendly technique that has been already reported in the literature as a simple method 

for the activation of MOX surface by creating hydroxyl groups [1] is considered the responsible for 20 

the APTES adsorption. Hence, the silanization conditions were set by adjusting three parameters, 

including the duration of plasma treatment, APTES deposition time, and the amount of silane. The 

concentrations of Si, O, W, N, and C elements at the surface were determined from the XPS spectra 

recorded for each condition using CasaXPS software. A summary of these results is displayed in 

Table S1, in which the control refers to the reference sample prior plasma treatment and APTES 25 

functionalization. Results demonstrated that the APTES adsorption on WO3-x for a deposition time of 

10 minutes is more efficient in the 1 minute plasma-treated surface (Si = 8.8 wt.% and N = 5.5 wt.%) 

than in the 5 minutes plasma-treated surface (Si = 5.7 % and N = 3.7 %) as shown in Table S1a. 

Moreover, increasing the deposition time from 10 minutes to 30 and to 50 minutes indicated no further 

adsorption of the APTES molecules at the WO3-x with the contents of Si and N reporting only 6.9 wt.% 30 

and 4.6 wt.% for 30 minutes of deposition and 7.1 wt.% and 4.9 wt.% for 50 minutes of deposition, 

respectively (Table S1b). These results indicate that best conditions for Si and N adsoption at the  

WO3-x surface occurs when using larger volumes, e.g., 1000 μl (Si = 11.5 wt. % and N = 7.9 wt.%) 

(Table S1c). Therefore, these conditions were used for the APTES modified samples characterized in 

this work.  35 
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Table S1. Concentration of elements (Si, O, W, N, and C) at the APTES modified WO3-x samples 

obtained under the different experimental conditions - a) plasma treatment time (1 and 5 min), 

b) deposition time (10, 30 and 50 min), and c) amount of silane (15, 100 and 1000 μl). 

                                 a)                                             b)                                           c) 
 

wt.% Control 1 

min 

5 

min 

Si 2p - 8.8 5.7 

O 1s 61.2 40.1 44.9 

W 4f 22.8 11.9 15.2 

N 1s 1.5 5.5 3.7 

C 1s 14.5 33.8 30.4 

 

wt.% 10 

min 

30 

min 

50 

min 

Si 2p 8.8 6.9 7.1 

O 1s 40.1 45.2 39.2 

W 4f 11.9 14.9 13.1 

N 1s 5.5 4.6 4.9 

C 1s 33.8 28.3 35.8 

wt.% 15 

µl 

100 

µl 

1000 

µl 

Si 2p 8.8 6.9 11.5 

O 1s 40.1 46.1 33.7 

W 4f 11.9 16.1 8.3 

N 1s 5.5 4.9 7.9 

C 1s 33.8 26.1 38.6 
 

 5 

S2. Results – material characterization 

 

Figure S1. XPS spectra of the APTES modified and non-modified WO3-x nanowires (only the peaks 

of interest have been marked). 

 10 

Figure S2. Diffuse reflectance spectra of the non-modified WO3-x nanowires. Examination of the films 

after APTES modification showed similar spectrum.   
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Figure S3. O 1s core level XPS spectra recorded on the WO3-x nanowires a) before and b) after the 

plasma treatment. The gray dots show the XPS raw data, colored solid lines correspond to the 

envelope-fitting curve and the components. O1s peak is fitted to three peaks, at around 530.6 eV, 

531.5 eV, and 532.8 eV, that correspond to the W-O bonds, the oxygen defects in the matrix of metal 5 

oxides related to oxygen vacancies, and the W-OH bonds, respectively [2]. The spectra after plasma 

treatment shows remarkably higher intensity for the component associated to the W-OH bonds, which 

can be assigned to the additional hydroxyl groups incorporated into the lattice. 

 

S3. Results – gas sensing tests 10 

 

Figure S4. Typical response to various relative humidity percentages registered by the sensors based 

on WO3-x  and APTES modified WO3-x nanowires employing a radiant flux of 1800 mW·cm-2. The 

blue bars represent the different relative humidity set at RT (24 ºC). 
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Figure S5. APTES modified WO3-x response to ethanol in dry and humid ambient employing a radiant 

flux of 1800 mW·cm-2. a) Response comparison to various relative humidity conditions and ethanol 

concentrations, b) typical sensor resistance changes towards 0% RH and 40% RH for various ethanol 

concentrations (10, 40, 60 ppm).  5 

 

 

Figure S6. Typical response to various concentrations of a) ethanol and b) nitrogen dioxide registered 

by the sensors based on APTES modified WO3-x and APTES modified CeO2@WO3-x nanowires 

employing a radiant flux of 1800 mW·cm-2. The yellow and green bars represent the on-off for the 10 

different concentrations of ethanol and nitrogen dioxide, respectively. 
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Abstract—A gas sensitive material consisting of 
tungsten oxide nanowires (NWs) modified with cerium 
oxide nanoparticles (NPs) was developed and integrated 
into micromachined transducing platforms via aerosol 
assisted chemical vapor deposition. Results validate the 
functionality of the sensors and demonstrate the 
enhancement of the sensing properties of tungsten oxide 
towards ethanol (EtOH) by its surface modification with 
cerium oxide. These results are attributed to the formation 
of heterojunctions which provides an electronic 
sensitization along the whole gas sensitive film.   

Keywords—gas sensors, VOCs, metal oxides, 
heterojunctions, AACVD 

I. INTRODUCTION 

Generally the exhaled breath contains oxygen, 
nitrogen, carbon dioxide, and water vapor, although it 
may also contain trace concentrations of various volatile 
organic compounds (VOCs) [1]. Among them, the most 
significant are ethanol, acetone and toluene, which are 
generated via the biochemical processes of the body. 
Monitoring of these vapors in exhaled breath can be 
used in early detection of several diseases, such as 
diabetes and cancer. For example, ethanol concentration 
in exhaled breath of patients with lung or breast cancer 
and diabetes is higher (~2.1 ppm) in comparison to 
healthy patients (~0.2 ppm) [2-4]. 

Because the traditionally used technologies for 
breath analysis (gas chromatography, ion-mobility or 
mass spectrometry) are expensive and employ massive 
equipment [5], the development of miniaturized and low 
cost system, with excellent performances for VOCs 
detection is of great importance. In this context, 
semiconducting metal oxides (SMOX) are attractive as 
they are inexpensive, easily synthesized and ready-to-
use gas sensors. Various SMOX nanostructures in the 
form of wires, rods, sheets, etc., are used as gas 
sensitive materials because they have proved to enhance 
the functionality of the sensors, particularly in terms of 
sensitivity, due to their higher surface area to volume 
ratio as opposed to bulk SMOXs. Also, it has been 
proved that the surface modification of SMOXs with 

second-phase constituent (noble metal or another 
SMOX) has a drastic effect on their sensing properties 
by improving the sensitivity, selectivity, stability, and 
reproducibility of both, the host SMOX and the second-
phase constituent, especially if the size of these 
materials is within the Debye length of the surface 
(typically on the order of 2−100 nm) and the second 
constituent is introduced in small amount [6]. When the 
second-phase constituent is a SMOX, the difference in 
band energy of both oxides enables the formation of 
nanoscale heterojunctions at the interface of the two 
SMOXs, which provides an additional electronic 
sensitization to the modified material as compared to 
non-modified [6]. 

Beside commonly used tin oxide and zinc oxide, 
tungsten oxide have drawn a lot of attention as gas 
sensitive material due to its inherent electrical 
conductivity and sensitivity towards nitrogen dioxide 
[7], ozone [7], and ammonia [8,9]. Furthermore, when 
modified with noble metal (e.g., gold, platinum) or other 
SMOX (e.g., copper oxide, iron oxide), tungsten oxide 
showed strong sensitivity to hydrogen [10], hydrogen 
sulphide [11] and toluene [12]. Even though less 
explored than tungsten oxide, cerium oxide have 
distinctive features that make this oxide a potential 
candidate for application in gas sensors. The specificity 
of this oxide lies in a good redox behavior and catalytic 
activity caused by the formation of defect sites as a 
result of valence state changes between two cerium 
species - Ce(III) and Ce(IV), which alter considerably 
the concentration of oxygen vacancies [13-15]. 

The synthesis route can significantly affect the 
morphology and sensing properties of SMOX. Aerosol 
assisted chemical vapor deposition (AACVD) is a 
variant of the conventional CVD technique which uses 
solvent aerosols to transport precursors to a heated 
reaction zone. This method was previously used for the 
deposition of non-modified (e.g., tungsten oxide) or 
modified SMOXs (e.g., iron oxide modified tungsten 
oxide) [12,16] with enhanced gas sensing properties.  
AACVD process does not require volatile precursors, as 
long as they are soluble, which makes this method ideal 
for the synthesis of various SMOXs, including cerium 



oxide. Thus, here we use AACVD to synthesize 
tungsten oxide NWs modified with cerium oxide NPs 
and validate its gas sensing properties upon ethanol 
(EtOH). 

 
Fig. 1. Schematic view of the layers comprising the microsensor (a) 
and photograph of the array of 4 micromachined sensors mounted on a 
standard TO8 package (b). 

II. MATERIALS AND METHODS 

The nanowire synthesis is carried out in two stages 
using previously described AACVD method [12]. In 
first stage non-modified tungsten oxide nanowires 

(NWs) were grown directly onto micromachined 
transducing platforms. In the second stage the cerium 
oxide modified tungsten oxide nanowires were 
deposited using a cerium (III) acetylacetonate hydrate 
(28 mg, Ce(acac)3·×H2O, Sigma-Aldrich) as a precursor 
and methanol (2 ml, Sigma-Aldrich) as a solvent at the 
temperature of 500 °C. Subsequently the sensitive films 
(non-modified and modified) were annealed at 500 ºC. 
The scheme and photograph of the microsensor are 
shown in Fig. 1. 

The samples were analyzed using scanning electron 
microscopy (SEM – Carl Zeiss, Auriga Series, 3 KV) 
for examination of morphology of the films and X-ray 
photoelectron spectroscopy (XPS – Kratos Axis Supra 
with monochromatic Kα radiation with emission current 
of 15 mA and hybrid lens mode) for investigation of 
chemical composition of the films. 

Gas sensor testing was carried out in a continuous 
flow test chamber provided with mass flow controllers 
that allow the mixture of dry/humid air and EtOH to 
obtain the desired concentration. For relative humidity 
(RH) control an evaluation kit (EK-H4, Sensirion AG) 
with a humidity sensor is installed inside the gas test 

chamber. The sensor response was defined as Ra/Rg, 
where Ra and Rg are the resistance in dry/humid air and 
the resistance after 600 s of ethanol exposure, 
respectively. 

 

1 µm 

100 nm 

a) 

b) 

 
Fig. 2. Low (a) and high (b) magnification SEM of the cerium oxide 
modified tungsten oxide nanowires 

III. RESULTS 

SEM imaging of the microsensors demonstrated the 
integration of tungsten oxide NWs with diameters of 
less than 100 nm. The non-modified structures 
displayed bare NWs, similarly to those synthetized 
previously via AACVD [12], whereas the modified 
structures showed a thin layer covering the NWs, which 
corresponds to the cerium oxide NPs (Fig. 2). Further 
analysis on the modified films using XPS proved the 
incorporation of cerium oxide at the tungsten oxide 

NWs, displaying typical W 4f and Ce 3d core level 
peaks.   

Gas sensing tests towards different EtOH 
concentration in dry air showed a direct proportional 
dependence of the response to the analyte concentration 
for both materials (Fig. 3), indicating enhanced 
responses for the cerium oxide modified NWs (R=3.9 
for 80 ppm EtOH ) as compared to the non-modified 
NWs (R=1.9 for 80 ppm EtOH). Further tests in humid 
ambient at 10 and 20% RH (Fig. 4) showed similar 
behavior, with the sensors on exposure to 20 % of RH 
showing a response of approximately 2.8 and 1.5 for the 
cerium oxide modified tungsten oxide NWs and 
tungsten oxide NWs, respectively, although with an 
attenuation of the response above 20 % with respect to 
the responses in dry ambient.  



The reason for better functionality of cerium oxide 
modified tungsten oxide nanostructures lies in the 
difference of the energy bands of the two oxides, which 
results in the formation of nanoscale heterojunctions 
between the cerium oxide NPs and the tungsten oxide 
NWs. This causes electron migration from cerium oxide 

to tungsten oxide and the formation of an accumulation 
layer at the tungsten oxide surface, which leads to 
additional oxygen adsorption at the modified tungsten 
oxide surface [17,18]. Consequently, there is a 
compression of the conduction channel along the wire, 
which results in a decrease of the conductivity along the 
structure (Fig. 5a). On the other hand, when the 
sensitive film is exposed to a reducing gas (e.g., 
ethanol), electrons are released back to the conduction 
band, which narrows the depletion layer and at the same 
time increases the width of conduction channel and the 
conductivity along the NW (Fig. 5b). Although the 
same mechanism is present in both, modified and non-
modified materials, in the case of modified materials 
electron migration occurring at the interface of the 
oxides provides larger electron density to the tungsten 
oxide (wider accumulation layer), and as a consequence 
greater changes in the depletion layer during sensor 
exposure to air/analyte compared to non-modified 
oxides. This provides higher conductivity changes and 
in turn higher sensor response of those materials. 

Recently, we have also found that a similar mechanism 
enhances the functionality of the cerium oxide modified 
tungsten oxide NWs upon other reducing gases such as 
acetone, toluene, carbon monoxide and hydrogen [19].  
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Fig. 4. Response recorded on the microsensors based on non-modified 
(a) and cerium dioxide modified tungsten oxide nanowires (b) towards 
80 ppm of ethanol in dry and humid (10 and 20 % RH) ambient. 
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Fig. 5. Schematic view of the heterojunction formed at the surface of 
the cerium oxide modified tungsten oxide wires and the possible 
mechanism (a) after exposure to air and (b) reducing gases such as 
ethanol. LD is the Debye length or depth of the depletion region from 
the surface and Dc represents the conduction channel (not at scale) 

IV. CONCLUSION 

Cerium oxide modified tungsten oxide nanowires 
were successfully synthetized and integrated into 
micromachined transducing platforms using AACVD 
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Fig. 3. Sensor response (a) and calibration curves (b) towards various 
concentrations (from 20 to 80 ppm) of ethanol for the microsensors 
based on non-modified and cerium oxide modified tungsten oxide 
nanowires 

 



method. The obtained modified wires based sensor 
exhibited higher response and sensitivity towards EtOH 
as compared to pure non-modified wires based sensor. 
The enhancement in sensor performances is linked to 
the formation of nanoscale heterojunctions at the 
interface of the two oxides, which provides an 
additional electronic sensitization along the film. 
Humidity tests also revealed higher responses for the 
cerium oxide modified tungsten oxide structures than 
for non-modified, although with an attenuation of the 
response above 20% with respect to the tests in dry 
ambient. 
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3.3 Modification of zinc oxide by nanoscale 

interfaces 

Along with WO3, ZnO is one of the most interesting gas-sensitive MOX materials due to its 

n-type behavior, wide band gap of 3.3 eV, and versatile application in microelectronics [23]. 

Similar to WO3, intrinsic ZnO structures synthesized by AACVD have been a subject of 

investigation at the IMB-CNM (CSIC) in the previous years [139] [142] [181]. This thesis, however, 

goes a step further by exploring and setting up methods to modify the surface of the AACVD 

ZnO structures with either noble metals (i.e., Au) or other MOXs (i.e., Cu2O or Fe2O3) particles. 

This section presents the synthesis methods and thermoactivated gas sensing tests of these 

materials, which were reported as a research article in the journal Sensors MDPI, with the title 

“ZnO structures with surface nanoscale interfaces formed by Au, Fe2O3, or Cu2O modifier 

nanoparticles: characterization and gas sensing properties” [154]. The section also shows part 

of the photoactivated gas sensing tests of these materials, which were published in the CDE 2021 

conference proceeding with the title “ZnO nanorods and their modification with Au 

nanoparticles for UV-light activated gas sensing” [182]. 

3.3.1. Results 

The study on the modification of zinc oxide with Au, Fe2O3, or Cu2O modifier nanoparticles 

allowed determining the best synthesis conditions via AACVCD and impregnation for the 

incorporation of Au, Fe2O3, or Cu2O nanoparticles onto the zinc oxide structures. The chemical 

composition of the materials, determined by XPS, revealed the presence of Fe in the form of 

oxide - Fe2O3, Cu in the form of two oxides - CuO and Cu2O with the major presence of Cu2O; and 

Au in three oxidation states - Au3+, Au+, and Au0, with the highest content of metallic Au (2.6 

at.%). The validation of sensors based on these materials towards nitrogen dioxide, ethanol, 

acetone, carbon monoxide, and toluene showed the best response for the Au@ZnO sensors 

among the others, especially for NO2, with about 47 times higher response to 10 ppm of NO2 

compared to the pure ZnO sensors. 

As the Au@ZnO sensors showed the best thermoactivated responses, the next step in this 

thesis was focused on the photoactivated test of these sensors. In this context, the sensors were 

tested at room temperature using UV-light activation and the results showed enhanced 

sensitivity and better speed of response for the Au modified ZnO structures compared to the 

non-modified ZnO structures, providing 3 times higher response to ethanol and acetone. The 

improvements were also noticed in the sensor’s stability and reproducibility, in favor of the 

decorated sensor. These results suggest that the sensitivity of the material can also be tuned by 

the activation principle, as the thermoactivated structures suited better to nitrogen dioxide, 

whereas the photoactivated structures were more sensitive to ethanol and acetone. The 

possible gas sensing mechanism of these surface nanoscale interfaces formed between ZnO and 

the other materials (Au, Fe2O3, or Cu2O) was discussed in detail in the publications listed above.  

3.3.2. Conclusions 

The study of synthesis conditions for the modification of the ZnO structures demonstrate 

the best results for the modification of ZnO with Au nanoparticles by using the impregnation 

method. In contrast, the AACVD method showed more appropriate for the incorporation of 
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Fe2O3  and  Cu2O onto the ZnO structures.  The results confirmed the importance of the surface 

modification of the ‘host’ MOX in the overall sensing properties of the sensors showing 

advantages for the structures modified with gold nanoparticles, particularly in front of nitrogen 

dioxide. This was attributed to a combination of factors in these samples, including the oxygen 

vacancies, the gas sensing mechanism influenced by the nano-interfaces formed between ZnO 

and Au, and possible catalytic effects of the Au nanoparticles. The Au modified ZnO structures 

also show improved photoactivity by showing enhanced responses to ethanol and acetone with 

respect to the intrinsic structures. Similarly, the formation of heterojunctions provides 

advantages in the sensing performance of the ZnO structures modified with the n-type Fe2O3. 

This behavior, however, turned to be opposite for the ZnO structures modified with p-type Cu2O, 

which buffered the response of ZnO, particularly to oxidizing gases. This is because the 

ionosorption of oxygen favors further the conduction by holes, contrary to n-type 

semiconductors, and thus diminishes the resistance changes of ZnO when exposed to an 

oxidizing gas. 

3.3.3. Journal Article 4 

ZnO structures with surface nanoscale interfaces formed by Au, Fe2O3, or Cu2O modifier 

nanoparticles: characterization and gas sensing properties, Tomić, M., Claros, M., Gràcia, I., 

Figueras, E., Cané, C., Vallejos, S., Sensors, 2021, 21, 4509, doi: 10.3390/s21134509. 

3.3.4. Conference Paper 2 

ZnO nanorods and their modification with Au nanoparticles for UV-light activated gas sensing, 

Tomić, M., Gràcia, I., Figueras, E., Cané, C., Vallejos, S., Spanish Conference on Electron Devices 

(CDE), Sevilla, Spain, 2021, doi: 0.1109/CDE52135.2021.9455726. 
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S1. Results – Material characterization 

 

 

Figure S1. (a) Zn 2p, and (b) O 1s core levels XPS spectra for non-modified ZnO film. Grey dots represent the raw data, the solid 

yellow line corresponds to the envelope/fitting curve, and the other colored curves to the deconvoluted components. 

The Zn 2p core-level spectrum recorded on non-modified ZnO film showed good agreement with the literature [1], 

proving the presence of Zn2+ state of zinc, with two main peaks at 1021.6 eV and 1044.7 eV that corresponds to the Zn 

2p3/2 and Zn 2p1/2 peaks (Figure S1a), respectively, with the binding energy separation of 23.1 eV. Additional peak 

located at 1040.2 eV is related to the shake-up peak. 

The O 1s XPS spectrum (Figure S1b) presents an asymmetric curve as reported earlier in the literature [2]. After 

the deconvolution, four different components are determined that indicate the presence of different oxygen species. The 

component centered at 530.2 eV is attributed to O2- ions in the Zn-O bonding. The component at 531.2 eV is associated 

to O- and O2- ions in the oxygen-deficient regions – oxygen vacancies. The components at 532.1 eV and 533.1 are 

connected to the presence of weak bonds from the physical or chemical adsorbed oxygen, hydroxides, and H2O on the 

surface of ZnO film [3] [4] [5] [6].  
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Figure S2. SEM images of the Ag@ZnO structured film (the inset shows a magnified image of a single Ag-modified ZnO rod). 

 

Figure S3. Responses towards 80 ppm of ethanol, acetone, carbon monoxide for the ZnO, Au@ZnO, Fe2O3@ZnO, and Cu2O@ZnO 

sensors at 0% and 20% RH. 
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Abstract — Aerosol assisted chemical vapour deposited ZnO 

nanostructured films integrated into Si-based transducing 

platforms are modified with preformed Au nanoparticles (NPs) 

via impregnation. The morphological, structural, and chemical 

characterization of these films using different characterisation 

techniques shows the incorporation of well-distributed and 

stable Au nanoparticles (NPs) at the surface of ZnO. 

Photoactivated gas sensing tests at room temperature (RT) 

demonstrate enhanced sensitivity and better speed of response 

for the Au modified ZnO films (AuZn) providing 3 times higher 

response to ethanol and acetone as compared to the non-

modified ZnO films (Zn). 

Keywords—gas sensors, ZnO, gold nanoparticles, AACVD, 

UV-light activation, ethanol 

I. INTRODUCTION 

Nanostructured metal oxides (MOX) are attractive in gas 
sensing because of their ability to enhance the performance of 
these devices, not only due to their higher surface-area-to-
volume-ratio, as opposed to bulk materials, but also due to the 
presence of specific crystal facets that provide a particular 
electronic structure to the surface. Among various MOX, ZnO 
has been one of the most investigated materials for gas sensors 
due to its nontoxicity, stability, and low fabrication cost [1]. 
Although ZnO based sensors have remarkable performances, 
it is possible to improve their gas sensing properties even 
further by decoration with noble metal NPs, such as Au, Ag, 
Pt, or Pd [2] [3] [4] [5]. 

MOX based gas sensors usually operate at high 
temperatures (approximately 200 – 500 °C) [6]. Alternatively, 
they can operate at room temperature (RT) when the sensing 
material is activated using light irradiation, usually in the 
ultraviolet (UV) range [7]. Usage of photoactivation can help 
to overcome typical disadvantages of thermoactivation, such 
as frequent calibration and maintenance of heaters, limitation 
in the detection of flammable and explosive gases, and issues 

with stability and poisoning of the sensitive material [8] [9]. 
Photoactivation can also reduce power consumption during 
operation with respect to thermoactivated sensors [8]. 

Therefore, in this paper, we show the fabrication of gas 
sensors based on non-modified and Au modified ZnO 
nanostructured films that operate under UV-light at RT. The 
physical and chemical characteristics of the gas sensitive films 
are analysed and the assembled sensor devices are tested 
towards various gases such as ethanol, acetone, toluene, and 
hydrogen. 

II. MATERIALS AND METHODS 

ZnO nanorods were directly deposited over Si-based 
transducing platforms (40 mm × 40 mm) at 400 °C via aerosol 
assisted chemical vapor deposition (AACVD) of zinc chloride 
(ZnCl2, 50 mg, Sigma-Aldrich, ≥98%) dissolved in ethanol 
(5 ml, PanReac, ≥99.8%). Further details of this method were 
reported previously [10]. The modification of ZnO structures 
was achieved in a second step by impregnation with 
preformed Au NPs synthesized by the Turkevich method [11]. 
The impregnation process was performed by immersing the 
ZnO samples for 60 s into the solution with suspended Au NPs 
heated at 60 °C. Prior to the characterization, the samples were 
annealed in synthetic air at 450 °C for 1 h.  

The morphology of the films was examined using 
scanning electron microscopy (SEM, Carl Zeiss, Auriga 
series, 3 kV) and transmission electron microscopy (TEM, 
FEI Tecnai F20, 200 kV). The optical properties were 
analyzed using UV-Vis diffuse reflectance spectroscopy 
(DRS, AvaSpec-UV/VIS/NIR, Avantes, Apeldoorn) and 
applying Kubelka-Munk transformation. The crystallinity of 
the films were examined using X-ray powder diffraction 
technique (XRD, Bruker, AXS D8 Advance, operated at 
40 kV and 40 mA, Cu Kα radiation), while the chemical 
composition was determined using X-ray photoelectron 
spectroscopy (XPS). 
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AuZn and Zn sensors were tested to ethanol, acetone, 
toluene, and hydrogen at RT using continuous photoactivation 
with a light-emitting diode (LED) at a wavelength of 365 nm 
in a gas flow system with dry air as the reference. The sensor 
response (R) was defined as (Ra-Rg)/Ra, where Ra and Rg 
represent the electrical resistance of the sensitive film in air 
and after 10 min of gas exposure, respectively. 

III. RESULTS 

Analysis of the samples by SEM proved the integration of 
Au modified ZnO structures over the transducing platforms. 
The SEM images (Fig. 1) show uniform ZnO rod-like 
morphology (with estimated average length of ~1.5 μm and 
diameter of 200 nm) covered with well-distributed Au NPs 
with diameters between 5 and 40 nm. 

Further analysis of these structures using high-resolution 
transmission electron microscopy (HRTEM) and scanning 
transmission electron microscopy (STEM) (Fig. 2) confirmed 
the formation of rod-like structures covered with spherical Au 
NPs.  

High resolution images of these particles also revealed the 
presence of highly ordered crystalline lattices with the 
interplanar spacing of 0.26 nm and 0.23 nm, consistent with 
the hexagonal ZnO (002) [10] and cubic Au (111) planes 
(Fm3m space group, ICCD card No. 00-004-0784), 
respectively. 

XRD (Fig. 3) corroborates the presence of the hexagonal 
ZnO phase with the absence of extra diffractions from Au 
NPs, most likely due to their small size, low amount, and high 
dispersion over the film.  

DRS results (Fig. 4) display the band gap transition of 
ZnO at ~3.3 eV (estimated by Kubelka-Munk transformation 
for the adsorption wavelength of 375 nm) and the surface 
plasmon resonance band of gold at ~520 nm, which is in 
agreement with the literature data for ZnO [12] and Au [13]. 

 XPS results (Fig. 5) also confirm the presence of the 
typical Zn 2p and Zn 3p core level spectrum recorded on both, 
Zn and AuZn films, and additional Au 4d and Au 4f core level 
spectrum, recorded only on the AuZn films.  

 

 

Fig. 1. Low and high magnification SEM images of the AuZn structured 
films deposited over the transducing platform. 

 

 

Fig. 2. HRTEM image with the inset showing a STEM image of a ZnO 
nanorod modified with Au nanoparticles. 

 

 
 

Fig. 3. Typical XRD diffraction pattern of the AuZn films  

 

Fig. 4. Diffuse reflectance spectra (DRS) of the Zn and AuZn structured 
films. 
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Photoactivated gas sensing tests towards 80 ppm of 
ethanol, acetone, toluene, and hydrogen show enhanced 
responses with better recovery and response times for the 
AuZn sensors to all gases except hydrogen, which shows no 
differences in response, as compared to the Zn sensors 
(Fig. 6). The major improvement in sensor response after Au 
decoration is noticed for ethanol and acetone detection, with 
approximately 3 times higher response to both gases 
compared to non-modified films. 

Fig. 7 displays the resistance changes for both types of 
sensors, Zn (Fig. 7a) and AuZn (Fig. 7b) when exposed to 
80 ppm of ethanol under UV-light irradiation. The sensors 
showed a typical n-type MOX semiconductor response, with 
an increase in electrical resistance when subjected to reducing 
gases such as ethanol. Additionally, these results 
demonstrated improved reproducibility and stability of the 
AuZn sensor as well as better dynamics of the response, unlike 
the non-modified Zn sensor. 

Gas sensing mechanism 

A schematic illustration of the gas sensing mechanism of 
the modified films is depicted in Fig. 8. This figure shows that 

when the sensor is not exposed to UV light source and gas 
(Fig. 8a), the free electrons from the MOX are extracted and 
trapped by oxygen molecules from the atmosphere (O2(g)), 
forming oxygen ions (O2

-(ads)) which are adsorbed on the 
sensor’s surface, as shown in (1): 

𝑒− + 𝑂2(𝑔) → 𝑂2
−(𝑎𝑑𝑠)   (1) 

This adsorption leads to the formation of a depletion layer 
at the MOX’s surface, with a built-in electric field [14], 
around the ZnO rod as well as around the Au NPs. 

Under UV-light exposure (Fig. 8b), electrons and holes 
are generated in the sensing material and separated due to the 
built-in electric field. Then, photo-generated holes release the 
previously adsorbed oxygen ions from the surface (ambient 
oxygen desorption), while the photo-generated electrons react 
with the oxygen from the atmosphere and form the new photo-

 

Fig. 5. XPS spectra recorded on the Zn and AuZn films. Only the peaks 
of interest have been marked. 

 

 

Fig 6. Photoactivated response of Zn and AuZn sensors towards 80 ppm 
of ethanol, acetone, toluene, and hydrogen. 

 

 

Fig. 7. Typical resistance changes recorded on the Zn and AuZn sensors 
to 80 ppm of ethanol. 
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induced oxygen ions, O2
-(hν), according to the following 

reactions: 

ℎ𝜈 → ℎ+ + 𝑒−   (2) 

ℎ+ + 𝑂2
−(𝑎𝑑𝑠)  → 𝑂2(𝑔)           (3) 

𝑂2(𝑔) + 𝑒− →  𝑂2
−(ℎ𝜈)          (4) 

 After reaching the balance in oxygen desorption and 
adsorption, the sensor is prepared for the reaction with the 
target gas (Fig 8c). The gas reacts with the adsorbed photo-
generated oxygen, which results in electrons releasing, as the 
example for ethanol in equation (5), and therefore it is 
observed an increase in conductance. 

𝑂2
−(ℎ𝜈) + 𝐶2𝐻5𝑂𝐻 → 𝐶𝑂2 + 𝐻2𝑂 + 𝑒−          (5) 

According to the gas sensing results, Au modification 
made a great impact on the sensor performance, especially for 
ethanol and acetone sensing. The improved sensing properties 
on the AuZn based sensors, compared to the Zn sensors, is 
attributed the catalyst effect of the Au NPs as well as to the 
additional interface formed between the ZnO rod and the Au 
NPs, and consequentially, additional electron transfer during 
the gas-solid interactions [15]. 

IV. CONCLUSIONS 

Non-modified and Au modified ZnO gas sensors were 
fabricated and tested towards several gases at room 
temperature, employing UV photoactivation. Analysis of the 
materials (i.e. Zn and AuZn) by SEM, TEM, XRD, DRS, and 
XPS confirmed the presence of crystalline ZnO nanorods, as 
well as the incorporation of Au nanoparticles at the surface of 
the ZnO modified rods. Gas sensing results demonstrated 
improved sensing properties for the AuZn sensors, especially 
for ethanol and acetone, showing 3 times higher response to 
both gaseous analytes compared to the Zn sensors. The 
improvement was also noticed in the sensor’s stability and 
reproducibility, in favour of the decorated sensor. 
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3.4 Modification of iron oxide by nanoscale 

interfaces 

Comparing to MOXs such as WO3 and ZnO, iron oxide (Fe2O3) is less investigated in gas 

sensing, despite its high abundance in nature, low cost, high stability, high resistance to 

corrosion, and nontoxicity, as well as magnetic and catalytic properties [183]–[185]. Fe2O3 has a 

band gap of ~2.1 eV and it can have n-type or p-type semiconducting behavior [19], but mostly 

it shows n-type conductivity [186]. The literature review shows that Fe2O3 has been synthesized 

in the form of particles [34], and structures including wires [187], rods [188], and other 

hierarchical structures [189] [190] for sensing, magnetic, and energy applications. The literature 

shows as well that this material achieved good results in the detection of gases, such as ethanol 

[41], acetone [44], and nitrogen dioxide [48]. Previously, the Gas Sensors group at IMB-CNM 

(CSIC) also explored the use of Fe2O3 as a ‘guest’ material in WO3 and ZnO structures [34] [140] 

[154], finding potential for Fe2O3 to act as ‘host’ element rather than only as a modifier. 

Moreover, it is important to remark that the current literature shows an absence of AACVD 

methods for Fe2O3 structuration. In that context, this thesis investigated further the 

structuration of Fe2O3 via AACVD and its modification with Au nanoparticles by exploring 

different AACVD conditions including precursor solutions, temperatures, and aerosol fluxes, 

amongst others. Additionally, the gas sensing properties of these non-modified and Au modified 

structures were evaluated towards various gases, including acetone, ethanol, toluene, CO, H2, 

and NO2. These results belong to the most recent findings of the thesis and soon will be placed 

into consideration for their publication in a specialized primary journal with the title “Aerosol 

assisted chemical vapor deposition of gas-sensitive Fe2O3 and Au-modified Fe2O3 structures”. 

3.4.1. Results 

The research of non-modified and Au modified Fe2O3 firstly includes the result of setting the 

optimal conditions for the AACVD synthesis of four types of Fe2O3 structures (named flattened 

pyramides, pyramides, porous pyramides, and sheets) and search of the conditions for 

incorporation of Au nanoparticles at the surface of these structures in a second AACVD 

deposition step. In that aspect, the results show detailed information about the tuned AACVD 

conditions, including deposition temperatures, solvents, precursors, and their concentrations. 

The characterization techniques, such as SEM, TEM, XRD, and XPS gave information about the 

morphology, crystallinity, and chemical composition of the synthesized materials. From the four 

different structures, porous pyramids exhibited the best sensing performances showing high 

responses, particularly to acetone and ethanol. Gas sensing tests of the Au modified Fe2O3 

pyramids also displayed high responses to acetone and ethanol, although with less intensity than 

the responses observed for the non-modified Fe2O3. However, these results are in part 

contradictory, as the previous observations in this thesis revealed frequently enhanced gas 

sensing properties for the surface modified MOXs with respect to non-modified materials. This 

contradictory behavior suggested being connected with the high loads (9.5 at. %) of gold found 

at the samples’ surface, which exceed in about 46 % the typical loads employed in previous 

systems (e.g. for Au@ZnO 5.1 at.%). 
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3.4.2. Conclusions 

A new AACVD method for the synthesis of Fe2O3 structures and Au modified Fe2O3 structures 

was developed. Results demonstrated the possibility to tune selectively the morphology of Fe2O3 

from pyramid-like structures to sheet-like structures mainly by controlling the deposition 

temperature, precursor concentration, and the location of the substrate in the reactor. Results 

also proved the incorporation of Au particles over the Fe2O3. Gas sensing tests of these 

structures demonstrated good sensitivity to acetone and ethanol, showing the highest response 

for the Fe2O3 porous pyramids-based sensors. Overall, the sensors showed good stability and 

response/recovery times. The modification of the structures with gold led to a loss of Fe2O3 gas 

sensitivity, most likely caused by the blockage of adsorption centers on the Fe2O3 surface due to 

the excessive loading of Au particles. A tuning of the Au loadings to lower amounts (e.g., 

< 5 at.%) is recommended in light of previous literature reports and the results obtained with 

other Au modified MOX structures such as the Au@ZnO structures reported in Section 3.3 of 

this thesis. 

3.4.3. Journal Article 5 

Aerosol assisted chemical vapor deposition of gas sensitive Fe2O3 and Au-modified Fe2O3 

structures, Tomić, M., Gràcia, I., Figueras, E., Cané, C., Vallejos, S.  – To be submitted 

 

 



 Aerosol Assisted Chemical Vapor Deposition of gas sensitive Fe2O3 and 

Au-modified Fe2O3 structures  

 

Abstract 

Iron oxide (Fe2O3) structures with different morphologies, including flattened pyramids, 

pyramids, porous pyramids, and sheets are synthesized selectively via AACVD. Among all 

synthesized structures, porous pyramids show the best sensing properties especially towards 

acetone and ethanol with comparable characteristics to other works in the literature for Fe2O3, 

and sensitivity of 2.7 and 1.9 % ppm-1, respectively. The incorporation of gold nanoparticles at 

the pyramid surface proves to diminish the gas sensing response of Fe2O3 contrary to previous 

reports in which gold modifiers led to enhanced responses. This behavior is attributed to the 

high amount of Au particles (9.5 at%) incorporated over the surface of Fe2O3 during the AACVD 

process; a fact that reduces the adsorption sites at the surface of this gas-sensitive material, 

diminishing its sensors response.  

Keywords: AACVD, gas sensor, hematite, surface modification, metal oxides, Au nanoparticles 

 

Introduction 

Metal oxide (MOX) gas sensors draw a lot of attention due to their small size, low cost, short 

response time and long-lasting life, and simplicity in operation and mass production [1] [2]. Due 

to that, they found application in gas sensors devices for environmental monitoring [3], health 

care [4], security [5], artificial olfaction [6] and so on. Amongst the most studied MOXs for gas 

sensing application are ZnO, SnO2, TiO2, and WO3 [7] due to their wide band gaps and low 

activation energies. However, other MOXs such as iron oxide (Fe2O3) have also shown great 

potential in gas sensing. Fe2O3 is usually known for its catalytic and magnetic properties [8], 

although it has also shown sensing properties to gases such as ethanol [9] [10], acetone [11] 

[12], and nitrogen dioxide [13] [14], to cite a few. The most stable iron oxide under ambient 

conditions is hematite (α-Fe2O3), which is an n-type semiconductor with the band gap of ~2.1 eV 

[15]. This MOX has shown interesting practical advantages due to its high stability, high 

resistance to corrosion, nontoxicity, and low cost given iron’s abundance [16] [10].  

It is known that structuration of MOX materials improves their gas sensing properties as 

compared to bulk material due to their large surface area [17]. Additionally, modification of MOX 

surface with noble metals adds chemical and electronic sensitization effects that improve 

further the MOX gas sensing performances [7] [18]. In that context, the set of new scalable 

chemical synthesis routes for MOX structuration and surface modification are still attractive in 

the gas-sensing field. Previously, the structuration of Fe2O3 structures of different morphologies, 

such as particles [19], wires [20] [21], fibers [22] [23], rods [24] [25], spindles [26] [27], belts [28] 

[29], tubes [30] [31], and urchin-like structures [12] were achieved and used mainly in the area 

of energy and magnetism, but some of them also in gas sensing. Moreover, surface modification 

of Fe2O3 structures with Au [32] or Pt [33] for acetone detection, Au for ethanol detection [34] 

or Pd for propane [35] and H2S [36] detection were also reported in the literature. The most 

common synthesis methods for achieving these structured and modified Fe2O3 usually include 

solvothermal synthesis [37], sol-gel method [38], thermal decomposition method [39], 

hydrothermal synthesis [40], and sonoelectrochemical anodization method [41]. However, to 



the best of our knowledge, Aerosol Assisted Chemical Vapor Deposition (AACVD) route for Fe2O3 

structuration was reported only in our previous works [19] [42] [43], in which this material was 

used as a modifier material rather than ‘host’ material for gas sensing. 

Therefore, here we report a new synthesis route based on AACVD for the structuration of 

α-Fe2O3 and its modification with Au NPs. This work also evaluates the surface and chemical 

properties of the synthetized structures and their performance as gas-sensitive materials.     

Materials and Methods 

Iron oxide structures were grown directly onto an array of 4 silicon micromachined 

platforms (400 x 400 μm each) using the AACVD system reported previously [44]. Table 1 lists 

the obtained morphologies (including flattened pyramids, pyramids, porous pyramids, and 

sheets) and the main AACVD conditions used for each one. Briefly, the structures were deposited 

using a precursor solution of iron(III) chloride hexahydrate (80 or 100 mg, ≥99.0%, Sigma–

Aldrich) and either pure acetone (5 mL, ≥99.9%, PanReac) or acetone – ethanol mixture 

consisting of 4 ml of acetone and 1 ml of ethanol (≥99.9%, PanReac,). The aerosol droplets of 

the solutions were transported to the heated substrate using nitrogen gas flow (200 sscm). The 

modification with Au NPs was achieved in a second AACVD step at 370 °C using HAuCl4·3H2O, 

(50 µg, ≥99.0%, Sigma–Aldrich) dissolved in methanol (2 mL, ≥99.9%, PanReac). The deposition 

times last approximately 25 min for the structuring step and 10 min for the modification step. 

Table 1. Experimental conditions for the synthesis of non-modified Fe2O3 with flattened pyramids (fPys), 

pyramids (Pys), porous pyramids (pPys), and sheets (Shs) -like morphologies using AACVD method. 

Morphology Precursor Solvent 
 

Aerosol 
capacity, 

l/h 
 

Deposition 
temperature, °C 

 

Substrate 
position in the 

chamber 
 

fPys FeCl3*6H2O, 
100 mg 

Acetone, 5 ml 0.3 370 Outlet 

Pys FeCl3*6H2O, 
100 mg 

Acetone, 5 ml 0.3 370 Inlet 

pPys FeCl3*6H2O, 
80 mg 

Acetone, 5 ml 0.3 370 Inlet 

Shs FeCl3*6H2O, 
100 mg 

Acetone, 4 ml + 
Ethanol, 1 ml 

0.3 340 Outlet 

 

Prior to the material characterization, the samples were annealed in synthetic air for 1 h at 

400 °C. The morphology of the structures was examined using scanning electron microscopy 

(SEM – Auriga Series, 3 KV, Carl Zeiss) and the crystallinity using X-ray Diffraction (XR – Bruker, 

AXS D8 Advance, Cu Kα radiation operated at 40 kV and 40 mA). Further analysis of the samples 

involved the examination of morphology by TEM (Transmission Electron Microscopy – FEI 

Tecnai, 200 kV), including STEM (Scanning Transmission Electron Microscopy) mode and HRTEM 

(High-Resolution Transmission Electron Microscopy) mode. The chemical composition of the 

material was carried out using X-ray photoelectron spectroscopy (XPS – Kratos Axis Supra 

spectrometer with Al/Ag monochromatic X-ray source).  

The gas microsensors were tested in a continuous flow test chamber [45] provided with 

mass flow controllers that allow the mixture of dry/humid air and calibrated gaseous analytes 

(all purchased from Praxair, Danbury, CT, USA) to obtain the desired concentration. The 

operating temperature of the sensors was 350 °C. The tested gases include acetone (C3H6O), 



ethanol (C2H5OH), toluene (C7H8), carbon monoxide (CO), hydrogen (H2), and nitrogen dioxide 

(NO2). After the exposure (10 min) to each gas analyte, the sensors were recovered in the 

synthetic air until the initial baseline resistance was achieved. 

The electrical resistance measurements were performed using a multimeter Keithley 2700 

with a switch system for monitoring several sensors simultaneously. The sensor response (R) 

was defined as Ra/Rg for reducing and Rg/Ra for oxidizing gases, where Ra and Rg represent the 

electrical resistance of the sensitive film in air and after 600 s in the target gas, respectively. The 

sensitivity of the sensor (S) expresses the variation of the sensor response as a function of the 

change in the tested gas concentration. The response time was defined as the time required for 

a sensor to reach 90 % of the total response upon exposure to the target gas, while the recovery 

time was defined as the time required for a sensor to return to 90 % of the original baseline 

signal after the target gas is removed and the sensor is subsequently cleaned with dry air. The 

sensors were tested for a period of four months during which each sensor accumulated 290 h 

of operation. 

Results and discussion 

Material analysis 

SEM images of the Fe2O3 structures obtained by AACVD using different synthesis conditions 

(Table 1), showed uniformly deposited structured films with different morphologies – fPys, Pys, 

pPys, and Shs. The biggest structures (fPys in Figure 1a) were obtained at 370 °C, when the 

substrate was positioned at the outlet of the chamber. Their width ranges between 200 and 

300 nm, while the length is ~1.2 µm. The Pys (Figure 1b) and pPys (Figure 1c), deposited at the 

same temperature as fPys but at the inlet of the chamber, show similar sizes, with the lateral 

edge of ~250 nm and base edge of ~370 nm. Contrary to the smooth surface of the Pys 

structures, the pPys display pores over the surface of irregular shape and size. The thinnest 

structures (30-40 nm thick) are the Shs (Figure 1d) synthesized with the acetone-ethanol mixture 

at the lowest temperature of 340 °C.  

 

Figure 1. SEM images of the Fe2O3 a) fPys, b) Pys, c) pPys, and d) Shs deposited by AACVD method using 

different synthesis conditions. 

The STEM images of the Fe2O3 structures in the first column of Figure 2 display the structured 

particles removed from the substrate. These particles suggest similar morphologies to those 

observed by SEM. The HRTEM images, showed in the second and third column of Figure 2, reveal 

the presence of highly ordered crystalline lattices with the fringe spacing (d) of 0.27 nm 

approximately for all four morphologies.  

 



 

Figure 2. Low-magnification STEM (first column) and corresponding HRTEM images (second and third 

column) of the Fe2O3 a) fPys, b) Pys, c) pPys, and d) Shs. 

 

A preliminary test of these sensors to fixed gas concentrations of acetone (80 ppm), ethanol 

(80 ppm), and NO2 (5 ppm) revealed the best performance for the pPy [46]. The reason for 

better response of these structures lays most likely in their porosity. Previously, it was observed 

[7] that porous structures show remarkable sensing performance not only due to their surface-

to-volume-ratio, but also because of the particular surface defects induced by the pores and 



their irregular arrangement. Hence, further material analysis, decoration with Au NPs, and gas 

sensing tests, were focused only on these structures. 

The SEM images in Figure 3 display the Fe2O3 pPys before and after their decoration with Au 

NPs. The formation of Fe2O3 porous pyramid structures with uniformly dispersed Au NPs of 30-

40 nm, over their surface is evidenced in Figure 3b. It is interesting to notice that the surface of 

pPys after the decoration appears to be smoother, probably as a consequence of the Au NPs 

filling the Fe2O3 pores as the SEM images show a visible brightness difference between the 

pyramid surface and the particles/pores at the surface, as opposite to the pyramid surface in 

Figure 3a. 

 

Figure 3. SEM images of the Fe2O3 structures a) before, and b) after their decoration with Au NPs.  

XRD analysis of the Fe2O3 and Au@Fe2O3 pPys (Figure 4) demonstrated the presence of a 

rhombohedral (hexagonal) α-Fe2O3 phase (R-3c space group, ICDD card no. 33-0664) recorded 

on both samples and cubic Au phase (Fm-3m space group, ICDD card No. 00-004-0784) recorded 

only on the modified samples (Figure 4b). This is consistent with the literature data for 

rhombohedral (hexagonal) α-Fe2O3  [47] and cubic Au [48]. The intense peak at 33.1 °2ϴ 



corresponds to the (104) plane of Fe2O3, while the peak recorded on modified structured film at 

38.1 °2ϴ is attributed to the (111) plane of Au NPs.  

 

Figure 4. XRD diffraction pattern of the a) Fe2O3 pPy, and b) Au@Fe2O3 pPy. The diffraction peaks in the 

data can be indexed to a rhombohedral (hexagonal) Fe2O3 phase (R-3c space group, ICDD card no. 33-

0664) and cubic Au phase (Fm-3m space group, ICDD card No. 00-004-0784). Only the peaks of high 

intensity have been marked. 

The elemental and chemical composition of the Fe2O3 and Au@Fe2O3 pPys was analyzed 

using XPS (Figure 5). The wide and narrow XPS spectra of the samples show that both films 

display typical Fe 2p core level peaks with similar characteristics to those observed in our 

previous work [42] [43]. Specifically, the Fe 2p spectrum displayed in Figure 5c shows two 

characteristic peaks at 711.0 eV and 724.8 eV, and two satellite peaks at 719.3 eV and 732.9 eV 

originating from the photoelectrons emitted from Fe 2p3/2 and Fe 2p1/2, respectively. The Fe 2p 

spectrum is fitted to eleven components: four multiplets of Fe peak, two multiplets of Fe 2p1/2 

peak, two satellite peaks, two surface peaks, and one characteristic pre-peak usually present in 

the Fe 2p3/2 spectrum. According to the binding energies of these peaks, iron is present in the 

oxidation state Fe3+  [43].  

Additionally, the modified sample confirms the presence of Au 4d and Au 4f peaks at the 

characteristic binding energies for this element (i.e. 83.8 eV for 4f7/2 eV and 87.5 eV for 4f5/2) in 

agreement with the literature [49]. Figure 5d displays the Au 4f spectrum of the Au@Fe2O3 pPys. 

The deconvolution of this spectrum suggests the presence of two components (at 84.1 eV and 

87.8 eV) with a binding energy separation of 3.7 eV, consistent with the Au0 oxidation state 

[43][50]. The content of Au in the film was estimated to be 9.5 at%. 



 

Figure 5. a) XPS spectra recorded on the Fe2O3 pPys and b) Au@Fe2O3 pPys. c) Typical Fe 2p core level 

XPS observed in both samples. d) Au 4f core level XPS spectra recorded on the Au@Fe2O3 pPys. 

Gas sensing tests 

The responses of the Fe2O3 and Au@Fe2O3 gas sensors were tested to various operating 

temperatures, finding the lowest temperature with maximum response to the target gases at 

350 °C. Therefore, the subsequent tests of the sensors were performed using this operating 

temperature as a reference. Initially, both sensors, Fe2O3 and Au@Fe2O3, were tested towards 

various fix gas concentrations (80 ppm for ethanol, acetone, CO, toluene, and H2, and 5 ppm for 

NO2,). A comparison of the response to each gas analyte is displayed in Figure 6. Overall, the 

sensors show a better behavior to acetone and ethanol, particularly for the non-modified 

sensors. The sensors also show significant responses to gaseous analytes such as nitrogen 

dioxide, considering the lower NO2 concentration used (compared to the other target gases).  

 

 



 

Figure 6. Comparative gas sensing results of the non-modified and Au modified Fe2O3 pPy towards fixed 

gas concentrations of each target analyte at 350 °C. 

Further tests of the sensors to different concentrations of ethanol and acetone showed a 

proportional increase of the sensor response as a function of the gas concentration (Figure 7). 

These results also revealed the sensitivity (S) of the sensors, which turned to be higher for 

acetone than for ethanol when employing the non-modified Fe2O3 sensors, in agreement with 

the responses obtained for the fixed gas concentrations.   

 

Figure 7. Dependence of the response on ethanol and acetone concentration (10 to 80 ppm) for the a) 

Fe2O3 and b) Au@Fe2O3 pPy sensors  

Figure 8 depicts a comparison of the dynamic of the responses to various concentrations (10 

– 80 ppm) of ethanol and acetone registered by the Fe2O3 and Au@Fe2O3 sensors. Generally, 

both sensors show good reproducibility and reversibility, with slightly better stability in the 

Au@Fe2O3 sensor. Both sensors reached full recovery after purging the analyte with the 

synthetic air. The drop in the Fe2O3 sensor response with the lowering of the analyte 

concentration demonstrated that the response declines approximately 10 % on average for 

ethanol and 13 % for acetone for each change in the concentration of 20 ppm. Following this 

trend, it can be concluded that these sensors can be used to detect ethanol and acetone even 

when their concentration is lower than 10 ppm. 



 

Figure 8. A typical response of the Fe2O3 pPy and Au@Fe2O3 pPy to 10 - 80 ppm of ethanol and acetone.  

The response and recovery times of the Fe2O3 and Au@Fe2O3 sensors towards acetone and 

ethanol are presented in Table 2. The results demonstrated similar response times for both 

types of sensors in the case of acetone and a faster response time for the Fe2O3 sensors in the 

case of ethanol detection. On the other hand, faster recovery times are recorded for the 

Au@Fe2O3 sensors to both tested gases. 

Table 2. Response and recovery times of the Fe2O3 pPy and Au@Fe2O3 pPy to 80 ppm of acetone and 

ethanol. 

  Fe2O3 Au@Fe2O3 

tR, min 
Acetone 1.0 1.0 

Ethanol 1.5 2.9 

tr, min 
Acetone 7.9 4.8 

Ethanol 6.9 4.5 

Further tests of the sensors were performed in the humid ambient with 20 % of relative 

humidity (RH). Both types of sensors demonstrated lower response to acetone and ethanol in 

the humid ambient in comparison with dry ambient. For instance, the response of the Fe2O3 

sensors to 80 ppm of acetone and ethanol is decreased by 13 % in both cases, while the response 

of Au@Fe2O3 to the same gases and concentration is decreased in 9.5 % and 12.5 %, respectively. 

This decrease in response can be explained by the proportional drop of the baseline resistance 

to relative humidity, which is commonly present in metal oxides exposed to humidity due to the 

formation of hydroxyl groups at operating temperatures above 100 °C [51].  



 

Figure 9. Typical Fe2O3 pPy and Au@Fe2O3 pPy response towards various concentration of a) acetone 

and b) ethanol at 0% RH and 20% RH. 

Overall, results show higher response for the Fe2O3 pPy sensors compared to the Au@Fe2O3 

pPy. For instance, the response to acetone and ethanol was 2.8 and 2.2 times higher for the 

Fe2O3 than for the Au@Fe2O3, respectively. However, these results are in part contradictory, as 

our previous observations revealed frequently enhanced gas sensing properties for the surface 

modified MOXs with respect to non-modified materials. This contradictory behavior is most 

likely connected with the high loads (9.5 at. %) of the modifier Au NPs found at the samples’ 

surface, which exceeds in about 46 % the typical values employed in our previous systems (e.g. 

for Au@ZnO 5.1 at.% [43]). Similar observation can also be found in previous literature reports 

[18], in which it can be noticed that optimal catalyst particle loadings do not exceed 5 at% [52] 

[53]. The excessive amount of particles apparently lock the active sites on the surface of Fe2O3, 

responsible for the gas adsorption, and thus lower the sensing capability of the sensor. Actually, 

the SEM images in Figure 3 support this as they show a clear difference in the Fe2O3 pyramid 

surface before and after the gold particle deposition. Note that the Fe2O3 pyramids have a 

porous surface, while the Au@Fe2O3 pyramids lose the porosity and became smooth. This 

suggests a need for further tuning of the AACVD conditions used for modifying the Fe2O3 

structures with gold.  

A comparison of the Fe2O3 response with other similar systems in the literature to ethanol 

and acetone is presented in Table 3. Although the gas testing conditions vary in the listed 

references, it can be noticed that our Fe2O3 sensors show good responses that are in the same 

order of magnitude or higher considering the concentrations tested in each work. It is also 

observed that other types of structures have more complex morphology such as columnar 

structures, which provide improved response compared to the porous pyramid structures 

developed here for similar concentrations. These results, however, could be further improved 

by better tuning the loading of modifier particles or using another combination of modifiers such 

as those explored for WO3 previously [54] [55]. Therefore, it is of great importance that the 

process of modification is performed in such a way that the loading of the metal nanoparticles 

and their distribution over the MOX surface is controlled. In that aspect, the AACVD method 

used in this paper is considered a convenient method for tuning the process of modification. 

 

 



Table 3. Comparison of the responses for various α-Fe2O3-based sensors reported in the literature 

towards acetone and ethanol. 

Material Morphology T, °C Gas  c, ppm R Ref. 

α-Fe2O3 NPs 250 Acetone 100 9.5 [32] 

α-Fe2O3 CSs 150 Acetone 100 23.5 [32] 

α-Fe2O3 3D U-l 275 Acetone 100 10 [12] 

α-Fe2O3 3D U-l 260 Acetone 100 7 [12] 

α-Fe2O3 NPs 160 Acetone 1000 10 [36] 

α-Fe2O3 hMSps 350 Acetone 100 7 [56] 

α-Fe2O3 NSpds 300 Acetone 50 2.8 [57] 

α-Fe2O3 pPys 350 Acetone 80 6.1 This work 

α-Fe2O3 pNSps 260 Ethanol 50 6.7 [10] 

α-Fe2O3 NPs 160 Ethanol 1000 12 [36] 

α-Fe2O3 3D U-l 275 Ethanol 100 8 [12] 

α-Fe2O3 3D U-l 260 Ethanol 100 12 [12] 

α-Fe2O3 NSpds 300 Ethanol 50 2.2 [57] 

α-Fe2O3 pPys 350 Ethanol 80 5.4 This work 
T – operating temperature, c – analyte concentration, ppm – parts per million, R – response, tR – response time, tr – 

recovery time, NPs – nanoparticles, CSs – columnar superstructures, N/A – not available, pNSps – porous 

nanospheres, U-l – urchin-like, hMSps – hollow microspheres, NSpds – nanospindles, pPys – porous pyramids. 

Conclusion 

Results demonstrate a new route for depositing selectively Fe2O3 with different 

morphologies via AACVD. In this work, four different morphologies of iron oxide were analyzed 

in the aspect of morphology, structure, and chemical composition using characterization 

techniques such as SEM, XRD, TEM, and XPS. Among these morphologies, porous pyramids 

showed the best sensing properties and therefore were subjected to further decoration with Au 

nanoparticles. Gas testing results towards acetone, ethanol, CO, toluene, H2, and NO2, showed 

higher response for the non-modified Fe2O3 sensors to all tested gases. The reason for low 

responses in the gold modified samples seems to be connected with the high amount of Au NPs 

(9.5 at%) incorporated over the surface of Fe2O3. The excess of gold particles apparently locks 

the pores at the Fe2O3 surface and reduces the adsorption sites along the Fe2O3 surface. These 

results indicated the need for further tuning of the contents of gold at the pyramidal structures.   
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Chapter 4 

Conclusions and future work 

The main goal of this thesis was to develop and examine the properties of sensors based on 

surface modified structured MOX materials with formed nanoscale interfaces between the 

‘host’ MOX and the ‘guest’ material (i.e., another MOX, metal NPs, or organo-functional 

molecules). In that line, during this thesis, seven types of modified structured MOX based gas 

sensors and their corresponding non-modified versions were developed and evaluated towards 

several gases. A summary of the synthesis conditions of these structures and their main 

properties is given in Table 4.1, while a comparison of the best sensors’ performances and their 

operating conditions are summarized in Table 4.2. 

From Table 4.1, the following conclusions are remarked: 

 Three types of structured ‘host’ MOX materials (WO3, ZnO, and Fe2O3) were deposited 

by AACVD without using catalyst seeds. Whilst the tuning of the conditions for WO3 

deposition resulted in the growth of 1D structures in the form of wires, many different 

AACVD conditions (including different precursors, solvents, and concentrations, 

amongst others) applied for ZnO and Fe2O3 synthesis proved to be unsuccessful in the 

attempt to deposit this type of structure. Instead, ZnO was deposited in the form of 

rods, whereas Fe2O3 was deposited in the form of pyramids or sheets. Hence, the aspect 

ratio (i.e. length to diameter or length to width ratio) of these structures was higher for 

the WO3 wires (100) than for the ZnO rods (7.5) and Fe2O3 pyramids (1.5). These 

structured morphologies and their synthesis routes, particularly for Fe2O3, are novel in 

the state of the art of AACVD.  

 The incorporation of ‘guest’ materials was achieved in a second step, mainly by AACVD. 

The morphology of the AACVD incorporated particles (Au, CeO2, Fe2O3, and Cu2O) was 

characterized by agglomerated particles in the case of CeO2 and Fe2O3, whereas the 

modification with Au (using AACVD or impregnation) and Cu2O lead to highly dispersed 

nanoparticles over the ‘host’ structures. The synthesis routes for incorporating these 

modifier particles on the structured ‘host’ MOXs represent an advance to the state of 

the art of AACVD. 

 The synthesis routes of these materials used commercial precursors such as W(CO)6, a 

metal-organic precursor, that was found appropriate for AACVD growth of structured 

WO3. Chloride-based salts such as ZnCl2 and FeCl3·6H2O were more suitable for the 

structuration of ZnO and Fe2O3. For the particles deposition, nitric-based salt 

(Cu(NO3)2·6H2O) and chloride-based salt (HAuCl4·3H2O) gave the desired particle 

morphology to Cu2O and Au, while for CeO2 better results were obtained by using 

acetylacetonate (acac) based precursor, Ce(acac)3·×H2O. Incorporation of Au particles 

via impregnation method was successfully achieved using Au colloids formed by 

reduction of the same chloride-based salt (HAuCl4·3H2O) as the one used for AACVD. 
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 The deposition temperatures for the AACVD synthesis were in the range of 370 – 500 °C. 

For the growth of WO3 wires, the best results were obtained at the deposition 

temperature of 390 °C, for the ZnO rods at 400 °C, while for the Fe2O3 pyramids the 

deposition temperature was 370 °C. The optimal deposition temperatures for the 

‘guest’ materials were 430 °C for Fe2O3 particles, 500 °C for CeO2, and 450 °C for Cu2O, 

whereas for Au particles the deposition temperature was 370 °C. APTES deposition was 

performed via a CVD silanization process at a lower temperature (120 °C) and lower 

pressure (5 torr) than AACVD method. Overall, the deposition conditions for all 

materials synthesized proved compatible with the Si-based platforms, allowing for the 

direct integration of the structures into both, bulk and micromachined Si-based 

platforms. 

The gas sensing results summarized in Table 4.2 lead to the following findings: 

 Overall, the results demonstrated that the surface modified samples exhibited 

enhanced gas sensing properties compared to pristine sensors, except in the case of 

Au@Fe2O3, which is explained by the excessive Au loading (9.5 at.%), that locks the 

active sites on the surface of Fe2O3  and lowers the sensing capability of the sensor. The 

lower amount of Au particles (5.1 at.%), used for decoration of the ZnO sensor, was 

found to be more appropriate as it enhanced the gas sensitivity of ZnO. Similarly, the 

loadings of decorating MOXs that provided good sensor performances were 11.5 at.% 

of Ce in CeO2@WO3 sensor and 7.5 at.% of Fe in Fe2O3@ZnO sensor. Cu2O@ZnO sensor 

with only 1.1 at.% of Cu did not show a significant response to the tested gases and 

additionally acted opposite to Fe2O3 by reducing the response to oxidizing gases as 

NO2, instead of increasing it. This opposite behavior was connected with the p-type 

behavior of Cu2O. 

 The operating temperatures of the sensors were between 300 and 350 °C for 

thermoactivated sensors and RT for photoactivated sensors, which reported the best 

results for UV-light irradiance of 1800 mW·cm−2. The highest response of the 

thermoactivated WO3 and ZnO based sensors were recorded at the temperature of 300 

and 310 °C, respectively, while for the Fe2O3 based sensors the optimal temperature 

was higher, 350 °C. Additionally, it was demonstrated that photoactivation can 

successfully replace thermoactivation principle and this is especially noticeable for 

APTES@WO3 and APTES@CeO2@WO3, which exhibited high sensitivity to ethanol and 

NO2 at RT. ZnO based sensors (non-modified ZnO and Au@ZnO) also demonstrated the 

possibility to detect gases such as ethanol and acetone at RT, with UV light activation. 

However, the concentration changes were not detected appropriately and its 

performance is still not as good as the thermoactivated ZnO based sensors or 

photoactivated APTES@WO3 based sensors. 

 The sensors demonstrated the best results in sensing acetone, ethanol, and NO2. The 

highest sensitivity to acetone was recorded for the photoactivated 

APTES@CeO2@WO3 sensors (6.6 % ppm-1), whereas the highest sensitivity to ethanol 

was recorded for the photoactivated APTES@WO3 sensors (19.2 % ppm-1), both 

operating at RT. Photoactivated APTES@CeO2@WO3 sensors also exhibited 

remarkable sensitivity (27.3 % ppm-1) to NO2. However, the sensitivity of Au@ZnO 

sensors, thermoactivated at 310 °C, showed higher sensitivity to NO2 (39.96 % ppm-1), 

even for lower NO2 concentration range (1-10 ppm) than those measured with the 

APTES modified sensors (20-80 ppm), which makes this type of sensor superior to the 



CHAPTER 4. CONCLUSIONS AND FUTURE WORK 

 

40 
 

others studied here for NO2 detection. Overall, the sensors demonstrated responses 

with higher or the same order of magnitude than other MOX sensors in the literature. 

More details of this comparative analysis can be found in the published articles in 

sections 3.2, 3.3, and 3.4 of this thesis. The improvement of sensitivity in MOXs at room 

temperature by silanizing their surface and using photoactivation represent an 

advance in the state of the art of MOX-based gas sensors that opens a new possibility 

for circumventing the use of microheaters and potentially reduce the power 

consumption of the sensor.  

 Overall, the response of the sensors was stable and reversible, and the tests 

demonstrated that the sensors can operate at least four weeks accumulating a 

minimum of 120 h of operation without significant deviations. Stability tests for longer 

periods were not evaluated. The response times of the sensors were in the range of 

1.5 to 10 minutes, while the recovery times were in the range of 1 to 40 minutes. 

Generally, thermoactivated sensors detected gases faster and needed less time to 

recover. The shortest response and recovery times were revealed for thermoactivated 

Fe2O3 based sensors. In contrast, photoactivated sensors showed longer times, 

especially during the recovery step, which needed approximately 30 minutes on 

average.  

As a continuation of this research, the future work may explore: 

 The use of different organic molecules for the surface modification of MOXs that 

can be activated with or without light excitation and be sensitive to gases at room 

temperature. 

 The integration of other transducing principles (i.e. optical), besides the resistive, in 

a single sensor device to obtain simultaneous physical changes from the same gas-

sensitive material.  

 Following the use of other transducing principles, such as optical, another area of 

interest includes the research on modified gas-sensitive MOXs that show optical 

changes due to gas adsorption. These gas-sensitive materials could involve, apart 

from typical modifier elements with plasmonic properties (e.g., Au, Ag), other 

modifier elements, for instance, rare earth metals (i.e. Er and Eu) that have shown 

to modulate the optical properties of MOXs when used as dopants. Other studies 

may also include the formation of heterojunctions with n- and/or p-type MOXs that 

are photoactive and produce optical changes due to gas adsorption. 

 The literature shows that there is still plenty of room for developing further the gas 

sensors’ sensitivity and ability to detect specific gases in sub-ppm concentrations, 

especially VOCs from the group of aromatic hydrocarbons, carbonyl compounds, 

and aliphatic hydrocarbons.    
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Table 4.1. Comparison of the synthesis conditions and material morphologies of the sensors fabricated in this thesis. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

JA – journal article, CP – conference paper, APTES – (3-aminopropyl)triethoxysilane, AACVD – aerosol assisted chemical vapor deposition, TD – deposition temperature, W(CO)6 – tungsten 

hexacarbonyl, Ce(acac)3·×H2O – cerium(III)acetylacetonate hydrate, Ws – wires, Ps- particles, Rds – rods, Fls- flakes, pPys – porous pyramids, AR – aspect ratio, Ø – diameter, L – length, T – 

thickness, LE – lateral edge, BE – base edge.

 Sensor Loading Deposition method TD, °C Precursor Morphology, nm 

JA2 

WO3   AACVD 390 W(CO)6 WO3: Ws, 100Ø, 10000L, 100AR 

 
CeO2: Ps, <40Ø CeO2@WO3 

 WO3 AACVD 390 W(CO)6 

11.5 at.% Ce CeO2 AACVD 500 Ce(acac)3·×H2O 

JA3 

WO3   AACVD 390 W(CO)6 

WO3: Ws, 100Ø, 10000L, 100AR 

 
CeO2: Ps, <40Ø,   
 

APTES@WO3 
 WO3 AACVD 390 W(CO)6 

1000 µl APTES Silanization 120 APTES 

APTES@CeO2@WO3 

 WO AACVD 390 W(CO)6 

11.5 at.% Ce CeO2 AACVD 500 Ce(acac)3·×H2O 

 APTES Silanization 120 APTES 

JA4 

ZnO   AACVD 400 ZnCl2 ZnO: Rds, 200 Ø, 1500L, 7.5AR 

 

Au: Ps, 5-40Ø  
 
Fe2O3: Fls, 20T, <100Ø, 5AR 
 
Cu2O: Ps, 5-25Ø   

Au@ZnO 
 ZnO AACVD 400 ZnCl2 

5.1 at.% Au Au Impregnation 60 Colloidal Au 

Fe2O3@ZnO 
 ZnO AACVD 400 ZnCl2 

7.5 at.% Fe Fe2O3 AACVD 430 FeCl3·6H2O 

Cu2O@ZnO 
 ZnO AACVD 400 ZnCl2 

1.1 at.% Cu Cu2O AACVD 450 Cu(NO3)2·6H2O 

JA5 

Fe2O3   AACVD 370 FeCl3·6H2O Fe2O3: pPys, 250LE, 370BE, 1.5AR 

 

Au: Ps, 10Ø 
Au@Fe2O3 

 Fe2O3 AACVD 370 FeCl3·6H2O 

9.5 at.% Au Au AACVD 370 HAuCl4·3H2O 

CP2 

ZnO   AACVD 400 ZnCl2 ZnO: Rds, 200 Ø, 1500L, 7.5AR 

 

Au: Ps, 5-40Ø 
Au@ZnO 

 ZnO AACVD 400 ZnCl2 

5.1 at.% Au Au Impregnation 60 Colloidal Au 
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Table 4.2. Comparison of the sensing performances and working conditions of the sensors fabricated in this thesis. 
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TGS, °C 300 RT 310 350 

cR, ppm    20-80 20-80 20-80 20-80 

S, % ppm-1 

Acetone 0.8 4.7 0.4 1.1 6.6 0.03 0.68 0.26 0.22 2.7 0.3 

Ethanol 0.8 2.2 1.1 19.2 10.3 0.05 1.79 0.27 0.04 1.9 0.4 

NO2 - - 0.4 7.6 27.3 0.73* 39.96* 7.48* 0.22* 5.4** 5.0** 

tR, min 

Acetone 80 ppm 5.5 1.9 9 9.3  8.8 - - - - 1.0 1.0 

Ethanol 80 ppm 7.4 2.5 9 5.4 9.3 8.3 2.9 7.5 8.2 1.5 2.9 

NO2 80, 5, or 1 ppm - - 10† 7†  8†  5.2†† 4.3†† 4.3†† 5.6†† 1.5††† 5.9††† 

tr, min 

Acetone 80 ppm 5.0 9.5 22 39 38 - - - - 7.9 4.8 

Ethanol 80 ppm 6.1 17.8 23 35 40 20 10.7 18.3 23.3 6.9 4.5 

NO2 80, 5, or 1 ppm - - 35† 27† 20† 22†† 5†† 8†† 15†† 1††† 6.9††† 
JA – journal article, TGS – working temperature of a gas sensor, cR – concentration range, S – sensitivity, defined as ΔR/Δc, ΔR - change in response, Δc - fixed change in analyte concentration, tR 

– response time, tr – recovery time, ppm – parts per million, RT – room temperature. 

*Sensitivity is calculated for the concentration range of 1-10 ppm. 

** Sensitivity is calculated for the concentration range of 1-5 ppm. 

† Response time is measured for the NO2 concentration of 80 ppm. 

†† Response time is measured for the NO2 concentration of 1 ppm. 

††† Response time is measured for the NO2 concentration of 5 ppm. 
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Abstract  
Nanostructures (NS), e.g., based on metal oxides, are attractive in gas sensors 
because they proved to enhance their functionality, providing better sensitivity, 
stability, and selectivity.  Further enhancement of the functionality of nanostructures is 
also known to be achieved by electronic and/or chemical sensitization via the surface 
modification with second-phase materials (e.g., catalytic nanoparticles with sizes less 
than 10 nm). [1] The formation of NSs is traditionally achieved via liquid- or vapour-
phase routes, with the vapour-phase routes (e.g., CVD) having shown advantages 
that include greater purity, the ability to generate NSs in continuous rather than batch 
mode and higher throughputs. This is crucial for developing a low cost manufacturing 
method of gas sensing devices that may be adequate for high volume Smart System 
Solutions. Thus, in this work, the use of CVD and aerosol assisted (AA) CVD to 
synthesize non-modified and modified NSs is proposed.  

1. Introduction

As the world population increases there is a need of ensuring a more sustainable 
development, friendly with the environment and with a circular basis economy for the 
Better Life challenge, comprising new advanced tools and technologies able to 
monitor key parameters that allow making prediction and decisions efficiently.  In 
addition, new technologies are also needed, for instance technologies that can be 
operated with ultra-low power consumption for high autonomy at low cost, fabricated 
with eco-friendly materials enough robust to have long-term stability and full 
connectivity to be part of crucial tools such as  the internet of things, or smart 
communications.  Currently, these key characteristics are not fully accomplished in 
commercial devices, and certainly, efficient solutions will not come from single 
devices, but from Smart Systems based on new micro/nano fabrication concepts with 
biomimetic properties, nanoscaled functional materials, and optimised sensing 
modes and control electronics to radically improve the performance of these 
monitoring systems. 

In this context, Biomimetic Systems for Odour Detection (BSOD) aim to develop new 
and far-reaching systems that accomplish technological breakthroughs to face the 
above-mentioned challenges. Odour (gases, vapours, aroma) detection systems are 



of high interest as they are versatile and non-invasive Key Enabling Technologies, 
which are relevant both in traditional (e.g., environment, industry) and innovative 
(e.g., health, agrofood, Internet of Things, smart cities or security) applications [2]. 
The gas sensor market is forecasted 1,3 B US$ by 2023 [3],  with the environment, 
transport, and industry being the main market protagonist, and new medical, agro-
food and other advanced consumer applications (i.e., wearables) expecting to drive 
innovation. These applications are certainly part of the Digital agenda paradigm and 
the SAE concept “Smart anything everywhere”, in which odour sensing devices may 
be, in a near future, the next family of sensors for Smart Phones.  

A lot of research and development has been done in the last decades on different 
types of gas sensors and sensing systems as there is no unique solution for all 
scenarios. However, most of the challenges coming from the application field are 
similar and in general demand from the sensing systems good performances in terms 
of form factor miniaturization, low cost, with high sensitivity, stability, and selectivity 
and good connectivity and thus, also showing low-power consumption or self-
powered capabilities. 

Depending on the final application and sensing scenario the key target gases, 
aromas or vapours are different, and the limits of detection required also depend on 
the toxicity of such gases. While in traditional environmental control emissions are 
monitored by measuring mainly the presence of air pollutants such as CO2, NOX and 
SOX, in other indoor/outdoor air quality monitoring scenarios other gases such as O3, 
CO are also important.  In health, food and leisure wearables, volatiles organic 
compounds (VOCs), particularly, hydrocarbons, ketones and aldehydes, are the main 
analytes to be monitored. 

2. Nanomaterials (MoX) based gas sensors  

Compared to most types of gas sensing devices (i.e. optical, electrochemical, 
gravimetric, acoustic,…)  resistive-MoX devices are more prone to accomplish the 
above mentioned requirements. This is mainly due to the current capability to 
fabricate gas sensing platforms (transducers), based on “standard” MEMS and 
CMOS technologies, and bringing the inherent miniaturization performances of such 
technologies to the gas sensing devices. However, gas sensor are not made only of 
simple transducers, they also need the sensing materials properly optimized for 
specific group of analytes determined by the application. 

MoX function as gas sensors because adsorbed gaseous species form surface 
states in the MoX by exchange of electrons with the bulk material. The concentration 
of the surface states formed is proportional to the partial pressure of the gas 
impinging on the MoX, and hence the conductivity of the material changes in 
response to changes in the gas concentration.  These chemically induced changes 
can then be transduced into electrical signals by means of conductivity 
measurements. When such materials are nanostructured the surface to volume ratio 
dramatically increases and therefore the sensor response, too.  One dimensional 



(1D) structures like nanowires, nanorods, nanoneedles,…may also help on the 
improvement of the stability and, to a certain extent, the selectivity [4].   

In this paper, we discuss the use of CVD and aerosol assisted (AA) CVD to 
synthesize non-modified and modified NSs, demonstrating that the selective 
synthesis of NSs, their functionalization and their integration into silicon- or polymer-
based microsystems can take place in a single processing step. Generally, we take 
tungsten oxide as model material, although the integration of other chemical vapour 
deposited NSs (e.g., ZnO, In2O3 or SnO2) with microdevices has proved feasible too. 
Additionally, we discuss the use of resistive heaters embedded in microdevices to 
perform CVD of NSs, and the integration of NSs into nanoelectrode arrays systems 
by dielectrophoresis, as a strategy to achieve a well-defined conduction channel easy 
to modulate by external stimuli (e.g, gaseous molecules) in chemoresistive sensors. 
Special focus is also payed to the reduction of the power consumption and to the use 
of AACVD (which is easily scalable) as a compatible technique for the development 
of portable Smart Systems solutions.   

3. Experimental, results and discussion 

One-dimensional NSs were synthesized onto silicon- or polymer-microtransducing 
platforms via AACVD [5]. Briefly, our model material was deposited using a 
methanolic solution (5 ml) of tungsten hexacarbonyl (20 mg, W(CO6), Sigma-Aldrich, 
≥98%). The aerosol of that solution was generated using a piezoelectric ultrasonic 
atomiser (Liquifog, Johnson Matthey) operating at 1.6 MHz, and subsequently 
transported to the heated platforms using nitrogen flow (200 sccm). Shadow masks 
were used during the AACVD process in order to protect the contacts and confine the 
film deposition to the transducing area (i.e., electrodes). Generally, the AACVD of 
this solution resulted in the formation of relatively well-adhered uniform films of bluish 
color as-deposited, showing good coverage of the platforms. By tuning various 
parameters of the AACVD process, including solutions, concentrations, deposition 
temperatures, we achieved the selective deposition of polycrystalline films and NSs 
with different morphologies. Figure 1 displays the Scanning Electron Microscopy 
(SEM) imaging of selected tungsten oxide films.  

Figure 1: SEM images of tungsten oxide grown via AACVD (from polycrystalline to 
various nanostructured morphologies).  



Further enhancement of the functionality of NSs in sensing applications and catalysis 
is also known to be achieved by electronic and/or chemical sensitization via the 
surface modification with second-phase materials (e.g., catalytic nanoparticles with 
sizes less than 10 nm). In the literature, there are various conceptual routes to 
modified the surface of MoX NSs with second-phase NPs, based either on liquid-
phase or vapour-phase synthesis. These routes normally integrate the sensitive 
materials into the device using post-transfer (indirect) or direct methods. Synthesizing 
functionalized materials in the vapour-phase has potential advantages, including the 
growth of materials with greater purity, continuous mode operation, higher 
throughput, and the possibility of integrate materials directly into devices. However, 
its use for synthesis of NSs has demonstrated often the need of pre-catalytic NPs 
and/or relatively high temperatures (~1000 ºC as in conventional CVD), introducing 
extra fabrication steps and limiting its applicability for their integration with advanced 
microdevices based either on silicon or non-conventional substrates (e.g. polymers, 
textiles or paper)[6].  

Recently, we have developed a method to modify MoX NSs with second-phase NPs 
via AACVD, demonstrating that synthesis, functionalization and integration of these 
structures into the device can take place in a single processing step [7].  This method 
has demonstrated to be a flexible route to incorporate well-dispersed second-phase 
NPs including Au, Pt, Cu2O, and Fe2O3 at the surface of the MoX NSs. An example 
of the results obtained for the modification of tungsten oxide with Au or Pt NPs is 
depicted in figure 2. 

Figure 2: STEM of chemical vapor deposited MoX wires modified with Au (a) or Pt (b) 
nanoparticles. Insets show the metal NPs with marked planar spacing and the 
characteristic Au and Pt core-level peaks recorded using XPS. 

The low onset temperatures (~350 °C) for the formation of NSs has allowed for the 
integration of these structures into silicon- and polymer-based microdevices without 
the assistance of transfer steps, showing the compatibility of AACVD with 
microelectronics manufacturing processes, as shown in figure 3. The self-heating 
capability of the CMOS compatible transducing platforms with integrated low power 
microheaters, that is used to supply the energy to the sensing material for the 



effective adsorption-desorption process of gaseous molecules, has also been used to 
grow locally (into the sensing active area of the device) MoX and modified MoX NSs 
with similar functionality than those integrated in ‘hot-wall’ CVD reactors. We used 
this method previously to integrate NSs of tungsten oxide, and tin oxide via CVD and 
AACVD.  [8,9]  

Figure 3: Chemical vapour deposited metal oxide nanostructures grown directly on 
MEMS-based (a) and polymer-based (b) gas sensing platforms. Section of the 
MEMS-based device (c) and the polymer-based device (d). EG stands for electrode 
gap 

Recently aerosol assisted chemical vapour deposited NSs have also been integrated 
into nanoelectrode arrays systems by dielectrophoresis, as a strategy to achieve 
well-defined conduction channels easy to modulate by external stimuli (e.g, gaseous 
molecules) in chemoresistive sensors. Figure 4 a) and b) show a view of the devices 
[10, 11]. Nanostructures are grown on special substrates and transferred to the pre-
patterned electrodes of the working devices, see figures c) and d). This technique is 
a smart alternative to the fabrication of single nanowire devices by depositing 
solution droplets that contain nanowires onto the microelectrodes and that require the 
use of focussed ion beam (FIB) technique to write the final connections of the 
sensing nanowire to the microelectrodes, [12].   



Figure 4: General view of the a) fabricated structure of nanoelectrodes connected in 
parallel,  b) a pair of electrodes with a nanowire integrated across them, c) view of an 
Indium oxide nanowire over an electrode on top of a suspended microhotplate used 
to produce a gas sensor, and d) nanowire from image c) already contacted using 
focused ion beam techniques. 

As a generic example for the demonstration of the sensing performances of the 
materials developed by AACVD,  in the next figure the response  to 100 ppm of 
toluene of three types of sensors fabricated on Polymeric foils (Upilex) as shown in 
figure 5 a) are presented.  Tests were carried out at different temperatures in the 
range of 100-250ºC. Sensors were of pure WO3 and also functionalized with particles 
of Fe2O3 and Pt respectively. Figure 5 b) shows the dependence of the sensor 
response with the toluene concentration at a working temperature of 220ºC. 

Figure 5: a) Drawing of the structure of the sensors developed on polymeric 
substrates and b) sensor response to toluene (20-100 ppm) at 220 ºC.  

a) b) 

c) d)

a)  

b)  



Results indicate better performance for the functionalized sensors as opposed to the 
non functionalized of time response and sensitivity.  Similar results were obtained 
when detecting ethanol or hydrogen and with low cross sensitivity.  Other results will 
be presented at the conference for other concentrations of Toluene and other gases, 
and with other implementations of materials, with the aim of evaluating the most 
appropriate materials and devices according to the target applications and to their 
simple integrability to Smart Systems.  

Conclusions 

A method for synthesis of MOX-NSs via aerosol assisted CVD (AACVD) achieving 
deposition at relatively low temperatures was developed  with potential to be 
integrated in microelectronic fabrication due to its flexibility, high deposition rate, easy 
implementation and good prospects for scaling-up and low cost industrialization. The 
maximum temperature of operation of the AACVD system allows depositing 
nanomaterials on top of silicon micromachined structures and also on low cost and 
flexible polymeric substrates.  

Semiconductor oxide sensors based on nanowires of functionalized and non 
functionalized WO3 have shown good sensitivity, and time response to a variety of 
gases  (i.e. toluene, ethanol, hydrogen,…) concentrations and test conditions. 
Complete characterisation of different types of sensors for different gases will be 
presented in the conference. 

This method well complements other approaches formerly studied for the 
development of gas sensors based on the one-step localized CVD growth of matrixes 
of nanowires on CMOS compatible substrates or on the two-step post-growth 
deposition/transfer of single nanowires to substrates patterned with nanoelectrode 
arrays. The aim was to have a set of techniques that may allow fabricating low cost 
gas sensors that may accomplish the challenging requirements of Smart Systems 
Integration.  
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