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ABSTRACT

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 WOs, ZnO, and Fe,03; deposited via AACVD, whereas the
second-phase materials involve films or particles of another MOX (CeO,, Fe,03, and Cu;0), 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 (CeO,@WOs, APTES@WO3, APTES@CeO,@WOs, Au@ZnO, Fe,03@Zn0,
Cu,0@Zn0, and Au@Fe,0s) together with their corresponding non-modified versions (WOs,
Zn0, and Fe;0s5). 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 (WOs), rods (ZnO), and pyramids (Fe,0s), 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 NO,, with
the highest sensitivity to acetone (6.6 % ppm™) and ethanol (19.2 % ppm™) recorded at room
temperature for the photoactivated APTES@CeO,@WOs; and APTES@WOs; sensors,
respectively, and to NO; (39.96 % ppm) 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@Fe,0s, which is explained by
the excessive Au loading compared to other modified systems, that locks the active sites on the
surface of Fe,0s3, 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, H,S, NHs, CHa, NO3, and H;, 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 H,S, NHs. However, detection of
some hazardous gases is impossible for humans, because some of them, like CO and H,, 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,
W03, Zn0O, and Fe,0s, 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. CeO,, CuO, Fe;0s3), 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, Tomié, M., Setka, M., Vojkivka, 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, Tomié, M., Setka, M., Chmela, O., Gracia, I., Figueras, E., Cané, C., Vallejos,
S., Biosensors, 2018, 8(4), 116, doi: 10.3390/bios8040116.

Journal Article 3 - UV-light activated APTES modified WOs.x nanowires sensitive to ethanol
and nitrogen dioxide, Tomi¢, M., Fohlerova, Z., Gracia, 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, Tomi¢ M., Grdcia 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, Fe;0s, or
Cu,0 modifier nanoparticles: characterization and gas sensing properties, Tomic, M., Claros, M.,
Gracia, 1., Figueras, E., Cané, C., Vallejos, S., Sensors, 2021, 21, 4509, doi: 10.3390/5211345009.

Conference Paper 2 - ZnO nanorods and their modification with Au nanoparticles for UV-
light activated gas sensing, Tomi¢, M., Gracia, 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 Fe;Os and Au-
modified Fe;Os structures, Tomi¢, M., Gracia, ., 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, Fréres 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 SnO; films,
Bendahmane B., Tomic¢ M., Touidjen N. H., Gracia I., Vallejos S., Mansour F., Sensors, 2020, 20,
2158, doi: 10.3390/520072158.

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, Nikoli¢ Bujanovié, Lj., Cekerevac, M., Simici¢, M.,
Tomié, 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., Tomi¢ M., Gracia I., Figueras E.,
Chmela O., Hubalek J., Domeénech 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., Fohlerovad Z., Tomi¢ M., Gracia 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:

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

e 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.

Substrate

i Heater B

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 metallicand negative oxygenions,
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 Fe,0s, 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 %), SN0, (32.3%), TiO2 (12.5 %),
WO0s (10.6 %), and In,05 (6.6 %). The studied n-type MOXs also include Mo,0s (2.1 %), V.05 (1.4
%), Ga203 (1.1 %), Nb2Os (0.6 %), and Ta,0s (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 %), Co304 (11.8
%), Ce0; (9.5 %), Cu,0 (5.2 %), Cr,03 (4.2 %), Y203 (3.6 %), Bi,Os (3.0 %), La;0s (2.9 %), TeO, (1.5
%), Ag>0 (1.3 %), Mn304 (1.2 %), and Sb,0; (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. “Zn0”) + “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, SnO,, or WOs; 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.

Zn0, 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]. WOs is also an n-type semiconductor with a band gap of 2.6 — 3.7 eV [32]. WO;
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
materialin 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 WOs as ‘host’ MOX in this thesis. The thesis also devotes
special attention to the development of Fe,0s 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 Fe,0; 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, WQOs, and Fe;0s their
characteristics, and gas sensing performances.

Table 1.1. Material characteristic and sensing properties of pristine ZnO, WOs3, and Fe20s.

Material Morphology Size, nm Gas c, ppm [T,°C R* tr, S [tr, S Ref.
NPls 3.95 Methanol 50 360 4.8 N/A IN/A - [[51]
NPs com 10-100 ¢ 100 N/A 2.6 16 [100 [26]
NShs 10007 i 100 N/A 8.5 10 80 [[26]
NTPs (NRds) |50 % 1000 Ethanol 500 340 |57 50 70 |[52]
NPls 197 100 380 3.9 32 17  [53]
HSps 300-350 $30-40 57 Acetone 320 270 7 79 [108  |[54]
NPs N/A 0.05 220 2 N/A IN/A  [[28]

o NRgs N/A Acetaldehyde |5 0 0 1.1 N/A IN/A 28]
NWs 50-80 ¢ Benzene 50 30 1 N/A IN/A  [[55]
NWs 50-80 ¢ Toluene 50 30 1 N/A IN/A  [[55]
NWs 50-60 ¢ H.S 20 150 1.15  [180 |60 |[56]
pNTSs 307 Ha 5000 200 757 |50 [180 |[57]
NPs 18-40° N 100 150 6.9 ~20 285 |[58]
NRds 43.95 NO: 1 200 141 48 [180 |[[59]
NPs 535 R 30 250 3.8 21 70 [i60]
NWs 50-80 ¢ o 50 30 1.1 N/A IN/A |55
NPls 50-80 T Methanol 300 300 33 14 13 [61]
NShs 100 T 100 300 4.8 34 B6 |62
NPls 50-80 T Ethanol 200 300 70 7 [0 |61
NPs com N/A 500 200 2.9 N/A IN/A  [[63]
NPls 50-80 T Butanol 2 300 31 16 9 [61]
NPls 1001407 400 300 158 [7 3 |64]
NPIs 50957 Acetone 500 200 387 B |6 [63]

WO, NPs com N/A 500 200 5 N/A IN/A  [[63]
NNs 50-100 % 10000 - 100 220 .5 400 170 |34
MFIs (NPIs) éggga%ogﬂifgrwls Toluene 100 P20 167 2 1 [65]
HTs 58.6tWT32.25wT HaS 2 300 6.7 120 300 [[66]
NPs com N/A Ha 5000 RT 1.1 79 |8 [67]
PF 35 T A 16 ppb  [150 1.3 200 |N/A  |[68]
NPIs 50.25 NO: 100 100 131.7  IN/A IN/A  [[69]
CFL (NRds) 450-600 #-CFL 30-95 S-NRds|CO 20 270 129  [9-15 [5-9  |[70]
ML (NPs) 58 S-NPs Methanol 30 RT 11 20 50  [[40]
NPs 25 S 100 200 16.7  [189 W46  |[41]
Ts 60000 ¢ Ethanol 50 RT 27 N/A IN/A - [[42]
NPs 200 50 RT 7 N/A IN/A - [[42]
L 9-12 W 6000 - Butanol 100 260 3.3 34 Pp1 |43
NPs 3s Acetone 100 340 9.1 N/A IN/A - [[44]
NPs 8-20' 1 250 1.9 N/A IN/A  [[45]

Fe,0s NFs 50-100 ¢ B 1 250 6.1 40 [300  [i46]
NEs 275101255290 HaS 50 260 s 08 P2 a7
Ts 60000 ¢ B 50 RT 2.3 N/A IN/A - [[42]
NPs 200 2 50 RT 0.7 N/A IN/A  [[42]
NPs 505 \ 5 200 3.4 10 180  [[48]
NPs 50-60 NO: 200 200 1.2 12 188  [[49]
NPs 405 B 100 300 225 4 [160 |[21]
NPs 10-20 9 co 100 350 2.3 N/A /A [[50]
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NPIs: nanoplates, NPs: nanoparticles, ©™: 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, ©S: crystal size, N/A: data not available, ?: diameter, T: thickness, : length, sT: shell
thickness, *¥T: top wall thickness, sWT: side wall thickness, S: size, 2 2: long-axis diameter, 2 %: short-axis diameter, W:
width, RT: room temperature, c: concentration, T: operating temperature, R: response, tg: response time, and t:
recovery time.

" Sensor responses are given (or recalculated, if needed) in accordance with the formula R./Rg (reducing gases) or
Re/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:

e 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:

e 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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e 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@WOs.

e 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.

e 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/SnO,.

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

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 (SnO,, ZnO, WQOs)
with noble metals (e.g., Au, Ag, Pt, Pd), secondary oxides (ZnO, CeO,, TiO,, CuO, Fe,0s, 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 SnO; found better sensing
performance to formaldehyde, methanol, ethanol, and acetone for 2% Ce-doped SnO, and
ethanol, toluene, and acetone for 1 at.% Mg-doped SnO, as compared to non-modified SnO,
[79]. Further, the decoration of TiO, 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@TiO, systems than for the non-modified TiO, nanorods [80]. Besides
improved responses, sensors usually have also shorter response and recovery times. This can be
noticed for Au@SnO; sensors with the response time to NO, of 35 s, compared to 470 s recorded
for non-modified sensors [81]. Also, for Pt@WOs sensors to toluene, which have 4 and 5.7 times
faster response and recovery times, respectively, than WOs; 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 Fe;03
nanoparticles to toluene proved to be comparable to Pt@WO; 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 SnO; to xylene [83]. This type of modified system (i.e.,
MOX/MOX) also showed advantages in cataluminescence (CTL) gas/vapor sensors. Thus,
TiO,/Sn0; exhibited better CTL properties including stable intensity, high signal/noise values,
short response, and better sensitivity to benzene and toluene compared to intrinsic SnO; [84].

10
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Remarkable results were reported for 2.25 at% CuO addition to pure WOs sensor, which
achieved more than 25 times higher response to H,S compared to non-modified WO3 sensor
[85]. The importance of molar ratio between two MOXs was also studied. Thus, ZnO/WOs; sensor
response to CO was 38 for ZnO:WO; 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-WOs 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 NO, compared to the pure P-WOQOs.

Table 1.2. Sensing properties of modified and non-modified gas-sensitive materials.

Material Loading Gas ¢oppm T,°C R* tr, s t, s Ref.
Au@ZnO Au 3 at.% 31 N/A N/A
ZnO Au 0 at.% Isoprene 00 360 s A s P
Au@ZnO Aub5at% 21 4 3
Meth 1 50 360 51
ZnO Au 0 at.% ethano 48 NaA na Ol
Ag@ZnO Agl at. % 170.4 12 90
710 Ag 0 at.% Formaldehyde 100 240 6 4% 102 [88]
Pd@ZnO N/A 15 100 255
ZnO N/A co 100 220 14 350 425 (8]
Pd@ZnO N/A 2.2 N/A N/A
Pt@ZnO N/A Benzene 50 80 1.0 N/A N/A [55]
ZnO N/A 1.0 N/A N/A
Pd@ZnO N/A 1.0 N/A N/A
Pt@ZnO N/A Toluene 50 80 2.7 N/A N/A  [55]
ZnO N/A 1.1 N/A N/A
Sn02-ZnO ZnOm.r. 0.1 168.6 187 592
SnO2 ZnO m.r. 0 H2 10 300 4.2 N/A N/A  [90]
ZnO SnO2m.r. 0 63.8 N/A N/A
Ce-doped SnO2 Ce2at.% 10 8 4
SnO» Ce0at% Formaldehyde 500 320 o8 10 5 [79]
Mg-doped SnO2 Mg 1 at.% 14 143 N/A
Eth 1 80 160 91
SnO- Mg 0 at.% ano 1 Nna wna o8
Pd@TiO2 Pd 12 at.% 4.4 N/A N/A
TiO: Pd 0 at.% Isopropanol 5000 200, o 0 nya 180
Pd/M-WQOs Pd1wt% 11.8 80 10
H: 5000 RT 67
M-WOs Pd 0 wt.% ? 20 64 15 7
Fex0O3:@WOs Fe 3.9 at.% 8 150 15
Pt@WOs Pt3.7 at.% Toluene 100 220 7.8 100 30 [34]
WOs Fe & Pt 0 at.% 2.5 400 170
Au@WOs3 Au 0.01 wt.% 7.5 45 25
WOs Au 0 wt.% HeS 2 00 45 a4y 2s
Pt@WOs N/A 34 N/A N/A
WOs N/A Acetone 2 300 12 N/A  N/A [92]
Pt@WOs N/A 1.7 N/A N/A
WOs N/A Toluene 2 300 10 N/A  N/A [92]
Pt/Fe20s Pt1wt% 29 N/A N/A
Fex0s Pt0 at.% Acetone ! 200 49 A na B
Au/Fe20s N/A 8.5 60 450
Fex0s N/A NG > 100 45 A na P
Au@SnO2 N/A 4 35 N/A
SnO: N/A NG 30300y 4 na B
CuO/SnO2 Cu 3 mol% Xylene 50 280 10 N/A  N/A [83]
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SnO2 Cu 0 mol% 2.5 N/A N/A
PdO-SnO:2 Pd 0.1 mol% 320
S, P 0 molh Cco 200 300 0 NALN/A[94]
Cu 65 at.%
ZnO-CuO 7135 at.% Acetone 10 300 1.2 22 26 [82]
ZnO/WOs3 m.r. 6:4 38 48 62
ZnO/WOs m.r. 2:8 Cco 200  RT 2 63 71 [86]
ZnO/WOs3 m.r. 8:2 2 67 72
CuO/WOs Cu 225 at.% 534 5 1440
H:S 10 300 85
WOs Cu0at% : 21 7 1860 O
TiO2/Sn0> N/A 13000* N/A N/A
B 100 220 84
SnO: N/A enzene 500 NA  Na B4
APTES@P-WOs  APTES 2 mol% 45 30 31
P-WOs APTES 0 mol% NG ! 0 g5 gy a5 20

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, tg: response time, and t;: recovery time.

% Sensor responses are given (or recalculated, if needed) in accordance with the formula R./Rg (reducing

gases) or Rg/R, (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 uW 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.

Irradiation Parameters

Material ) T,° . R*  Ref.
ateria Gas ¢, ppm C Light Anm  En, mW-em™ e
Zno Formaldehyde 100 RT LED 365 N/A 12.6 [101]
Zno HaS 25 RT LED 354 1.22 3.5  [102]
Zno Ethanol 60 RT MI‘:‘:]‘;W 365 N/A 1.7  [103]
Zn0O Ethanol 100 RT LED array 365 3.6 1.1 [104]
S0, Acetone 54 RT Ml‘::]:ry >200 20 1.8  [105]
TiO: NO; 100 RT LED 365 N/A 23 [106]
In203 NO; 1 RT LED 400 N/A 60 [107]
In203 NO; 8 RT LED 380 5 180 [108]
In203 NO; 05 RT LED 325 400 pW 18  [109]
In203 NO; 2 RT LED 365 1.2 3.6 [110]

Au@ZnO Ethanol 100 RT Xe 365 1.2 20 [111]

Au@ZnO NO; 5 RT Xe 365 1.2 45 [111]

Pt@Zn0 NO; 5 RT LED 365 25 54 [98]

Pd@SnO0: Ethanol 100 RT N/A 365 480 102 [112]

Zno/Pd NO; ;gg RT Xe 475 0.8 26 [113]

Au/WOs NO; 10 RT LED 400 15 22 [114]

C-doped ZnO Ethanol 400 RT N/A 370 0.5 ~6  [115]
Zn0/In20: NO; 5 RT LED 365 25 32 [116]
ZnO/SnO,  Formaldehyde 100 RT LED 365 N/A ~8  [117]
Sn0/Zn0 NO; 5 RT N/A 365 1.2 6.2 [118]
Bi203/Zn0 NO> 5 RT N/A 254 1.2 67 [119]
TiO2/Sn0> Formaldehyde 0.6 RT LED 365 10 ~5  [120]

T — Temperature; A — wavelength; N/A — not available; Ex — irradiance; c — concentration; R — response.

" Sensor responses are given (or recalculated, if needed) in accordance with the formula R./Rg (reducing gases) or
Re/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

Typical Integration

Synthesis Method Method Reference

@ Transfer [17] [18] [25] [67] [79] [80]
E Hydrothermal Process Direct [84] [123]-[128]

b Precipitation Transfer [45] [67] [94] [129] [130]
E 5 Sol-Gel Method Transfer [131]-[134]

S g Sonochemical Process Transfer [27] [28]

g < Microwave-Assisted Approach Transfer [83] [135]

S One-Pot Wet-Chemical Method Transfer [26]

9 Photodeposition Transfer [51]

= Calcination of Precursors Transfer [136]

. o, Direct

Chemical Vapor Deposition (CVD) 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 C), 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 TiO,
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 CeO,, Cuz0,
and Fe;0s.

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].
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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 WO; 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 cm?, 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 SiO; 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 — N, 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,
Fe,0; 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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WOs.x W(CO)s, Middle-
W M I 2 2
(pure MOX) > 30 mg ,5m 0.25 390 00 Outlet 60 500 JA2
CeO: Ce(acac)s*xH20, Middle- [152]
P M, 2 ml 2 2 1
(modification) > 28 mg »4M 025 >00 00 Outlet > >00
WO3.x W(CO)e, Middle- JA3
W M, 5 ml 0.25 390 200 60 500
(pure MOX) > 20 mg 2 m Outlet [153]
Zn0O ZnCl2 Middle-
Rd ! E, 5 ml 0.25 400 200 45 450
(pure MOX) > 50 mg om Outlet
Fe203 FeCl3-6H20, All JA 4
(modification) Ps 3mg A3ml 0.5 430 200 positions > 450 [154]
Cuo Cu(NO3)>-6H,0, 3 Middle-
P E I . 4 2 4
(modification) > mg ,3m 0.5 >0 00 Outlet > >0
Fe20s3 FeClz*6H20
fP ! A | . 7 2 I 2 4
(pure MOX) S 100 mg ,5m 0.3 370 00 Outlet 0 00
Fe20s3 FeClz*6H20
P ! A, 5ml 0.3 370 200 Inlet 25 400
(pure MOX) PEYS  gomg 2> m nie
Fe203 FeCls*6H20,
(pure MOX) Pys 100 mg A, 5ml 0.3 370 200 Inlet 20 400 JAS
Fe203 FeCls*6H20, A 4ml
(pure MOX) Shs 100 mg E 1ml 0.3 340 200 Outlet 30 400
Au HAuCls - 3H.0 All
P ! M, 2 ml . 7 2 1 4
(modification) > 50 ug pem 0.5 370 00 positions 0 00

WSs —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., WOs,) 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 cm?3) in close
proximity (next to each other) to a drop of 15 ul of silane (APTES 99% liquid) on a glass slide. The
chamber was closed and dried three times under the N, 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 WOs.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 pl).

a) b) <)
wt%  Control 1min 5min wt% 10min 30min 50 min wt.%  15ul 100 ul 1000 pli
Si2p - 88 5.7 Sizp 88 6.9 7.1 Sizp 88 6.9 11.5
O1s 61.2 40.1 449 O1s 40.1 45.2 39.2 O1s 40.1 46.1 33.7
W 4af 22.8 119 15.2 W 4f 11.9 14.9 13.1 W 4f 11.9 16.1 8.3
N 1s 1.5 5.5 3.7 N 1s 5.5 4.6 4.9 N1s 5.5 4.9 7.9
Cls 14.5 33.8 304 C1ls 33.8 28.3 35.8 Cls 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 pl of silane. Therefore, these conditions were used for the APTES modified
WOs. samples synthesized in this thesis.

2.1.3

Despite the previous evidence of Au deposition by AACVD on Si and glass tiles and other
surfaces including WOs; 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 HAuCl,:3H,0 with NaszCsHsO7:2H,0 [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.

Impregnation method

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.

20



CHAPTER 2. METHODS

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.
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Figure 2.2. a) Low and high (inset) magnification SEM, b) STEM, and c) HRTEM images of the Fe203
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].

Emitted
X-ray

Primary
e beam

Ejected e
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 Ainto 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 (hv), the electron binding energy (BE), and the work function of the spectrometer (®).
Thus, the binding energy of the electron can be calculated [164].

BE = hv — KE — &, (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-11 (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 (@) from the difference in the photon energy of He-lI and the energy difference (AE)
between the binding energy cut-off (Ecuorf) and the Fermi edge (Er = 0 eV), following the
equation [21]:

¢ =20eV— AE (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 103 and 10! 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 (A), angle of
incidence (8) and spacing between the crystal lattice planes of atoms (d) is known as Bragg's

Law, expressed as:

nl = 2dsin6 (2.3)

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

X-ray / \ ’ X-ray
> v

source detector

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.
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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:

1-R)?* 'k

fR) = SR " 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 (E;) is calculated using the wavelength obtained from the
diffuse reflectance spectrum according to the equation:

hc
Eg = 7 (25)

Where h is Planck’s constant, c is the speed of light, and A 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 um each), and the second, based on bulk
silicon substrates (5000 x 4000 um). Structures of both types of the platforms are demonstrated
in Figure 2.7 and they consist of (from the top to the bottom):

e 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 um, whereas the bulk
silicon substrates contain IDEs of Cr/Au (25 nm/250 nm thick), with electrode gap of
5 um.

e 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).

e Resistive heater — 25 nm/250 nm thick Ti/Pt heater, only in the micromachined
structure.

e Suspended membrane — Si3N4/SiO, (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.

26



CHAPTER 2. METHODS

a) b)
s ”"?»g, Gas-sensitive
= material M
, Electrodes
‘/
% Electrodes
+Insulating layer _

Insulating

Si bulk layer

Si3N,/SiO, membrane

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:

e 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.

e Sensitivity
The sensitivity of the sensor (S) is defined as the ratio between the change in response (AR)
and a fixed change in analyte concentration (Ac) [152].

e 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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e 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].

e 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.

e 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]:

S
LOD = —=3 2.6
- 2.6)
e 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 (A) of the applied light used for the activation has to meet the following
requirement:

hc

1 <— (2.7)

Eq

Where h is Planck’s constant, c is the velocity of light, and E; 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
WOs., sensor and it was found to be 1800 mW-cm™ (more details can be found in the Journal
Article 3, Section 3.2). This irradiance was used for all further photoactivated measurements.
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Results

3.1 Gas-sensitive materials

Most studies on gas-sensitive materials are focused on the detection of chemicals such as
CO, NO3, O3, Hz, NHs, or H,S 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.,
Zn0O, Sn0,, TiO,, WOs), 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, WOs, ZnO, Fe;0s, CeO;, and CuO,
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
CeO;, and Cu,0: p-type conductivity, and for Fe,0s: n- or p-type conductivity).

3.1.3. Journal Article 1

VOCs sensing by metal oxides, conductive polymers, and carbon-based materials, Tomic, M.,
Setka, M., Vojkivka, L., Vallejos, S, Nanomaterials, 2021, 11(2), 552, doi:
10.3390/nano11020552.
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Abstract: This review summarizes the recent research efforts and developments in nanomaterials for
sensing volatile organic compounds (VOCs). The discussion focuses on key materials such as metal
oxides (e.g., Zn(, SnOz, TiO; 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 due to their representativeness in VOUs sensing, Moreover,
it delves into the main characteristics and tuning of these materials to achieve enhanced functionality
(sensitivity, selectivity, spccd of response, and stability). The usual synthesis methods and their
advantages towards their integration with microsystems for practical applications are also remarked
an. The literature survey shows the most successful systems include structured morphologies,
particularly hierarchical structures at the nanometric scale, with intentionally introduced tunable
“decorative impurities” or well-defined interfaces forming bilayer structures. These groups of
modified or functionalized structures, in which metal oxides are still the main protagonists either as
host or guest elements, have proved improvements in VOCs sensing, The work also identifies the
need to explore new hybrid material combinations, as well as the convenience of incorporating other
transducing principles further than resistive that allow the exploitation of mixed output concepts
(e.g., electric, aptie, mechanic),

Keywords: volatile organic compounds; gas sensors; nanomaterials

1. Introduction

Nanoscaled materials, with sizes within the Debye length of the surface (tvpically on
the order of 2-100 nm), are used as highly sensitive (receptor) elements in gas/vapor sen-
sors due to their large surface-to-volume-ratio and their proven better chemical, optical, and
electrical properties as compared to non-nanoscaled materials. These gas/vapor sensitive
materials include usually unmodified or modified metal oxides (MOXs), polymers (POMs),
and /or carbon-based materials (CbMs) with varied morphological shapes, integrated into
conventional transducers (e.g., resistive, capacitive, gravimetric, or optical). The sensing
properties of these materials generally depend on the chemisorption of negatively charged
oxveen adsorbates (O 2,0, and O ) in air, which, due to charge transfer between the
material and the analytes, change the electron density on the material surface. They may
also depend on the chemical reaction between the sensitive material and the analyte, or the
diffusion of species into the bulk of the material [1-10].

Most studies of gas/vapor sensitive materials are focused on the detection of low
concentrations of CO, NO;, O3, Hz, NHj, or H,S due to their toxicity, their relation with
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atmospheric composition, or the fact that these gases can be found at high levels in certain
environments [11-18]. However, in recent years, the application of gas/vapor sensitive
materials has been extended to the detection of volatile organic compounds (VOCs), not
only because their presence is significant in the industry and domestic sector, but also
because of their relevance as markers for (indoor/outdoor) air [19] and food quality [20],
and early diagnosis of several diseases [21].

VOCs are organic chemicals that possess a high vapor pressure at room tempera-
ture [22]. These compounds are numerous and varied, commonly classified according
to their functional group into aliphatic hydrocarbons, simple oxygenated hydrocarbons,
halogenated hydrocarbons, carbonyl compounds, aromatic hydrocarbons, ete. [23]. Most
applications, in which one or more of these compounds need to be monitored, typically
involve a broad background of other vapors and /or gases. For instance, thousands of
VOCs have been found in the environment, food products, and /or exhaled breath. There-
fore, the selectivity of sensitive materials, or its approximation by means of reducing the
cross-sensitivity, is imperative. Table 1 exemplifies the VOCs profile in the field of air
quality and breath analysis (note that these profiles contain only the most representative
VOCs usually reported in the literature).

Table 1. Summary of the volatile organic compounds (VOCs) profiles in air-quality due to anthropogenic emissions in the
atmosphere [24] and exhaled breath due to cancer (e.g., lung, breast, gastroesophageal, colorectal, oral cavity, head and
neck, ete.) [21]. The presented threshold limit values (TLV) are based on the documentation of the American Conference of
Governmental Industrial Hygienists (ACGIH) from 2019 [25]. The concentration range in the exhaled breath (CREB) for the
selected gases/vapors, which include the minimum and maximum levels found within healthy and unhealthy subjects,
were adopted from the references [26-30]; these references are also summarized in reference [21].

VOCs Monitoring
Adr Quality Breath Analysis
VOLy TeprERpn ATy TLV (ppm) VOCs Profile RED ie CREB (ppb)
Profile Vapor Analytes PP Vapor Analytes PP
Methano! 200 TVA
Alcohols Ethanol 1000 WA Alcahals Methanol 157-344
1-Propanal 200 FvA R Ethanol Y6-2848
Fithers Furan N/A 1-Propanol 413
Formaldehyde 0. 1WA Pentanal 27
Aldehydes Acetaldehyde 3¢ Aldehydes Heptanal 27
Propenal 01° Nonanal 2-107
. Acelone 250 TWA
Ketones ) WA Acetone 35-100H)
2-Butanone 200 bl Ketones 2-Butanone 0.002-3
Esters Ethylacetate 400 3-Hydroxy-2- (0.002-0.05
Carboxylic acid Acetic acid 10T Gutanone
LEthane N/A
Propane N/A
Butane 1000 WA
Pentane Im}l_:*‘_’:"‘
Hexane 50 3,
n = z; TWa Pentane 2-18
g Alkanes Heptane 400 L . Alkanes 4-Methyloctane 16-19
= Nonane 200 TWA
i Drocane N/A
- Undecane N/A
3 Dodecane N/A
Ethylene 20 TWA
E : Propylene 500 THA
i Alkenes Butylene 250 TWA Alkénes Isoprene 41-109
Butadi WA
1,3-B 2
Alkyres Acetylone NJ&
R Benzene 0.5 TWA
Ethylbenzene 20 TWA
——— by TWA
Tmaties TD']‘::S:! -3[‘]] TWA At Ethylbenzene 1-18
Xylene 100 TwA Toluene 1-37
Chlaroform 10 .Rt:
droc . Dichloromethane 5011
Halohydrocarbans Dichloroethane 100} HA
Chlorabenzene 10 ™A
Oth Dimehy) diuitic 20
er imethyl disulfide TWA
Limonene 0.5 N/A

8-h time weighted averages (TWA J—the average values of exposure over the course of an 8-h work shift; ceiling values (Cl—the exposure
limits that should not be exceeded at any time; N/A—data not available,
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The present review focuses on the materials utilized to improve VOCs sensing, paying
special attention to properties such as the sensitivity, the response time, and particularly
selectivity from a cross-sensitivity point of view. The key materials taken into account
in this review are MOXs, POMSs, and CbMs and their modifications, with a special effort
dedicated to MOXs due to their large presence in the literature, even after several years
of research in this field. This can be noticed in Figure la, which displays an example
of the weight of reports for these materials in the recent five years, as well as the most
common unmodified and modified MOXs (Figure 1b). In considering the literature, we
have compiled extensive tables with selected sensing data. A schematic view of the criteria
used for such selection is depicted in Figure 2. The filtering stages have focused on
finding reports in which the targeted materials were tested to various VOCs at the same
concentrations and operating temperatures to compare their crossed response. This search
sorting has significantly reduced the number of reports as compared to the comprehensive
list of available literature, which certainly provides extraordinary examples of materials
and their analysis, but often these publications do not cover in depth the test of analytes or
in many cases, they present responses to incomparable analytes concentrations or operating
temperatures,

In summary, the tables provide to the reader a quick visualization of the best responses
for a given material and the degree of cross-response recorded at the same operating
temperature for similar concentrations of various VOCs. The tables showing functional
parameters, although providing quantitative data, are recommended to be used only for
qualitative comparison, as the reports do not share generalized protocols for the tests. Thus,
the functional outputs are prone to not depend only on the material properties, but also
on the conditions used to test the analytes, The review, in addition, provides the most
common technological solutions reported in the literature, including material features,
synthetic methods, sensing principles, and the key enabling systems for their practical use.
We believe this work will allow for identifying at one glance the attributes of most common
systems for VOCs sensing, among MOXs, POMs, and CbMs in terms of cross-response
amongst selected VOCs; information generally not found in other reviews. Hence, here we
present the recent research efforts and developments in materials for VOCs sensing.
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Figure 1. Materials for VOCs sensing summed up from the Web of Science (WOS) database. The data were collected
using “gas sensors + VOCs" as keywords and only journal articles between 2015 and 2020 were taken into account. The
materials were generalized as modified metal oxides (MOXs) (e.g., Z00, 5105, WO3), carbon-based materials (ChMs)
(e.g., graphene, graphene oxide, carbon nanotubes), and polymers (POMs) (e.g., conductive polymers and others such as
Poly{methyl methacrylate}—PMMA). (a) Summary of MOXs, POMs, and CbhMs, plus their mutual modifications (MOX +
MOX, CbM + MOX, POM + MOX, POM + CbM, FOM + POM) ar metal modifications (M + MOX, M + POM, M + CbM),
and other minority materials {e.g., zeolitic imidazolate framework (ZTF) materials, metal dichalcogenides, and perovskites)
used for VOUs sensing, (b) List and presence in the literature of the most common VOUC sensitive MOXs (pure) and their
maodifications with metals or another MOX. Notice that the literature provides further examples of single and complex
MOXs (based on elements from the transition, post-transition, lanthanide, and alkaline earth groups from the periodic table)
than those presented here, but these examples are comparatively less recurrent in VOU sensing,
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Figure 2. Schematic representation of the filtering stages used as criteria to search the literature
reports for this review, in particular those displayed in the tables (4 to9). The stages include a selection
by application, materials, analytes, and number of analytes tested, with the results limiting the data
to those reports in which two or more VOCs are evaluated using the same operating temperature
and concentration for each analyte,

2. Gas/Vapor Sensitive Materials

The gas/vapor sensitive receptors usually include materials with semiconducting
properties such as MOXs, POMs, and CbMs, although, amongst them, MOXs are the pri-
mary materials used for gas/vapor sensing. MOXs work as sensitive materials due to their
properties to adsorb gas /vapor chemicals and transduce them into conductivity changes.
These properties were exploited for the first time in the 60s by Seivama et al. to fabricate
Zn0 based chemoresistive gas sensors [31]. Since then, a vast number of MOXs have
been studied and addressed to enhance their sensing features, taking into account their
electro-physical (band gap, electroconductivity, type of conductivity, oxygen diffusion),
thermodynamic, surface, electronic, structural, and catalytic properties [3,32]. Thus, the
literature [33] demonstrated that MOXs with large band gaps (e.g., between 2 and 4 eV)
and low activation energy of the centers are generally an optimal combination for chemore-
sistive sensors. In addition, the studies on various n- and p-type MOXs pointed out that
the most effective and widely used MOXs are those with n-type conductivity, such as ZnQ,
Sn(, and WO [33,24]. Certainly, this is consistent with Figure 1b, which suggests that
these three materials are amongst the dominant gas/vapor receptors in the literature. ZnO,
for instance, is an n-type semiconductor with a direct band gap of 3.37 eV [35] which has
shown large surface-to-volume ratio morphologies that improved sensitivity and response
speed with respect to other morphologies with bulky characteristics. This material showed
especially good sensitivity to methanol [36], ethanol [37,38], chlorophenol [36], formalde-
hyde [39], and acetaldehyde [32,40]. The wide use of ZnO in the literature is probably
related to its relatively facile synthesis processes and high chemical stability [41]. SnO), is
another n-type gas/vapor sensitive MOX with wide band gap of 3.6 eV [42]. This material
has been used intensively for studyving the influence of grain size on sensor response [2,43],
the conductivity of MOX gas sensors [1], or the key surface properties for gas sensing [3],
amongst others. 5nO; has shown good mechanical stability, high conductivity, wide op-
erating temperature range (200-600 “C) [44] and excellent performance in the detection
of ethanol [45], butanol [46], acetone [45], and toluene [47]. Other important gas /vapor
sensitive MOXs include WOj3, InzO3, TiOs, and Fea Q3. Specifically, WO; showed high
sensitivity to VOCs such as acetone [45], methanol [45], and toluene [49]. Moreover, InyOy
exhibited very high responses to acetone and toluene with a detection limit of 500 ppb [50]
and TiO; demonstrated very promising results in acetone [31] and hydrogen [52] detection,
while Fes05 nanoparticles were used for the decoration of common MOXs (e.g., WO; or
5i0;) showing high sensitivity to toluene [19] and ethylacetate [53].
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POMSs are organic materials usually belonging to the category of insulators, as they
possess covalent bonds without free movable charge carriers (electrons or ions), although
within POMs there is a group of conductive polymers, which behave similarly to semicon-
ductor MOXs. Their conductivity originates from highly delocalized electrons between
the conjugated polymer backbone (alternating single bonds (o) and double bonds (7))
and the dopant (negatively charged species). When conductive polymers are exposed to
the gas/vapor, these materials undergo oxidation and reduction processes as a function
of the dopants (p- or n-type) [4]. During the oxidation, electrons are extracted from the
highest occupied molecular orbital (HOMO) of the valence band, whereas during the
reduction, electrons are transferred to the lowest unoccupied molecular orbital (LUMO)
of the conduction band. The charge carriers in the form of polarons, bipolarons, or an
equilibrium between both are created during the redox processes [5,6]. This charge transfer
is generally transduced in conductivity changes that enable the gas/vapor detection even
at room temperature, circumventing the need for thermal activation as in MOXs. Con-
ductive polymers such as polypyrrole (FPy), polyaniline (PANI), polythiophene (PTh),
and poly(34-ethylenedioxythiophene) (PEDOT), and their modifications with metals have
been the most studied candidates for sensing VOCs [4,7] (Figure la). These materials
demonstrated mostly resistive responses to vapors such as ethanol, methanol, and acetone,
and gases such as NH3, NOs, and CO [5]. Macrocyclic compounds such as cyclodextrins
(CDs), calixarenes, and cavitands have also been investigated due to the presence of cavities
with molecular dimensions, which can act as molecular receptors [8].

CbMs include mainly carbon nanotubes (CNTs), graphene oxide (GO), or reduced
graphene oxide (rGO). Like other gas-sensitive materials, it is widely accepted that the
charge transfer between gas /vapor species and CbMs is responsible for the conductiv-
ity changes of these materials and thus gas/vapor detection. Due to the typical two-
dimensional (2D) single-atom-thick structure of graphene, GO and rGO, these materials
are prone to change the local carrier concentration electron by electron providing these
structures advantages over CNTs and other MOXs and POMs [9,10]. Overall, the gas sens-
ing properties of ChMs are strongly connected with the presence of defects and residual
contaminants at the surface. Hence, for practical applications, the sensitivity of CbMs is
usually enhanced by modifying or functionalizing them with metals [54,55], MOXs [56], or
POMSs [57,58], as can be seen in Figure 1a.

Overall, the key sensing features pursued in gas/vapor sensitive materials include
sensitivity, selectivity, stability, and speed of response; features known as the four “S”s of
gas sensing. Moreover, these materials are expected to interact reversibly and reproducibly
with the specific analyte 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 be widely available, simply and inexpensively synthesized,
compatible, and easily implemented with specific transducing platforms. Table 2 presents
a summary of the possible advantages and limits of these materials in their unmodified
form. This table is intended to provide only a qualitative view, the quantitative evaluation
for these materials is provided in the next sections.

Despite the great efforts invested in solving the mentioned limitations for each material
type, and the large amount of literature showing important improvements, there is still
a continuous demand in the gas sensor field for enhanced materials properties. The
pursued improvements are especially focused on finding materials with more sensitivity
and selectivity to VOCs from the aliphatic and aromatic hydrocarbons, and carbonyl
groups, rather than just those from the simple oxygenated hydrocarbons group, as well
as lower detection limits that reach ppb-ppt levels. The demands also emphasize the
search for scalable synthetic methods for on-chip integration and low operational power
consumption. Currently, the most common strategies to pursue these improvements at the
material level generally involve tailoring of the material 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),
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2D (e.g., thin films, nanosheets, and nanoplates), and 3D (e.g., porous films and
nanoflowers, which consist of 2D nanosheets) materials,

s Modifying or functionalizing the material: control of type and level of intentional
impurities (doping, formation of Schottky barriers, heterojunctions, and/or inor-
ganic/organic hybrid structures).

Table 2. Comparative table showing the main properties of MOXs, POMs, and CbMs. The symbols attached to each
qualitative estimation remark the degree, major (1) or minor (1), of each characteristic with respect to the other groups

of materials.

Properties MOXs POMs CbMs Notes
Advantageous for all materials to specific gases/ vapors,
Sensitivity Hightt Hight High although in major degree for MOXs with respect to POMs
and CbMs.

Selectivity

Poor for all materials within a large number of gases/vapors.

Poor | Poor Poor POMs and CbMs have shown advantages for specific gases

such as NH; and NO;.

Stability

Speed of response

More advantageous for MOXs due to operation at high
Medium | Medium temperatures. The stability of POMs is highly depcndcntcn
humidity.

More advantageous for MOXs due to operation at high

Low Low
temperatures,

Long-lasting

More advantageous for MOXs due to low probability of
Lowl] Low poisoning and degradalinn. POMs have more probability of

lifetime degradations in humid ambient with respect to ChMs.
Operating More advantageous for POMs and CbMs due to the capacity
2 Low Low A )
temperature of adsorption at room temperature.
Energy fior fa Meore advantageous for POMs and ChMs as they do not
consumption require thermal activation.
i : ; More advantageous for MOXs and POMs due to the wider
fost Lowe:: tow, High choice of synthesis methods.
Advantageous for all materials according to the transducing
principle. MOXs are more advantageous in this area due to
Miniatisization their proved compatibility with micro/nano fabrication
potential HightT High High processes, although the recent scalable integration methods

based on roll-to-roll and printed electronics are facilitating
more the scalable integration of POMs and CbMs into
miniaturized systems.

3. Tailoring Materials for Enhanced Sensing Properties to VOCs
3.1. Surface Area—The Larger, the Better

Several works in the literature have stated the correlation between the sensing per-
formances, morphology, microstructure, and size of gas/vapor sensitive materials [59-64].
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 [46,47].
Generally, the surface properties of these peculiar morphaologies, including crystalline
and structural properties, have been shown to determine the sensing activily 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 and vapors dominated by the space-
charge-controlled grain-boundary conduction model, in which the grain sizes, surface
chemical states, and gas/vapor adsorption amount determine the overall response of the
sensors [1].

Table 3 displays a collection of low dimensional and 3D nanomaterials that have
proved greatly improved functionality compared to bulk materials for VOCs sensing.
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Examples of the appearance of selected morphologies are also displayed in Figure 3.
Certainly, MOXs, and in particular SnOy, have been the primary reference materials for
determining the influence of surface area (particle size) on gas sensing properties in the
past [2,43]. The literature related to VOCs, for instance, shows that SnO; nanoparticles
with reduced crystalline size (from 9.1 to 6.1 nm) show higher and faster response to
butanel [46] and that non-commercial nanoparticles can be improved for obtaining better
responses to toluene [47] (Table 4). Similarly, other 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 [37]. This fact brought attention to further
studies, which focused on contrelling the features of various ZnQ nanostructures [40]. The
results demonstrated enhanced sensitivity to acetaldehyde in the sub-ppm range (50 ppb)
when tuning the morphology into nanorings shape instead of nanoparticles, nanorods,
or nanotubes.

Table 3. Summary of VOCs sensitive materials reported in the literature according to their dimensionality and /or morphology.

Materials Morphology Features Ref.
Particles Diameters of 1-100 nm [45,48,49 52, 65-68]
115] Cubes Average size of 200 nm [69]
Hollow spheres Diameter of 72 nm [70]
- Rods and needles Diameters of 100-200 nm and lengths up to 10,000 nm [48,49,52,71]
Rings Diameters of 120 nm (inner) and 180 nm (outer) and [40]
5 lengths of 1000~ 1500 nm
e . Size of 100~400 nm or as large as 30-70 um and R
D Sheets and monolavers fiislnasyaf 1 oh [57,72]
Porous films Pore size of 6-150 nm (,38,45,46,73]
D Flowers Sheet size of 120-2000 nm and thickness of 12-50 nm 1,51,74,75]
Tetrapods Rod diameters of 50 nm and lengths of 1000 nm [76]

Figure 3. SEM images of MOX nanostructures with different morphologies and dimensionali-
ties (a) OD—cubes, (b} 1D—needles, (¢) 2D—sheets, and (d) 3D—flowers, Adapted from refer-
ences [39,69,75], with permission from the American Chemical Society, 2014, and Elsevier B.V,, 2013
and 2016, respectively.

Other studies discussed the impact of the dimensionality of TiO: nanostructures
on the gas sensing performance. For instance, hierarchical 3D TiO; nanoflowers [51]
showed enhanced properties towards acetone at room temperature with respect to TiO,
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nanoparticles [77]. The use of hierarchical flower-like CuQ nanostructures is another
example of complex 3D-shaped MOX [74], which has reported excellent results towards
ethanol, formaldehyde, acetone, and xylene for concentrations as low as 20 ppb and
vet with fast response (11.2 s) and short recovery time (8.4 s). Novel MOXs based on
highly porous Co3Oy concave nanocubes with high surface area (120.9 m2g 1) have also
proven fast response and recovery time below 10 s to 10 ppm of ethanol [69]. Similarly,
Co30y in the form of monolaver has shown high responses to ethanol and xylene [72].
Other complex structures, for instance, nanosheet-based 3D hierarchical rosette-like Iny Oy
microspheres in their hollow and full form, also showed promising properties to low (500
ppb) acetone and toluene concentrations [50]. Recently, a new study [76] reported the use
of Zn( nanotetrapods, consisting of four cylindrical nanorod legs, which showed good
results in the detection of VOCs, especially ethanol. Although there is no general rule
to state a better sensing functionality for one or another morphological dimension [75],
the literature compiled for this review suggests the 3D morphology to be superior in
gas/vapor sensing compared to 0D, 1D, and 2D. [t is worth bearing in mind that 3D
structures are assembled from low dimensional (0D, 1D, or 2D) nano-building blocks and
therefore further improvements might be related to synergistic effects [79]. The apparent
improved behavior in 3D structures could also relate to their particular surface defects
due to their porous and irregular arrangement. In addition, the interconnected structure,
usually present in 3D-based films, seems to provide further advantages, especially in
resistive-based sensors (the most representative in the literature of nanomaterial-based
sensors) as it favors the electrical current percolation [80,81]. This is the opposite for other
types of structures, for instance, those based on vertically aligned 1D structures, Thus, the
selection of the materials by their dimension should not be associated exclusively with the
surface-to-volume-ratio feature, but rather with the employed working principle and the
targeted transducing platform.

The reports in the literature are not limited only to single oxides; the morphology
control of multicomponent oxides as well as the chemical composition for sensing VOCs
have also shown to improve the sensing performance. For example, large surface nonstoi-
chiometric Co-rich ZnCo,; Oy in the form of hollow nanospheres reported high sensitivity
to formaldehyde with superior experimental and estimated detection limits of 13 ppb and
2 ppb, respectively, as compared to other reports in the literature [70].

POMSs and ChMs with large surface areas are also pursued to enhance VOCs detection.
However, in the gas/vapor sensing literature, there is a lack of information about the size
influence on POMS and CbMs as frequently the reports regard the functionalization effect
on these materials, which indeed have proven essential to promoting VOCs sensitivity;
this is further discussed in the next section. Most of the reports on pristine POMs and
CbMs state high sensitivity to gases such as NO, and NH;, and nearly insensitivity to
VOCs especially from the aromatic family [4,57,582-84]. Among the few examples of VOCs
sensing with pristine ChMs materials (Table 4), we found that using pristine single-walled
carbon nanotubes (SWCNTs) instead of multi-walled carbon nanotubes (MWCNTS) might
be favorable to detect toluene at room temperature [85].

Besides MOX- and GO-based 2D materials, it is important to mention other emerging
materials with the same dimensionality that have a significant role in VOCs detection,
although not the scope of this review. Among them are 2D transition metal dichalcogenides
(TMDs) with their unique physical and chemical properties, such as a high surface-to-
volume ratio, large number of active sites for redox reactions, high surface reactivity, and
high absorption coefficient [86]. These materials have the formula MX;, where M stands
for transition metal element (e.g., Ti, Zr, Hf, V, Nb, Ta, Mo, W, Re, etc.) and X represents
a chalcogen (Se, S, or Te) [£7]. Some of the most common TMDs for VOCs detection are
MoS,, W55, MoSes, WSe,, and SnS, [86,88-91].
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Table 4. Sensing properties of pristine gas sensitive materials to VOCs.

Material Morphology Size, nm VOCs ¢, ppm T, C R g, s b, s Ref.
NFs 9155 150 190 9 N/A ;
Sniy NPs 6165 Butanol 10 150 630 n N/A [48]
NPs 6358 260 9.7 3 10 2
Sn0, NP m N/A Toluene 100 240 62 N/A N/A [47]
NPg o 10-100 @ N/A 2.6 16 100 -
ZaL) NShs 10007 Eibanal 100 N/A 8.5 10 80 (371
a
700 NTPs(NRds) 0 1000 Ethanol 500 340 57 50 I P
700 I:g:’b Eﬁ Acetaldehyde 0.05 o 2R ﬁ::i 0]
2] E L
TiOs NPs ]130 g Acetone 200 400 78 240 N/A  [77]
NShs e 700 60 L7 10 45 [51]
CuD NShs 507 Ethanol 0.2 250 2.1 112 8.4 [74]
- 20005 50 -
Cos0s cNCs 25 e 10 300 1.7 <10 <10 [69]
ML 1765 5 200 114 N/A N/A 7]
NShs-hMSp 207 350 1.8 + 10 o
0 NShs-MSp 201 Aceing 2 350 L7 4 o B
Con0y HSps ) 225 1.3 N/A N/A =
ZnCo204 Hsps 720 Farmakiehyde L 225 73 w9 a9y M
SWCNTs SWCNTS 5 @ 2000 RT 7.5¢ N/A N/A )
e i t',’iJ o tE{Jau Toluene N/A ? (53]
MWCNTs MWCNTs Sl RT 20+ N/A N/A

NPs: nanoparticles, “™; commercial powder, NShs: nanosheets, NTF: nanotetrapods, NRds: nanorods, NRgs: nanorings, cNCs: concave
nanocubes, ML: monelayer, hMSp: hierarchical microsphere, MSp: microsphere, HSps: hollow spheres, SWCNTs: single-walled carbon
nanotubes, MWCNTs: multi-walled carbon nanotubes, “%: crystal size, N/A: data not available, ©: diameter, ' thickness, - length, ™ size,
RT: room temperature, c: concentration, T: operating temperature, R: response defined as R, /Ry, tr: response time, ty: recovery time, and
* sensitivity (kHe/ ppm).

Within the novel 2D materials, transition metal carbides/nitrides (MXenes) represent
another important group. These materials have stable and easily tunable microstructure,
high electrical conductivity, large chemically active surface, and adjustable hydrophilicity,
which makes them good candidates for VOCs monitoring [86]. The most studied MXenes
for VOCs detection are TizCa Tx, V2 CTy, MopC, and TizCOz [92,93]. Another noteworthy 2D
material is boron nitride (BN). The high sensitivity reported for BN toward VOCs is related
to localized charges induced by the presence of B and N atoms [94]. Amongst 2D materials,
there are also those that are constituted of just one atomic species such as one laver thick
black phosphorus (phosphorene), silicon (silicene), or germanium (germanene) [95]. Black
phosphorus (BP) is considered to be a promising alternative [96,97], since compared to
graphene and TMDs, BP possesses a higher surface-to-volume ratio due to its puckered
honeycomb lattice structure [98,99].

3.2, Modification or Functionalization—~Pushing the Performance Further

Another strategy commonly used to improve further the sensing properties of materials
towards VOCs consists in the incorporation of intentional “impurities” at/in the material
surface/structure. This modification or functionalization process includes the so-called:

e Decorated materials, when incorporating low amounts of noble metals or secondary
materials (e.g., MOXs, POMs, CbMs} at the surface. These are represented by an
“@" sign in between the guest and host material, e.g., Au@WOQOs5. Figure 4 displays
examples of the decoration of WO5 nanowires with gold, platinum, or iron oxide.
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s Simple mixtures, when mixing two or more gas sensitive materials randomly. These
are represented by a hyphen “-" sign in between the constituents, e.g., Zn0O-CuQ.

« 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., Cu0/5n0; and GO/Zn0/GO.

«  Doped materials, when incorporating “guest” atoms into the material structure, e.g.,
Ce-doped 5n05.

b) Au@WO, @ d) Fe,0,@WO0,

Figure 4. TEM images of (a) unmodified (high-resolution TEM) WO5 nanowire and modified (scanning TEM) with (b) Au,

(€) P't, and (d) FeaO3 nanoparticles.

Hereafter, the review differentiates the functionalized materials by the nomenclatures
exposed above. 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). The functionalization in terms of doping and decoration
by forming nano-Schottky barriers or heterojunctions has been discussed broadly in previ-
ous studies [32,100]. Results in the literature [60,101] 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 gas or vapor molecules. In this
work, we bring attention to the “decorative” and doping materials that have improved
MOXs, POMs, and CbhMs based sensors towards VOCs detection (Table 5).

The number of entries in Table 5 demonstrates that the decoration of popular gas-
sensitive MOXs (5n04;, ZnO, WO3) with noble metals (e.g.. Au, Pt, Pd) or secondary oxides
(ZnQ, TiO;, CuO, Fe;05) is a generalized method for improving the sensing performance of
MOXs towards VOCs. 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
Zn( has better responses to various VOCs, including diethylether, acetone, chlorobenzene,
trichloroethvlene, isoprene, ethylacetate, butylacetate, formaldehyde, and hexaldehyde.
The 3 at.% Au8Zn0 systems improved the response to isoprene, while the 5 at.% Au@Zn(
to methanol [65]. Similarly, investigations on Ce- and Mg-doped SnO; found better sensing
performance to formaldehyde, methanol, ethanol, and acetone for 2% Ce-doped Sn(O;
and ethanol, toluene, and acetone for 1 at.% Mg-doped SnO; as compared to unmedified
Sn(; [73]. Further, the decoration of Ti0; 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 PA@TiO; systems than for the unmodified TiO; nanorods [52].
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Table 5. Sensing properties of modified and unmodified gas sensitive materials to VOCs.
Material Loading VOCs o, ppm T.*C R tg, s t.s Ref.
Au@Zn0 Au3at 3l N/A N/A B
Zn0 Audlat lsoprene 3 %0 5 N/A  N/A [85]
Au@Zn0) Ausat, 21 1 3
00 Au at Methanol 5 360 18 NJA N/A 165
R ' at.% 5 S
Cesinped 5002 Szt Formaldehyde 500 320 L o 4 (73]
Mg-doped 510, Mg L at5 . 1 143 N/A
sn"‘ég ME 0 ath Ethanol 80 160 i N/A N/A [103]
Pd@TIOL Pd 12 at% 44 N/A N/A =y
T, PO at lsopropanol 5000 200 16 NYA NYA 152]
Fes 05 @W 05 Fo 3.9 at% 5 150 15
PraW 0, P37 at Toluene 100 20 7.8 100 30 [49]
WOy Fe & Pt 0 at.% 25 400 170
Cu0/5n0, Cu0 3 mol . 10 N/A N/A B
Sn0, CuO 0 mol? Ry iz 50 20 25 N/A N/A [43]
ZnO-Cu0 Cass A Acetone 10 00 12 2 2% (751
Ti04 /500, N/A 13,000 N/A N/A
sn0, N/A Benzene oo il 5000 N/A Na Do
PHEMWCNTs P18 at 1.m N/A N/A
PAEMWCNTs Pd21at% Methanol 11 RT 1m N/A N/A 54]
MWCNTs O plasma treat. 1.0 N/A N/A
FeO-MWCNTs Fa 2 at% 102 489 N/A
MWCNTs O plasma treat. Toluene 58 RT 107 457 N/A (o]
NIO/MWCNTs N/A : 2 3 27 10 g7 100
NIO NTA Ethanol 500 180 5 N/A NAA [105]
Z-,no.-"MWCNTs 0.1 wt2 CNTs 62 41 a0
Zn0 0wt CNTs Acetone 320 270 = 7 108 [106]
Ag/ PPy L0 v, 5kHz 150 230 7
PPy N/A Acelone. b KL 3 hHe 160 240 7]
CdTe/T'Py 003 at.% Cd 4 kHz 155 270
PPy N/A Acetone 8 BT 3.5k 165 290 L108]
TiPTEE N/A Acctone 2000 RT 13 N/A N/A [109]
PEDOT-PSS/GO GO 0.04 wt % 1 32 1n i
PEDOT-FSS GO0 we Methanol 35 RT 1 NA N/A 1571
4% NCC' .
T Nia Benzene 150 RT e N/A N/A 681
a NCC -
P}E th-l(]:D E?R Toluene 46 RT iﬁﬁ NCC N/A N/A (]
/5005/ GO N/A Acctone 150 0 126 b1 “ [10]
0 (GO N/A 105 3 50
GO/ ZnO 7 <14 N/A
GO/ Zn0/GO Acetone 200 450 7 <12 N/A [111]
paite} 12 <13 N/A
GOS0, -~ 100 0 70 11 N/A 1121
Sn0s 100 e 62 9 N/A

at% Sn, 402 a8 O

MWCNTs: multi-walled carbon nanotubes, PPy: polvpyrrole, FTRE: polytetrafluoroethylene, PEDOT: poly(3.4-ethylenedioxythiophene),
PSS: paly(styrenesulfonate), PANE polvaniline, CD: cyelodexirin, GO: graphene oxide, rGO: reduced graphene oxide, vr: volumetric ratio,
N/ A: data not available, * CTL sensors: the response represents the relative CTL intensity, '™: response and recovery time for 100 ppm,
KHe: SAW sensors: frequency shifi, NCE%: gensor efficiencies in, RT: room temperature, ¢ concentration, T: operating lemperature,

R: response defined as Ry /R, tg: response time, and tr: recovery time,

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

revealed further advantages. For instance, the sensing properties of WO; nanowires
decorated with Fe;03 nanoparticles to toluene proved to be comparable to Pt@Wo,
nanowires, indicating that the use of expensive precious metals for MOXs functionalization
could be circumvented [45,49]. Other examples of secondary MOXs include CuQ, which
was emploved to improve the sensing properties of ZnO to acetone [75] and 5n0; to
xylene [45]. This type of modified system (i.e, MOX/MOX) also showed advantages
in cataluminescence (CTL) gas/vapor sensors. Thus, TiO3/5n0; exhibited better CTL
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properties including stable intensity, high signal /noise values, short response, and better
sensitivity to benzene and toluene compared to intrinsic S5nQ; [102].

The modification of CbMs and POMs with inorganic materials, mainly MOXs and
noble metals for improving their VOCs sensing properties is also frequent in the literature
(Table 5). In this context, results on the use of Pt and Pd to decorate MWCNTs are of great
interest since these modilied materials enabled response to non-aromatic VOCs, in partic-
ular methanol [54]. Further studies in the same context showed that the array of oxyvgen
treated MWCNTs and FeO decorated MWCNTs allows for distinguishing the presence of
aromatic VOCs such as toluene and benzene in a background of non-aromatic VOCs [104].
Another example of CbMs modification involves NiO/MWCNTs [55]. This composite
material exhibited higher response than unmodified NiO nanoparticles to VOCs, especially
ethanol. Authors attributed these improvements to the increased surface area and extra
interfaces in NiQ/MWCNTs, which offer more active sites for the adsorption of VOC
molecules and facilitate to get over the energy barriers as well as reducing the operating
temperature. CbMg have also been used as modifiers, for instance, low amounts (L1 wt."s)
of MWCNT: on ZnO hollow spheres matrix enhanced dramatically the response of ZnO to
VOCs, mainly acetone [106]. These experiments also determine that the content of MWC-
NTs defines the optimum operating temperature and degree of response enhancement to
VOCs, allowing for a modulation of the cross-response among the targeted VOCs.

The reports related to POMs modification also point out improved functionality by
their combination with other materials. In this line, a study of nanocomposites in which
small amounts of Au [117] or Ag [107] were embedded into PPy showed improvement in
the sensing properties of PPy to low ethylene and acetone concentrations, respectively. A
similar approach also indicated potential advantages on acetone detection for PPy modified
with CdTe quantum dots [105] and polytetrafluoroethylene (PTFE) modified with Ti [109].
The modification of PEDOT with a low amount of GO also proved a higher response for
PEDOT to methanol at room temperature. Similarly, CD incorporation in PANI enhances
the sensor efficiency of pristine PANI to benzene and toluene detection [68].

Further modifications on gas/vapor sensitive materials include the use of multi-
component such as Ag/Sn0; /GO [110] or multilayers of GO/Zn0O /GO [111], although
their performances were not proven to represent additional advantages with respect to
traditional modified materials with two components.

4. Selectivity—In Search of Specificity

Another important consideration in gas/vapor sensitive materials relates to their
selectivity. [n gas/vapor sensors, the selectivity refers to the ability of the system to identify
(discriminate) a particular gas,/vapor analyte in a complex mixture, avoiding interfering
responses from other analytes, with the ultimate achievement of specificity [114]. However,
in practice, a specific response is unrealistic, and thus most of the analysis of gas /vapor
sensitive materials deal with selectivity, and usually, straightforward comparative studies
of responses to various analytes. Tables 6 and 7 summarize these findings so that the reader
can distinguish the degree of cross-response recorded for a given material and group of
VOCs in selected reports.

VOCs are numerous, varied, and ubiquitous. The list of these compounds amounts to
more than 1000 species [115]. However, only a few of these are recurrent in gas sensing
studies (e.g., ethanol, methanol, acetone, benzene, toluene, formaldehyde, or acetaldehyde)
probably because of their abundance in the industry and the indoor/outdoor environ-
ment, and their significance as biomarkers in diseage diagnosis, as summarized in Table 1.
Therefore, Tables 6 and 7 display a list of over 30 VOCs, which correspond to the usual
compounds analyzed by the gas sensors community. The higher data density for ethanol,
methanol, and acetone compared to the other compounds evidences the special attention
on such vapors. The tables also include other gases of interest (e.g., ammonia, hydrogen,
nitrogen dioxide, carbon monoxide, and hydrogen sulfide) commonly used in the cross-
response tests performed in the literature. The bottom and top of the table display the
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gas-sensitive materials and the “optimum” operating temperatures for the concentration
annotated in each referenced material, respectively. The color codes from blue to red and
numbers from 1 to 10 along each column show the tested VOCs and their increasing load
of response with an increasing number for each referenced material; note the responses are
compared for the same VOCs concentration in each case. The numbers from 1 to 10 are
caleulated so that the highest gas response (for one specific material) is marked with the
number 10, while the responses from other gases are compared to that one. This calculation
was repeated for each reference (each column) separately. Thus, for instance, in the first
column of Table 6, one can notice that porous ZnO film synthesized by hydrothermal
reactions showed the highest responses to methanol (red 10) with a high probability of
interference from other VOCs such as 2-chlorophenol (brown 9), acetone (orange §), and
2-chloroethanol (green 6) and moderate interference from VOCs such as formaldehyde
(turquoise 3), and chlorobenzene (blue 1) [36].

It is worth noting that most of the gas-sensitive materials in Tables 6 and 7 rely on
the resistive transducing principle (Tables 8 and % highlight this in more detail). For those
reports using other approaches (e.g., cataluminescence or surface acoustic waves), the
discussion includes a specific remark on this aspect. A couple of examples on the cross-
response of Au and Ag nanoparticles using localized surface plasmon resonance is also
included, due to the potential use of this transducing principle on MOXs, POMs, and
CbMs modified with plasmonic nanoparticles. Hereafter, we sum up the VOCs interfering
patterns by their functional group classification.

o Simple oxygenated hydrocarbons

Simple oxygenated hydrocarbons are hydrocarbons that contain oxygen as a part of
their chemical structure. These compounds involve species such as alcohols (e.g., ethanol,
methanol, butanal, to cite a few), and ethers (e.g., diethylether and tetrahydrofuran).

The selectivity to methanol is apparently favored by using Pt-decorated WO5 nanonee-
dles [45] and localized surface plasmon resonance (LSPR) Au nanoparticles-based sensors [66],
which have shown moderate interference to ethanol with promising low cross-responses
to acetone, toluene, and isopropanol. Another possible option for high sensitive methanol
materials includes ZnO porous films [36], although acetone and 2-chlorophenol may inter-
fere with methanol response. Among organic materials, poly(34-ethylenedioxythiophene)-
poly(styrenesulfonate) modified with ultralarge graphene oxide (PEDOT-PS5/ UL-GO) showed
excellent selectivity to methanol in front of vapors such as ethanol, acetone, propanol, toluene,
formaldehyde, and water [57]. MWCNTs decorated with Pt or Pd worked successfully for
methanol detection too proving low cross-sensitivity to acetone, although with high interference
to ethanol [34]. The combination of ZnO hollow spheres with 0.05 wt.% MWCNTs [106] also
showed improved selectivity to methanol with moderate interference from ethanol and much
lower interference from acetone and ether. Additionally, core=shell hybridized Fe;0y magnetic
nanoparticles synthesized in the presence of polymerized ionic liquids and modified with
poly(34-ethylenedioxythiophene) derived from poly(ionic liquid) (PEDOT-PIL@Fe;0y) [116]
sugeested advantages to discriminate methanol from benzene and toluene, but with high
interference from ethanol and acetone.

Generally, the interference patterns in Tables 6 and 7 for oxygenated hydrocarbons
such as ethanol indicate the best selectivity to this compound with only minor interfer-
ences from acetone and toluene by using flower-like hierarchical structures consisting
of porous single-crystalline ZnQ nanosheets [37], porous Co304 concave nanocubes [69],
or ZnO nanotetrapods [76]. Another alternative for ethanol detection, although with
moderate interferences from acetone and low interference from isopropanol and toluene,
was achieved by electrochemically synthesized ZnO porous films [38]. SnO; obtained
by microwave-assisted approach [45] has shown to be a less discriminating material for
ethanol in the presence of acetone. However, this material shows the potential to dis-
criminate either ethanol or acetone in the presence of various aromatic compounds (e.g..
benzene, toluene, and xylene) and formaldehyde. In contrast, hierarchical flower-like CuQ
nanostructures [74] have shown high ethanol responses, though with high interferences
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to acetone, xylene, and formaldehyde. CbhMs such as MWCNTS decorated with Au also
showed a good response to ethanol with possible interference from benzene [55]. The
addition of MHDA to this composite (i.e., MWCNTs/ Au) improved further the selectivity
to ethanol, reducing the interference to benzene. This implies that the functionalization
with MHDA improves discrimination by boosting sensitivity to non-aromatic VOCs and
suppressing the response to aromatic VOCs [55]. The use of composites formed by rGO
and 5n0; also proved to be appropriate to distinguish ethanol among aromatic VOCs, such
as benzene, toluene, and xylene with moderate interferences from methanol [112].

The reports in Tables 6 and 7 also show that the detection of propanol has been favored
by the use of modified materials such as Ag-BC-bsh [117] and Ni/MWCNTs [105]. However,
these materials present high cross-responses with other oxygenated hydrocarbons and
eventually with ammonia. Further studies suggest the selectivity to butanol among ethanaol,
methanol, acetone, benzene, toluene, and formaldehvde by using mesoporous worm-like
5n0; films [46]. Similarly, an improved selectivity to pentanol with respect to octane and
toluene could be achieved by Ag nanoparticles with LSPR, bearing in mind possible high
cross-sensitivity to xylene [67].

Improved properties to ether were achieved using LaxO3 and SiO2/ Fe;Oy nanopar-
ticles, both indicating very low interferences with tetrahydrofuran, alcohols, acetone,
benzene, aldehydes, and halogenated hydrocarbons [53]. Results for diethylether also
suggested good selective detection of this VOIC among acetone, heptane, decane, benzene,
toluene, and xylene, with partial selectivity to methanol, hexaldehyde, chlorobenzene, and
high interferences to isoprene and ethylacetate.

o Aliphatic hydrocarbons

Aliphatic hyvdrocarbons are present in several environmental and industrial sectors,
with methane as the most representative compound among them. The track of results
on aliphatic hydrocarbons using MOXs, POMs, or CbMs is not extensive, most likely
influenced by the low sensitivity often reported for semiconducting materials to these
compounds. This fact is visible in Tables 6 and 7 that display a low amount of reports,
in which aliphatic compounds registered higher responses in respect to other VOCs or
toxic gases. Among the few reports, one can see a relatively good selectivity to isoprene
by using porous single-crystalline ZnO nanoplates decorated with Au NPs [65]. These
records suggest low interferences of isoprene with heptane, decane, acetone, formaldehyde,
trichloroethylene, and aromatic compounds includ'mg benzene, toluene, and xvlene, as
well as high interferences, particularly to ethylacetate and diethylether. Recently, hierarchi-
cal hollow SnO; spheres modified with Pt have also shown potential to detect methane,
although their performances in terms of selectivity to compounds such as ethanol, ben-
zene, formaldehvde, and ammonia appear to be unviable as their cross-responses are
reduced only when the methane concentrations are hundreds of ppm (>250) higher than
the concentration of the other compounds [118].
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Table 6. Cross-responses to different VOCs recorded using MOXs. The color codes and numbers in each column of the table represent the load of response for the referenced material

towards the same gas concentration of various tested analytes. N/A: data not available, KT: room temperature.
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Table 7. Cross-responses to different VOUCs recorded using POMs and CbMs. The color codes and numbers in each column of the table represent the load of response for the referenced

material towards the same gas concentration of various tested analvtes. N/ A: data not available, RT: room temperature.
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Table 8. Summary of MOXs for VOCs sensing, their features and corresponding synthesis method and integration.

Material Morphology Features, nm Method Integration Principle Ref.
Zn0 PF 273 WS Transfer Resistive [36]
s
Zn0 NShs 2010460, wes Transfer Resistive [39]
10-60
: 180 9@ 130 19 Cativ
Zn0 NRgs 1000-1300 L WCSs Transfer Resistive [40]
Zn0 NShs (NFls) 10005 WCS Transfer Resistive [37]
Zn0 PE 33898 Sputtering Direct Resistive [38]
L- NRds
Zn0 NTPs (NRds) 1000, Skas ) VD Transfer Resistive [76]
Au@ZnO NPs@NShs 9/ P-NDx wes 'ha Transfer Resistive [65]
Pd@Zn0 NPs@NRds 200 @-NRds WCS Direct QCM [71]
Sn0)y PFE 6-15 ©-Fores WCs Transfer Resistive [46]
B-Pores
500, PF 130 o WCs MA Transfer Resistive [45]
Sn(: NShs 635 WCS Transfer Resistive [47]
Ce-doped Sn(y I’F 10,3 ©F5n02 WCs Transfer Resistive [73]
WO, NNs 100 T 10,000 - VD Direct Resistive [48]
T L
AuGWO, NPs@NNs m;)_l E}gg,ﬂfj cvD Direct Resistive [45]
il L
PEWO, NPs@NNs 100 108w cvp Direct Resistive (18]
5100 ERNMs
Fey O5@WO0;, NPs@NNs 10,000 L-NNs CVD Direct Resistive [49]
4-15 9N
TiO, NShs (NFls) 120t12-237T WCS Direct Resistive [51]
202N 0p
PA@TIO; NPs@NRds @-NRs CVD + WCS Direct Resistive [52]
45()) L-NRs
Ina Oy NShs-hMSp (NFls) T WCS Transfer Resistive [50]
Cu0 NShs (NFls) 2000550 T wCs Transfer Resistive [74]
Coa(y cNCs 200 ° WwCs Transfer Resistive [69]
Cozy ML 17.6 5 WCS Transfer Resistive [72]
Si0 NPs - - Transfer CTL [53]
Cel)y NPs - = Transfer CTL [53]
Y20y NIs - - Transfer CTL [53]
LaaOy NI - - Transfer CTL [53]
Aufla, Oy NPs@NRds - WCs Transfer CTL [119]
Ti02-5n04 PE - WCs Transfer CTL [102]
& T
CuQ)/5n0q PF 152% il wsMa Transfer Resistive [45]
ZnO-CuO NShs 20257 PVD Direct Resistive [75]
Si0; /Fes Oy NDPs - - Transfer CTL [53]
ZnCoaly HSp 729 WCs Transfer Resistive [701
Au NPs 3n? WCS Transfer LSPR [66]
Ag NPs 519 WCs Transfer LSFR [67]

PF: porous film, NShs: nanosheets, NRgs: nanorings, NTPs: nanotetrapods, NFls: nanoflowers, NPs: nanoparticles, NRds: nanorods,
NNs: nanoneedles, AMSp: hierarchical microsphere, cNCs: concave nanocubes, ML: monolayer, HSps: hollow spheres, PS: pore size, 5: size,
T thickness, ¥: diameter, “; outer diameter, ¥; inner diameter, ™ length, ©%; crystal size, WCS: wet chemical synthesis, PhA; photo-
assisted, MA: microwave assisted, CVD: chemical vapor deposition, PVD: physical vapor deposition, QCM: quartz crystal microbalance,
CTL: cataluminescence, LSPR: localized surface plasmon resonance.
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Table 9. Summary of POMs and CbMs for VOCs sensing, their features and corresponding synthesis method and integration.

Material Morphology Features, nm Method Integration Principle Ref
PHEMWCNTs NP's/MWCNTs 29 /Up to 50,000 - cvD Transfer Resistive [54]
PA@MWCNTs  NPs/MWCNTs 39/ Up to 50,000 CvD Transfer Resistive [54]
PEDOT- CSh (Ls"FOOT- : o
PlLaFmOs  NiNpUSHGOH 155N wes Transfer Resisive  [116]

i N <Zn0_ 350 ©-115ps .
Zn0/MWCNTs ity e Fispe wes Transfer Resistive [106]

DT T
DT-capped Au M P wes Transfer Resistive [122]
MOF-210 NCgs 100 S-NPs g O 95 PST WCs Transfer Resistive [121]
1-59 i
SWCNTs/CdA SWCNTs o0t anee Wes Transfer QCM [123]
SN SWCNTs 5 wes Transfer Resistive  [120]
PANI-CD NPs 100 wes Transfer Resistive [64]
Ti-I'TPE Cls 10-30 NPs rvD Transfer Resistive [109]
¥t 10 + 7 2-NPs
Ag-BC-bsh NPs™8 10 wes Transfer LSPR [117]
NPp >10,000 8PP
oA o
Au-DDDT N‘L: = 2ONPs /1 o 60 LS LBL-SA Transfer Resistive [124]
PEOT 1 ULCO .
rE gﬁ’s*’ HE NS“;:,; 10,000-300,000 5 ULGO VD Transfer Resistive 157]
Ag/5n0 /GO NPs™s - WwCs Transfer Resistive [110]
" Eniy .
GO/ Zn0 1};;&1 40 LEn0 wes Transfer Resistive [
#niy .
GO/ Zn0/GO “Lﬁ;;i{,"u 640 L2n0 Wes Transfer Resistive {111
3 Up to 50,000 LMWENT:
MWCNTs/ Au o 315 OOMWCNT CVD/WCS Transfer Resistive [55]
= 37 H-MWONTs 3 ©-Au
) N Up to 50,000 L-MWENTS
M“ﬁﬂﬁf"““’ M I,?ﬁg}‘g,fﬁﬁ’]m 5 OO-MWONT: CVD/WCS Transfer Resistive 551
3.7 IEMWENTS 5 @-Au
= B-NPs
NiO/MWCNTs NI's/ MWCNTs 20—3%? PMWONT Wes Transfer Resistive [105]
50,000 LMWENTS
O3/MWCNTs MWCNTs 315 DO MWCNT: cvD Transfer Resistive [104]
357 IAMWONTs
50,000 L-MWCNTs
FeD/MWCNTs MWCNTs 315 UO-MWCNT: VD Transfer Resistive [104]
37 IELMWUNTs
PPy /tGo MNPs PPy /NShs 0 S NP wes Transfer Resistive 158]
GO/ En: MShe 0 fyp, - Snl2 610 D-NPs WCS Transfer Resistive [112]
Ag/PPy NP Y i wcs Transf SAW 107
BTN 8 44 £ () FP-NPS ransier [107]
S 5005 ;
CdTe/PPy  QDs <41 /Nps 7y ek wes Transfer SAW [108]

MWCNTs: multi-walled carbon nanotubes, PEDOT: Poly(3 4-cthylenedioxythiophene), PIL: polymerized ionic liquid, DT: decanethiol,
MOF: metal-organic frameworks, SWCNTs: single-walled carbon nanotubes, CdA; cadmium arachidate, PANT: polyaniline, CD: cyclodex-
trin, PTFE: polytetrafluorcethylene, Ag-BC: Ag nanoparticles embedded in bacterial cellulose nanopaper, bsh: blue shift, DDDT: 1,12-
dodecanedithiol, PSS: poly{styrenesulfonate), UL-GO: ultra-large graphene oxide, GO: graphene oxide, MHDA: 16-mercaptohexadecancic
acid, PPv: polypyrrole, rGO: reduced graphene oxide, NPs: nanoparticles, CSh: core shell, Ls: layers MNFs: magnetic nanoparticles,
HSps: hollow spheres, MLShs: monolaver shells, NCgs: hierarchical hollow fanotages, Cls: clusters, NPp: nanopaper, NShs: nanosheets,
PE: porous film, NRds: nanarods, ML: monolayer, & diameter, ; length, %: size, |- thickness, ''; film thickness, “; cavity diameter,
51 porous shell thickness, 9; fiber diameter, ™% auter diameter, '; inner diameter, QDs: quantum dots, CVD: chemical vapor deposition,
WOS: wet chemical synthesis, LBL-5A: layer-by-layer self-assembly. PVD: physical vapor deposition, QCM: quartz crystal microbalance,

SAW: surface acoustic wave.
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o Aromatic hydrocarbons

Aromatic hydrocarbons are generally associated with compounds containing the
benzene ring. These compounds exhibit aromaticity, most of them characterized by sweet
or pleasant odor. The reports on sensitive materials for aromatic hydrocarbons are not as
extensive as those for oxygenated hydrocarbons. In fact, a search of the literature in terms
of their selectivity indicates frequently poor load of response for these compounds among
oxygenated hydrocarbons, as well as esters, ethers, and aldehydes.

According to Tables 6 and 7, the strongest selectivity to benzene, in front of various
alcohols, and other aromatic compounds such as toluene and xylene, were recorded for
modified LazOz nanorods with Au nanoparticles [119] and coral-like TiOz /5n0O; porous
film [102] implemented using CTL concept. Partial selectivity to benzene was also noticed
for MWCNTs decorated with Au nanoparticles [55], especially in comparison to acetone.
Materials based on modified Fe;O3/WO5., nanoneedles [49] and porous flower-like SnO;
nanosheets [17] also appear to be a good option to attain partial selectivity to toluene
among ethanol, methanol, and acetone. However, the cross-response to benzene and
formaldehyde could still be an issue. As for xylene, the selectivity to this compound
among acetone, methanol, isopropanol, and chloroform seems to be greatly improved
for Pd-functionalized ZnO nanorods [71] integrated into quartz crystal microbalance
(QCM). Results for CuO/5n0s, in contrast, show higher interferences for xylene in front
of alcohols and other aromatic compounds, though the interferences could be reduced
towards formaldehyde and ammonia. In the same gas family, a strong selectivity to xylene
among ethanol, benzene, formaldehyde, and carbon monoxide has been reported using
monolayers of periodic porous Coz0y inverse opal thin films [72]. Although calixarene
functionalized SWCNTs has shown good potential for xylene detection, high interferences
from toluene and ethylbenzene are noticed [120].

o Carbonyl compounds

Carbonyl compounds can be also classified as oxygenated hydrocarbons, since they
contain oxygen atoms in their structure, but unlike simple oxygenated hydrocarbons,
carbonyl compounds come from carboxylic acids. This group includes ketones, aldehydes,
carboxylic acids, acid anhvdrides, esters, amides, and acid halides.

As far as acetone detection is concerned, the reports indicate a strong selectivity to
this compound among methanol, butanone, isopropanol, and toluene for hierarchical 3D
TiO; nanoflowers operating at low temperature (60 °C) [51]. Other materials, based on
unmaodified or Au-modified WO; nanoneedles [48], also point toward good selectivity to
acetone among ethanol, methanol, and toluene, contrary to Ce-doped SnO», which revealed
higher interferences for acetone among methanol, ethanol, and formaldehyde [73]. The
use of a mixture based on Zn0-CuO has also shown the potential to discriminate acetone
among ethanol and typical toxic gases including ammonia, nitrogen dioxide, and hydrogen
sulfide [75]. InaO5 [50] and Y204 (with CTL-based signal) [53] present themselves as other
unmodified MOXs with prospective partial selectivity to acetone, the first suggesting good
or moderate discrimination from methane, formaldehyde, and chloroform, whereas the
second showing good discrimination from various alcohols, aldehydes, and aromatic com-
pounds. ZnQ/MWCNTs hybrid material with MWCNTSs content of (1.1 wt.% also showed
to be selective to acetone among ethanol, methanaol, and ether [106]. Other materials such
as metal-organic frameworks derived hierarchical hollow ZnO nanocages (MOF-Zn0))
displayed good acetone discrimination among ethanol, benzene, toluene, and ethylac-
etate [121]. In the same line, Ag/5Sn0, /GO ternary nanocomposites proved relevant for
acetone detection among furan, formaldehyde, chlorobenzene, and ammonia [110], while
other graphene-based materials such as GO/Zn0/GO showed moderate interferences to
ethanol but good selectivity among methanol and benzene [111].

One of the best selectivities to formaldehyde among several gases (ammonia, nitrogen
dioxide, and carbon monoxide) and vapors (benzene, acetone, and methanol) all at ppb
level has been identified for nonstoichiometric Co-rich ZnCo, 0y hollow nanospheres [701].
Other candidates to achieve partial selectivity to formaldehyde suggesting potential low
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interferences to butanol, methanol, acetone, and ammonia involve nanosheets of SnO»
prepared by heat treating CuaSnSy nanostructures [47]. NiO/MWCNTs [105] have also
shown good sensitivity to formaldehyde, although the selectivity among other tested
gasses, including methanol, ethanol, propanol, and acetone, was poor.

The literature also shows good responses at sub-ppm concentrations for acetalde-
hyde by employing ZnO nanostructures [39,40], however, their performance in terms of
selectivity in respect to formaldehyde have proved to be poor. The information in Ta-
ble & for ethylacetate shows excellent results for CTL sensors based on Si0; and Ce();
nanoparticles [53] with moderate interference to acetone in the case of CeO; and low
interference to ether, tetrahydrofuran, ethanol, methanol, aldehydes (e.g., formaldehyde
and acetaldehyde), and halogenated hydrocarbons (e.g., chlorobenzene and chloroformy).

Humidity Effects—The Uninvited Guest

The relative humidity (RH) in the atmosphere is one of the most common interfering
species that has a great impact on the sensing properties of the material and its operation
in a “real” environment. This is due to water molecules being sorbed at the surface (e.g., in
MOXSs) or in the bulk (e.g., in POMSs) and abruptly changing the properties (e.g., electrical or
mechanical) of the gas sensitive material. In MOXs, for instance, the adsorption of water at
temperatures below 150 °C is attributed to physisorption or hydrogen bonding. However,
at high temperatures (150-500 “C) the literature proposes various possible mechanisms
behind the surface conductivity changes in the presence of water vapor [1]. One of these
mechanisms, for instance, suggests that the OH ™ side of water molecule can react with
the Lewis acid sites (metal cation (M;Mmr” forming Mulrm.' —(OH ", while the dissociated
hydrogen from water can react with the lattice oxygen from the Lewis base or with oxygen
adsorbed on surface. This mechanism involves the release of electrons (e ). As a result, the
changes of conductivity (e.g., in resistive type sensors) or mass (e.g., in QCM type sensors)
produced by the target analytes are hindered and the whole performance of the sensor
is affected [71]. The possibility for hydrogen bonding interactions with water molecules
at ronm temperature is also presented in the case of POMs, due to the polar groups on
their backbone (e.g., N® " in PPy and PANI). This can further result in sorption of the
water molecules within the POM, which fill the free volume fraction in the polvmer (e.g.,
swelling) and reduce the gas permeability [108]. The adsorption and permeation of water
molecules within the CbMs such as graphene oxide also respond to the hydrogen bonding
between water and hydrophilic groups on graphene oxide (e.g., hydroxyl groups), which
can cause direct interference with gas sensing [125].

Usually, not all the reports in the literature related to VOCs sensitive materials analyze
the effects of humidity ambient on the sensing performance. In fact, only a few reports of
those summarized in Tables 5 and 6 show humidity interference tests. From these results,
specifically, the analysis of Co-rich ZnCo;(y hollow spheres in 80% RH ambient shows
that the response of this material to 100 ppb of formaldehyde is relatively stable with a loss
of response of only 28% compared to the response registered in dry ambient [70]. Similar
studies for ZnO modified with low (5%} amounts of Au to various VOCs (isoprene, ethy-
lacetate, heptane, chlorobenzene, benzene, and formaldehyde) reported minor fluctuations
of the response for RH below 35% [65]. The effect of humidity on the sensing performance
of hierarchical 3D TiO» nanoflowers to acetone was also tested. These studies showed that
the response to acetone in 75% RH deviates only + 4.5% from that in dry air [51].

Tests of unmodified Sn0; and rGO modified SnO; to ethanol in a humid atmosphere
(from 24 to 98% RH) registered a loss of response for bath materials, although the losses
were superior for 5SnO; than for rGO-5n0; [112]. Evaluation of FeO-MWCNTs and oxygen-
treated MWCNTs in moisture also revealed a decrement of the response for both materials.
This drop of response turned out to be larger when the humidity changed from 0 to 20%
RH than when the humidity increased further from 20 to 50 or §0% RH. Moreover, the loss
of response to the step changes of moisture proved to be greater for the oxygen treated
MWCNTs than for the FeO-MWCNTs based sensors [104].
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In the literature, one can also find different strategies to avoid the high impact of
humidity in VOCs sensitive materials. The most common solutions encompass the use of
external components in the sensor device as filters or dehydration elements [126]. Other
strategies to reduce the impact of humidity typically include the incorporation of intentional
humidity-insensitive additives (surface decoration), such as NiO [127,128], CuO [129,130],
or 5i0; [131]. Previously, it has also been proven that the application of high-humidity
(90% RH) aging treatment in MOXs such as WOj; [132] and SnO» (the last loaded with
Pd and Au) [133] significantly reduces the humidity effects at the surface while sensing
toluene or a specific group of total VOCs in a range of 25 and 75% RH. Similar treatment
was performed for Pt-loaded SnO; films, although the humidity interference towards total
VOCs for this system was found ineffective [133].

Recent studies also indicate the possibility to attenuate the humidity interference in
MOXs, such as Zn0, by tuning their morphology, structural, and surface properties to
increase the hyvdrophobicity of the surface not only at the structural level but also at the
chemical level [134]. These findings are linked with those reported on oxygen treated
MWCNTE, as the hydrophilic MWCNTs surface stimulated by oxygen plasma treatment
made the MWCNT more sensitive to humidity compared to non-oxygen treated FeO-
MWCNTs [104]. Similarly, the tests of MWCNTs/Au and MWCNTs/Au/MHDA in a
humid ambient suggested that the hydrophilic nature of the carboxyl terminal from the
MHDA molecules grafted to the MWCNTs/ Au binds the water molecule keeping it far
away from the MWCNTS, thus, providing more resilience to the MWCNTS to humidity as
compared to the unmodified MWCNT [55].

5. Enabling the Material Properties for Their Practical Use
5.1, Transducing Platforms—On the Capture of the Sensor Response

The sections above focused on the materials with the ability to sense VOCs and their
main sensing properties. In practice, however, the enabling of these materials for their use
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 gas-solid 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 and potentiometric sensors) [135]. Figure 5 displays examples of trans-
ducing platforms for measuring resistive and mass-load changes. Electrochemical-based
transducing platforms are the most common approach in the literature and commercial
field, probably due to their relatively simple fabrication process and characterization.
Within this group, chemoresistive sensors are generally the most representative and this
fact is reflected in Tables 8 and 9, in which most of the accounted materials for VOCs report
the operation under the resistive principle. One can see in these tables that VOCs sensitive
materials are also enabled by monitoring optical parameters such as CTL [53,102,119] or
LSPR [66,67], and mass-load changes mainly using QCM [71], although with less frequency.
From this, it is concluded that the properties of VOCs sensitive materials can be exploited
using various physical changes so the systems are not limited to only resistive changes.
Enabling the signal capture of the different physical changes, separately or in conjunction,
would allow for VOCs sensing systems with better selectivity.

Back in the past, most of the technology 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 [135,136]. During the past decades, various
types of gas/vapor sensors (resistive, thermal, mass-sensitive, optical) have been reported
in the literature using standard micro-electro-mechanical systems (MEMS) technology.
This technology for instance has been shown to facilitate the formation of thermally well-
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isolated structures for more efficient conductometric and Seebeck-effect based sensors
or the formation of miniaturized cantilevers for mass-sensitive based sensing. Recently,
miniaturized light platforms for the photoactivation instead of thermoactivation of gas
sensitive material have also been developed [137].

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 [135]. 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 [138]. Recently, other emerging technologies
based on flexible substrate materials such as polymers, textiles, and paper are positioning
well in electronics and thus in sensing svstems (including VOCs sensors) [139,140], These
novel technologies can introduce biocompatibility, reusability, and /or biodegradability to
consumer electronics, alleviating environmental issues and reducing significantly the costs
associated with recycling operations.

a)

| A
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Figure 5. Schematic illustration of transducing pl:ﬂforms.' (a) micromachined resistive, (b) quartz

erystal microbalance, and (¢) micromachined cantilever. Adapted trom [71,141], with permission
from Elsevier B.V,, 2018 and 2015, respectively.

Therefore, micro/nano technologies have the potential to contribute and enable im-
proving further the properties of materials for different applications. VOCs monitoring
systems built by micro/nano technologies may have an impact in various fields and cover
the current demands of traditional markets focused on the industry and environmental con-
trol, as well as emerging niches dedicated to the food industry, agriculture, and medicine.
Most of these fields are keen to implement solutions in line with the digital future and
the smart anything everywhere (SAE) concept, in which VOCs sensors could be the next
family of sensors for smart portable devices. Hence, there is a need to go further in the
effective integration and synthesis of sensitive materials into miniaturized systems with
low power consumption and reduced fabrication costs at a large-scale.

5.2 Synthesis of Materials—Path to the On-Chip Integration

The integration of transducing platforms and material synthesis methods is an essen-
tial phase for VOU sensors’ scalability and large production, Such integration can mostly
be achieved by direct or transfer methods [140,142], The first (direct method) involves the
selective deposition of the material over the transducing 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
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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 [142]. Dielectrophoresis [143] and
contact printing using polydimethylsiloxane (PDMS5) [144] are two examples of the wet
and drv transfer approach, respectively.

Transfer methods are by far the most used approaches in the literature for integrating
the materials into the transducing platforms. Tables 8 and 9 evidence this fact, indicating a
preference for developing VOCs sensitive materials by wet chemical synthesis (WCS) and
their subsequent transfer (or re-deposit) over the transducing platforms. The preferred WCS
methods for VOCs sensitive MOXs, POMSs, or CbMS include sonochemical process [39,40],
hydrothermal process [36,46,47,50-52,73,102], one-pot wet-chemical method [37], photode-
position [63], sol-gel method [74], microwave-assisted approach [45,112,116], precipita-
tion [64,70,105,122], calcination of precursors [119], seed mediated growth method [66],
pyrolysis [121], spray deposition [116], Langmuir-Blodgett method [123], chemical bath
deposition [111], electrochemical methods, and chemical oxidation polymerization [58].
The transfer methods are generally based on the formation of pastes or suspended solu-
tions using common solvents (e.g., ethanol, terpineol) for their subsequent printing or
drop coating. Previously, it was found that the synthesis and the post-treatment process
of materials (e.g., MWCNTSs) can also facilitate the transfer procedures by improving the
solubility or dispersion of materials [104].

The reports centered on WCS synthesis concentrate regularly on tuning conditions
and finding their correlation with the material functionality towards common VOCs. An
example of the synthesis of ZnO shows that different salts (e.g., zinc acetate, zinc chloride,
or zinc sulfate) in hydrothermal synthesis influence the morphologies and microstructural
features of the porous ZnO products. Measurements on the gas sensing properties of
the porous products to VOCs (e.g., acetone, chlorophenol, and formaldehyde) revealed
improved sensing characteristics for porous ZnO synthesized using zinc sulfate compared
to those obtained using zine chloride and zine acetate. A similar example on the synthesis
of 5nO> shows that the use of a starch template for the hydrothermal synthesis of worm-
like nanostructured SnO; and the variation of starch content has a great impact on the
microstructure of the final product. The gas-sensing tests of this study exhibited better
sensing properties towards butanol for the material processed with higher content (2 g) of
starch [16]. In the same way, the sensor fabricated with (.05 wt.% of MWCNTs showed to be
selective to ethanol and methanol while the sensor with 0.1 wt.% of MWCNTs demonstrated
selectivity to acetone and ether among the other tested VOCs [106]. These examples and
other similar ones in the literature often attribute the improvements to the differences in
maorphology and/or surface area [36]. The effect of the impurity levels derived from the
synthesis and transfer-processing steps are generally less discussed, despite there being
evidence that residual ions (e.g., chlorine, sulfur, alkali and alkaline earth metals) account
for the widespread of physical and chemical properties of similar oxide materials [145].

Direct methods for integrating VOUs sensitive materials into transducing platforms
are a minority in Tables 8 and 9. Among the representative techniques for direct integration
are sputtering [38], chemical vapor deposition (CVD) [45,49], and hydrothermal [51] and
electrochemical deposition [71]. These techniques 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. An example of a direct method
using CVD shows that the integration of one-dimensional WO structures modified with
Au or Pt either over MEMS- or polymer-based transducing platforms is feasible in a single
step. These structures reported enhanced sensing properties to acetone or methanol as a
function of the surface modification with Au or Pt, respectively. Another example of the
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use of the direct method shows the integration by electrodeposition of ZnO rods modified
with Pd over QCM-based transducing platforms [71]. As for the previous example, this
report also emphasized the improvement of sensing properties to ethanol and xylene by
madifying the ZnO structures with Pd. Overall, the literature search suggests that there is
still a lot of room for investigating synthesis methods for direct integrations of tuned VOCs
sensitive materials.

5.3, Machine-Learning—Mimicking the Hunan Olfactory Systems

Another essential phase in the practical use of gas/vapor sensitive nanomaterials and
systems is their coupling with appropriate machine learning algorithms. The ensemble
of these elements, i.e., hardware and software, is usually known as electronic nose (e-
nose) technology, in reference to their approximation to reproduce the human olfactory
system [146,147]. In e-noses, the selection of suitable materials and transducers for the
sensor array is accompanied by the selection of proper machine-learning algorithms to
comprehend the large amount of data delivered by the sensor array and identify / classify
the information with the aim to make the system more selective and precise for practical
implementations. Figure 6 displays a summarized representation of the main constituents
of an e-nose system. The figure shows the hardware stage (i.e., materials, transducers,
and sensor arrays) and the machine-learning stage, which involves the data collection,
modeling, training, and evaluation steps. 5o far, this review has focused on the hardware
stage, and in particular on VOC sensitive materials, whereas this section aims to provide
the reader with a complementary overview of the basic attributes of e-noses and their
application. As the scope of this topic is vast, the section is not intended to be exhaustive
and for deeper insight into e-noses, their principles, and application, we invite the reader
to revise recent reviews, for instance, [148-152].
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Figure 6. Block representation of the main constituents of an e-nose system. The hardware block includes the sensitive
malerials, transducers, integrated sensor arrays, and signal processing elements, The software or machine learning block
includes the data collection and preprocessing, fcniuri.ng, extraction, pattern recognition, and classification algorithms.

Amongst a host of machine-learning algorithms, those based generically on pattern
recognition methods, i.e., algorithms that recognize (ir)regularities or specific patterns
in the data to subsequently classify them by means of training models, are frequent in
e-nose applications. In this context, methods such as principal component analysis (PCA),
discriminant analysis (linear—LDA, function—DFA, stepwise—S5DA), regressions (partial
least squares—PLSR, generalized least squares—GLSR, multiple linear—MLR), support
vector machines (SVMs), and artificial neural networks (ANN) are the most sounded data
analysis methods [145].

Typical e-nose applications, in which VOC analytes are potentially involved, include
the discrimination of samples (not necessarily specific analytes) by finding differences
in the patterns Lo identily, for instance, the meat origin [153], rice aging [154], beverage
brands [155], coffee beans [156], or controlled populations of healthy and unhealthy sub-
jects [157-159]. However, there are also other studies, which target the discrimination
of more specific analytes and their concentrations. Table 10 summarizes a few exam-
ples in this context with focus on e-noses with (nano)materials-based sensor arrays. In
terms of algorithmic tools, the works make references especially to PCA, LDA, and ANN
methods [160-164]. Whilst PCA and LDA methods are useful tools for reducing the di-
mensionality of measurement space and extracting the information for pattern recognition,
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ANN methods are usually employed for classification tasks, although ANN can also be
trained to learn sample patterns and predict responses for unidentified samples. The use
of deep learning tools with basis on ANN methods to automatically detect and classify
information in raw datasets (without pre-processing) are also relatively new alternatives in
e-noses [145,155]. As noticed in Table 10, the sensor elements used in e-noses seems to be
characterized specially for the use of resistive sensors based on MOXs. The justification for
this is frequently supported by the broad gas/vapor sensitivity of these components, their
low cost, and the need of simple drive circuits, amongst other characteristics such as fast
and stable responses and long life [146,157,161,165,166].

Table 10. A few literature examples of the application of e-noses in the area of air, water, and food quality, health care,
and medicine. The table shows the number of sensors in the array, the targeted analytes, and data processing algorithms

employed in each report.

diagnosis

MOX-Resistive

Area Objective Sensor Elements Number Analytes Algorithms Ref.
Indoor identification Comercial
; hy g 5 a| AN Y
= of low f(.}l‘['miil_.‘lth} de MOX -Resistive £ Formaldehyde BP-ANN [167]
b= concentrations
E Identification of
z binary mixture: Experimental
© DMMP (pphb level) MOX-Resistive 4 DMMP, Methanol PCA, ANN [160]
= and methanol (sub MOX-SAW
3 m level
2. pp )
ol " :
g o Commercial . Methane, Formaldehyde,  PCA,LDA. |\
" MOX-Resistive CO, Hydrogen BP-ANN
2ases :
bt N Commercial " Propanol, Phenol, PCAHCA, o
ey PEHE ; MOX-Resistive TFB, Benzene SYM :
2 water
i . .
3 A . Ethanol, Acetone, PCA, ANN,
T putetmel  wmesd 5 Tamammes,  REAW (e
z p : : Fthylacetate BP-ANN
[dentification of Commercial Chloroform
pollutants in water MOX-Resistive N/A Ammonia PCALDA [es1
Ott-flavors detection N/A Ethylacetate, TCA, 4-EF,
in aleoholic beverage AL 18 Hexanol, Octenol, PCA, DFA [168]
2 & MOX-Resistive 2
(wine, beer) Diacetyl, BD
)
= Rice quality . g A
e assessment-—early Commercial Cotane, 2pentylluran, PCA, LDA,
= L % ot 12 Dodecane, Toluene, % [169]
= detection of fungal MOX-Resistive : ; SVM, FLS
& : i Decane, Ethanol
z infection
Fruit ripeness Commercial = ) " =
classification MOX_Resistive * 7 Alkanes, Alcohols, Esters PCA, LDA [163]
& Discrimination of \d%.);(ml'{neir;:\lo Acetone, Formaldehyde,
3 pathogenic bacterial g . 6 Ammenia, Ethanol, PCA,CA [170]
= VOCs Logeriniental Ethylacetate, Acetic acid
Z OINCs-Resistive 4 i
=
Ay Lung cancer and ;
=]
= s Experimental Acetone, [soprene, :
‘_j mn.dl Edlh.lm CbMs-Resistive 8 Ammonia, Hydrothion B LI [164]
= diagnosis :
3 Lung cancer Experimental
e 5 e P 4 Formaldehyde MVLR [171]

* The classification of fruit ripeness is assisted by a digital camera system, OINCs: organic-inorganic nanocomposites, N/A: data
not available, DMMP: dimethyl methylphosphonate, TEB: 1,3 5-trifluorobenzene, TCA: 2,4, 6-trichloroanisole, ET: ethylphenol, BD: 2,3-
butanedione, BF: back-propagation, ANN: artificial neural network, PCA: principal component analysis, LDA: lincar discriminant analysis,
HCA: hierarchical cluster analysis, S%M: support vector machine, RBF: radial basis function, DFA: discriminant factor analysis, PLS: partial
least squares, CA: cluster analysis, MVLE: multivariate linear regression,
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Certainly, the application of machine learning for artificial olfactory systems has
demonstrated further solving the selectivity issues of (nano)material-based gas/vapor
sensors. In fact, the reports on e-noses show that partial selective commercial sensors
can provide sufficient data to discriminate and classify samples [161-163,165-167,169].
However, despite e-noses technology apparently being resolved by the existing sensors,
there is still a continuous demand in the field for more miniaturized sensor components
with broader gas/vapor sensitivity, lower detection limits (at ppb-ppt level), low power
consumption, low cost, and operation without consumables; features which are still not
fully available in current commercial sensors [172]. These new characteristics would allow
for even more generalized use of e-noses in the fields in which they have already shown
their potential. Hence, new developments in materials and system integration as the
primary components of the value chain are still timely to pave the way towards advanced
artificial olfactory svstems.

6. Outlook and Conclusions

Nanomaterials based on metal oxides, conductive polymers, and carbon-based ma-
terials are representative in VOCs sensing. Their optimization and enhanced properties
generally involve the control of morphology, size, and composition. The most successful
systems include structured morphologies, particularly hierarchical structures at the nano-
metric scale with intentionally introduced tunable “decorative impurities” or well-defined
interfaces forming bilayer structures. These groups of modified or functionalized structures,
in which metal oxides are still the main protagonists either as host or guest elements, have
proved improvements in VOCs sensing. Whilst the main improvements usually include
better and faster responses, lower operating temperatures, or better stability, the advances
in terms of selectivity are still blurred. First, because most reports in the literature concen-
trate on studying a reduced number of VOCs, among them especially simple oxygenated
hydrocarbons, and second because the selectivity is evaluated by the response comparison
of single analytes often with incomparable concentrations among them. Overall, the litera-
ture survey points out the need for investigating more in depth the material functionality to
larger groups of VOCs as well as the convenience of probing other transducing principles
rather than resistive for nanomaterial-based sensors. In terms of materials, the needs are
directed overall to explore new hybrid material combinations that involve the formation of
nanoscale interfaces between (i) inorganic and organic semiconductors (e.g., MOXs and
POMSs), (ii) inorganic and carbon-based materials (MOXs and graphene), and (iii) organic
and carbon-based materials (e.g., POMs and graphene) to exploit the synergistic effects of
these combinations. It is worth mentioning the availability of a broad group of emerging
materials with less tradition in gas sensing, but with promising results to operate alone
or in combination with traditional gas-sensitive materials. Within this group, the explo-
ration of (i) perovskite and spinel oxides with multications variations; (ii) transition metal
dichalcogenides (TMDs) and transition metal carbides /nitrides (MXenes); and (iii) nitrides,
and phosphorene, silicene, or germanene are attractive. For both groups (i.e., traditional
and emerging gas-sensitive materials), the new research efforts need to be invested in
(i) controlling the load of constituents and their correlation with the VOC sensing patterns
(information rarely found in the reports), (ii) finding dedicated materials for detecting
compounds from the group of aliphatic hydrocarbons and carbonyl compounds, (iii) ex-
ploring the possible multifunctional properties in the material for exploiting mixed output
concepts (e.g., electric, optic, mechanic), and (iv) developing synthetic methods for a more
realistic use of the materials in miniaturized integrated systems and their projection into the
application market. The solution to those needs will pave the way to the selective detection
of specific VOCs in the future and the generalized use of artificial olfactory systems adapted
to the society demands.
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CHAPTER 3. RESULTS

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 Fe,03
nanoparticles as surface modificators [33] [34] [156] [38]. These modified tungsten oxide
structures showed excellent results in the detection of various gases, such H,, CO and NO,, 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 WOs., 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@WOs.,) 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 WOs. 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@WOs.x sensors
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compared to the non-modified WOs. 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@WOs4 sensors.
Additionally, the journal article describes in detail the gas sensing mechanism of UV-LED-
activated APTES modified WOs. 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 NO; 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@WOs. 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,
Tomi¢, M., Setka, M., Chmela, O., Grdcia, 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 WOs.x nanowires sensitive to ethanol and nitrogen dioxide,
Tomié, M., Fohlerova, Z., Gracia, 1., 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, Tomi¢ M., Grdcia
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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Abstract: Gas sensitive cerium oxide-tungsten oxide core-shell nanowires are synthesized and
integrated directly into micromachined platforms via aerosol assisted chemical vapor deposition.
Tests to various volatile organic compounds (acetone, ethanol, and toluene) involved in early disease
diagnosis demonstrate enhanced sensitivity to acetone for the core-shell structures in contrast to
the non-modified materials (i.e., only tungsten oxide or cerium oxide). This is attributed to the
high density of oxygen vacancy defects at the shell, as well as the formation of heterojunctions at
the core-shell interface, which provide the modified nanowires with ‘extra’ chemical and electronic
sensitization as compared to the non-modified materials.

Keywords: gas sensors; volatile organic compounds (VOCs); acetone; metal oxides; heterojunctions

1. Introduction

Odor (gas, vapor, aroma) detection systems are of high interest as they are non-invasive
key-enabling technologies, which are relevant in both traditional (e.g., environment, industry) and
innovative applications such as the early detection of diseases from exhaled breath [1,2]. The literature
related to exhaled breath as bio information for disease diagnosis has shown previously that human
breath contains more than two hundred different gases and volatile organic compounds (VOCs)
species that vary from person to person [3]. In the midst of a wide range of analytes, acetone, toluene,
and ethanol are within the most relevant VOCs that are typically involved in various diseases, including
diabetes and cancer. Thus, for instance, high acetone concentrations (~21 ppm) have been identified in
the exhaled breath of diabetic patients, as compared to healthy patients (~2.7 ppm) and oppositely to
patients with lung cancer, who showed lower acetone concentrations (~0.9 ppm). Similarly, the ethanol
concentration in breath has shown an increase (~2.1 ppm) in patients with lung/breast cancer and
diabetes with respect to healthy patients (~0.2 ppm) [4-6].

Currently, the analysis of breath is still an emerging diagnosis technology that uses large
and expensive laboratory equipment such as gas-chromatograph, ion-mobility and/or mass
spectrometers [7]. In the future, however, miniaturized, portable, and wearable systems with enhanced
functionality (sensitivity, selectivity, and stability) and high autonomy at a low cost could substitute
this equipment; a fact that demands the innovation of current odor detection systems. In this context,
metal oxide (MOX) gas sensors based on the chemoresistive principle represent an alternative to bulky
equipment providing simpler architecture and fabrication processes compatible with ‘standard” MEMS
and CMOS technologies [2]. Chemoresistive gas sensors devices generally consist of a transducing
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platform (microscale) and a gas sensitive MOX optimized to interact with specific groups of gaseous or
vapor analytes. However, among the diverse issues that may potentially be addressed to improve the
functionality of these monitoring systems (e.g., optimization of sensing modes and control electronics or
the integration of smart systems with new micro/nano fabrication concepts), the focus on nanoscaled
sensitive materials is still essential to radically improve their performance. Thus, several studies
have demonstrated that MOXs modified with second-phase constituents, either nanosized noble
metals or other MOXs, have a positive effect on the sensing properties of both the host MOX and the
second-phase constituent, particularly when the size of both materials is within the Debye length of
the surface (typically on the order of 2—100 nm) [8]. Moreover, recently, it has been pointed out that
the modification of a MOX with noble metals or other MOXs allows for the formation of nanoscale
heterojunctions and, in turn, sensing mechanisms dominated not only by the surface, but also the
interface, which has proved to improve the sensing properties of these materials [9].

In recent years, tungsten oxide has demonstrated high potential in gas sensing among traditional
gas sensitive MOXs such as SnQ; and ZnO (Figure 1), showing a strong sensitivity to oxidizing
gases including nitrogen dioxide and ozone [10]. Moreover, the modification of tungsten oxide with
second-phase constituents such us platinum, copper oxide, or iron oxide has shown an improved
sensitivity and selectivity to reducing species including hydrogen [11], hydrogen sulfide [12] or
toluene [13], respectively. As far as cerium oxide is concerned, the peculiarity that makes this oxide
also attractive in gas sensors reside overall in the defect sites caused by the valence state changes
between Ce** and Ce?*, which considerably alter the concentration of oxygen vacancies, and provides
a good redox behavior and catalytic activity [14-16]. However, and despite these favorable surface
properties the use of cerium oxide in gas sensing is still infrequent (Figure 1) and its sensing properties
upon VOCs have not been fully explored in the literature related to gas sensors.

Optimized gas sensitive MOXs need synthetic methods able to produce well defined and even
structures. Additive (bottom-up) synthetic methods, as opposed to subtractive (top-down) methods,
are ideal for this task and industrially attractive as they provide the ability to generate films in a
continuous mode with high purities and high throughput. Aerosol assisted (AA) chemical vapor
deposition (CVD) is a versatile additive synthetic method used previously to obtain non-modified
(e.g., WO3) or metal/MOX modified MOXs (e.g., Pt/WOj3, Fe2O3/WO;3) [11,13]. Additionally, recently,
the AACVD of cerium oxide from Ce (dbm)y has been proved as a strategy to overcome the low
volatility of traditional cerium CVD precursors [17]. In this work, however, we achieve the AACVD
of cerium oxide from Ce (acac); precursor and use this route to synthesize cerium oxide-tungsten
oxide core-shell nanowires in a two-step process performed directly on silicon-based micromachined
platforms. In addition, we validate the sensing properties of these systems to acetone, and other
relevant VOCs monitored in early disease diagnosis.

Ga,0. | 2] [yl
Fe,0 ol s | ax Sn0,
Al | 1% 259%
6% i

Figure 1. A survey of the most applicable gas sensitive MOXs reported in the literature (Web of Science
database from 1998 to 2018).
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2. Materials and Methods

Tungsten oxide (non-modified nanowires), cerium oxide (non-modified porous films), and cerium
oxide-tungsten oxide core-shell nanowires were grown directly onto micromachined transducing
platforms (Figure 2a) [18] using the AACVD system described previously [19]. AACVD is a variant
of the conventional CVD technique, which uses aerosol to transport dissolved precursors to a heated
reaction zone. Here, the non-modified tungsten oxide nanowires films were deposited at 350 “C from
a solution of tungsten hexacarbonyl (30 mg, W(CO)g, Sigma-Aldrich, St. Louis, MO, USA, >97%)
and methanol (5 mL Sigma-Aldrich, >99.6%), whereas the non-modified cerium oxide films were
deposited at 500 °C from cerium (III) acetylacetonate hydrate (28 mg, Ce (acac);- xH;O, Sigma-Aldrich)
dissolved in methanol (2 ml, Sigma-Aldrich). On the other hand, the cerium oxide-tungsten oxide
core-shell nanowires were achieved using a two-step AACVD process [20], in which the tungsten
oxide nanowire cores were deposited at 350 °C in the first step and the cerium oxide shell film at
500 “C in the second step employing the same protocols described above for the non-modified films.
Finally, the non-modified and modified films were annealed at 500 °C in air.

The morphology of the films was examined using scanning electron microscopy (SEM— Auriga
Series, 3 KV, Carl Zeiss, Jena, Germany) and the phase using X-ray Diffraction (XRD-Bruker-AXS,
model A25 D8 Discover, Cu Ko radiation, Billerica, MA, USA). Further analysis of the material was
carried out using X-ray photoelectron spectroscopy (XPS—Kratos Axis Supra with monochromatic Al
Ka X-ray radiation, an emission current of 15 mA and hybrid lens mode, Manchester, UK). The survey
and detailed spectra were measured using pass energy of 80 eV and 20 eV, respectively. The band
gap of the films was estimated by measuring the diffuse reflectance (AvaSpec-UV /VIS/NIR, Avantes,
Apeldoorn, the Netherlands) of the films and performing Kubelka-Munk transformation.

The microsensors were tested in a continuous flow test chamber provided with mass flow
controllers that allow the mixture of dry/humid air and calibrated gaseous analytes (ethanol, acetone,
toluene, carbon monoxide and hydrogen purchased from Praxair, Danbury, CT, USA) to obtain the
desired concentration. To have a proper control of the relative humidity (RH) inside the gas test
chamber, an evaluation kit (EK-H4, Sensirion AG, Stéfa, Switzerland) with a humidity sensor was also
used. The dc resistance measurements of the microsensor were achieved in a system provided with
an electrometer (Keathley 6517A, Cleveland, OH, USA) and a multimeter (Keathley 2700, Cleveland,
OH, USA) with switch system to monitor various sensors simultaneously. More details of the
characterization systems were reported elsewhere [18]. 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 analyte exposure,
respectively. The sensors were tested for a period of one month during which each sensor accumulated
180 h of operation under the different conditions (analytes, temperatures, humidity) employed.

3. Results

3.1. Gas Sensitive Films

SEM imaging of the microsensors after AACVD of the gas sensitive structures showed uniform
deposited films that covered the electrodes integrated into the micromachined membrane (Figure 2a).
A close view of the non-modified tungsten oxide wires (W) showed bare and even surfaces as noticed
previously for other AACVD tungsten oxide structures [21]. In contrast, a close view of the cerium
oxide-tungsten oxide core-shell wires (Ce/W) displayed the presence of a rugged thin film covering
the wire surface (Figure 2b,c), similarly to that observed when depositing non-modified cerium-based
films (Ce) from a Ce (acac)3 methanolic solution via AACVD (Figure 2d).

Generally, AACVD of the non-modified (W and Ce) and modified (Ce/W) films showed a
good adherence to the substrate, with the wire-like morphology films (i.e., W and Ce/W) forming
a mat-like network of non-aligned nanowires with diameters below 100 nm, and the particle-like
morphology films (i.e., Ce) displaying a porous surface composed of grains with diameters below
40 nm. The as-deposited non-modified W films displayed a bluish color, whereas the Ce/W films
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displayed a dark yellowish to dark green color, similarly to the color observed on the Ce films.
However, after annealing the non-modified W and modified Ce/W films became whitish and pale
yellowish, respectively. Figure 3 displays the diffuse reflectance spectra of the films deposited without
modification (i.e., only tungsten oxide or only cerium oxide) via AACVD. These measurements and
their corresponding Kubelka-Munk transformation indicated optical band gaps at ~3.2 eV for the
tungsten oxide films and ~3.1 eV for the cerium oxide films, in agreement with the literature band gap
values of tungsten oxide (2.6-3.7 V) [22] and cerium oxide (2.7-3.4 eV) [15].

Figure 2. The SEM imaging of a (a) gas sensor device, the Ce/W nanowires at (b) low and (c) high
magnification, and (d) the non-modified Ce films integrated on the micromachined membrane.
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Figure 3. The diffuse reflectance spectra of the aerosol assisted chemical vapor deposited (a) tungsten
oxide and (b) cerium oxide films without modification.

XRD analysis of the films revealed the presence of a monoclinic-phase (International Centre of
Diffraction Data-ICDD card no. 72-0677) in the W and Ce/W films with greatly enhanced intensity
(preferred orientation) in the [001] direction, consistent with our previous results for AACVD of
tungsten oxide [13]. A weak diffraction peak was also noticed at 47.8° 20 for the Ce/W films
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(Figure 4). This diffraction peak is in line with the pattern identified on the non-modified Ce based
films corresponding to cerium dioxide (Crystallography Open Database-COD ID card no. 7217887).

m (002)
W (004)

'

46 47 48 49 50 51 52,

20 25 30 35 40 45 50 55 60
2 theta, degree

Figure 4. The XRD pattern of the Ce/W films. The diffraction peak at 47.8° 26 (full pink circle)
corresponds to cerium dioxide cubic phase (P1), COD ID card no. 7217887, the rest of the diffraction
peaks (full blue squares) in the data can be indexed to a monoclinic phase (P21/n), ICDD card no.
72-0677, with only peaks of greatly enhanced intensity (preferred orientation), specifically indexed.

The XPS of both W and Ce/W films exhibited typical W 4f7 5, W 4f5,» and W 5p3 /2 XPS core level
peaks (Figure 5a), consistent with the literature and previous tungsten oxide nanowires synthetized
via AACVD [13]. XPS narrow scan spectra of the Ce 3d core level peaks at the Ce and Ce/W wires
displayed multiplet splitting between 875 and 920 eV in agreement with the standard binding energies
for Ce 3d peaks and partially reduced cerium oxide [23,24]. Figure 5b displays the experimental data
and the corresponding deconvolution of the Ce 3d spectrum recorded on the Ce/ W wires. The peaks
v, v” and v”’ are attributed to the main and satellite peaks of the Ce** state, whereas the peaks vy,
v’ correspond to the peaks of Ce?* state. The relative contribution of Ce*" and Ce®" species at the
Ce/W films was estimated from the ratio of integrated Ce** peaks to the total Ce*" and Ce** peaks,
finding a value of ~42% for Ce** and 58% Ce®* species. The relatively high amount of Ce®* species
indicate a charge imbalance with oxygen vacancy defects and an unsaturated chemical bond at the
Ce/W film suggesting a high redox nature of the film.

W 4f

Tz
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T T T T T T T T
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43 42 41 40 39 38 37 36 35 34 33 32 920 915 910 905 900 895 890 885 B8O 875

Binding energy, eV Binding energy, eV
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Figure 5. (a) The W 4f and (b) Ce 3d spectra recorded on the cerium-modified wires. The W 4f spectrum
recorded on the non-modified tungsten oxide wires showed similar characteristics.
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Linear extrapolation of the valence band (VB) leading edge on the XPS spectra recorded on the
Ce/W film near the Fermi level (Eg = 0) indicates the simultaneous presence of both cerium oxide
and tungsten oxide induced VB (Figure 6a). One can notice that the VB onset for cerium oxide occurs
~0.5 eV (AEy) above the VB onset for tungsten oxide. Therefore, according to the band gap estimated
by diffuse reflectance for each non-modified material in the position of the conduction band (CB) of
cerium oxide is ~0.4 eV (AE() above the CB of tungsten oxide, consequently suggesting a staggered
type of heterojunction at the interface of the Ce/W core-shell structures (Figure 6b). In contrast,
the linear extrapolation of VB leading edge on the XPS spectra of the W and Ce films showed only the
presence of tungsten oxide induced VB at 2.9 eV in agreement with previous reports [13].

Cerium oxide Tungsten oxide

¢
Ecp o
AE=04eV :
b S

~3.leV
~3.2eV

Intensity, a. u.

W S
AE=0.5cV

Binding Energy, eV
(a) (b)

Figure 6. (a) The XPS valence band spectra of the cerium-modified tungsten oxide nanowires, and (b)

schematic of the estimated energy level diagram at the interface. Ecg and Eyp represent the conduction
band minimum and the valence band maximum (not to scale).

In brief, the characterization of the films deposited via AACVD demonstrates the formation
of crystalline cerium oxide-tungsten oxide core-shell wires with a relatively high amount of Ce?*
species at the surface and the presence of the characteristic valence band onsets for cerium oxide and
tungsten oxide.

3.2. Gas Sensing Tests

Overall, the sensors displayed an n-type response with a good reproducibility to the target gaseous
analytes (acetone, ethanol, toluene, carbon monoxide, and hydrogen) and relatively low variations of
the baseline resistance along the testing period. Gas sensing tests of the microsensors were carried out
at various operating temperatures from 150 °C to 400 °C by DC resistance measurements of the films
integrated via AACVD. These test proved a better sensor functionality to 80 ppm of acetone at 300 °C
for the sensors based on W and Ce/W films and 400 °C for the sensors based on Ce films. As the Ce
based sensors registered comparatively higher baseline resistances (~40 G2 at 400 °C) than W (13 k()
at 300 °C) and Ce/W (65 k() at 300 °C) sensors, additionally requiring higher temperatures to achieve
the maximum responses (e.g., response to acetone 4.9 at 400 °C for the Ce sensors and 5.6 at 300 °C for
the Ce/W sensors), further analyses related to the analyte concentration and humidity dependence of
the sensor response were performed only for the W and Ce/W based sensors at 300 °C.

Figure 7a displays the sensor response to 80 ppm of each analyte and type of sensor at 300 °C.
These results show the improved responses registered for the Ce/W sensors, as opposed to the W
sensors, as well as the higher responses to acetone compared to the rest of the analytes. Results in
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Figure 7a also suggests an improved selectivity for the Ce/W films with lower cross-responses among
the analytes; for instance, the difference of the response to acetone in relation to ethanol is 1.6 for the
Ce/W films and 1 for the W films. The low cross response registered on the Ce/ W sensor is noticed
in more detail in Figure 7b, in which is displayed the analysis of variance (ANOVA) realized for a
data set comprising four replicates for each type of sensor and analyte. Additionally, the principal
component (PC) analysis performed using replicated responses of both sensors (i.e., W and Ce/W) to
each analyte is represented in Figure 8. These results, specifically the scores, which correspond to the
projections of the measurements in an orthogonal base of PCs, indicate the possibility to improve the
discrimination of the analytes by using an array of W and Ce/W based sensors.

7
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Figure 7. (a) The radial plot of the sensor response to 80 ppm of acetone, ethanol, toluene, carbon
monoxide, and hydrogen using the W and Ce/W based sensors. (b) Box plots of the sensor response
to each analyte recorded by the Ce/W based sensors. Each box displays the median and upper and
lower quartiles (first and third) of the respective distribution. Box whiskers indicate the dispersion of
the measurements.
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Figure 8. Principal component analysis applied to discriminate the tested VOCs by using an array of
non-modified tungsten oxide wires and the cerium oxide-tungsten oxide core-shell wire-based sensors.

Further tests of the sensors to various concentrations of each analyte showed direct proportional
changes in the response to concentration. An example of the response registered with both types of
sensors to acetone is shown in Figure 9. For these conditions, the limit of detection corresponding to
three times the noise level [25] was estimated at 1 ppm for W and 0.2 ppm for Ce/W sensors. Overall,
the changes respect to concentration for the W sensors proved a lower sensitivity compared to the
W/Ce sensors, which demonstrates a better sensitivity to the analytes. The sensitivity (S), defined as the
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ratio between the change in response (AR) and a fixed change in analyte concentration (AC) for each
sensor and analyte, was registered to be nearly five times higher for acetone and three times higher
for ethanol when using the cerium-modified sensors (found AR/AC;cetone for W sensors 0.8%, Ce/W
sensors 4.7%; AR/ ACuthanot for W sensors 0.8%, Ce/ W sensors 2.2%).
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Figure 9. The sensor response to various concentrations (from 20 to 80 ppm) of acetone recorded with
the W and Ce/W based sensors.

Additional tests of the sensors in a controlled humid ambient (10 and 20% RH), consistent with
those reported after preconditioning the relative humidity in breath samples [26], registered lower
sensor response to the analytes. The loss of response in humid ambient is a consequence of the
proportional drop of the baseline resistance to relative humidity. This proportional change is usually
present in metal oxides exposed to humidity due to the formation of hydroxyl groups at temperatures
above 100 °C [18]. Currently, most of the strategies to attenuate further the humidity interference
from the material point of view are connected with the fine tune of the MOX morphology [27]
and/or the incorporation of humidity-insensitive additives (e.g., NiO [28], CuO [12], or 5iO; [29]).
Figure 10 displays the typical resistance changes for the W and Ce/W sensors to each mixture of RH
and acetone tested and their replicates.
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Figure 10. The resistance changes registered for (a) W and (b) Ce/W to acetone in dry and humid
ambient (RH: relative humidity).

Previous reports in the literature related to acetone sensing using modified tungsten oxide films
(with Au, Pd, AuPd) suggest the functionality of tungsten oxide at 300 °C for relatively high acetone
concentrations (200-1000 ppm) [30]. Further tests, also performed on tungsten oxide, modified with
TiO, [31] or Si [32] show the functionality of the sensors at similar (30 ppm) or lower (100-600 ppb)
acetone concentrations, respectively, although requiring higher operating temperatures (400-500 °C),
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than those needed in this work. On the other hand, the use of cerium oxide as the gas sensitive element
has been rarely reported in the literature, with the performance of this material having indicated the
potential for sensing VOCs including acetone [33,34]. In general, the responses of the above mentioned
non-miniaturized acetone sensors in the literature [30-34] are in the same order of magnitude than our
micromachined sensors based on the cerium oxide-tungsten oxide core-shell wires, which suggests the
viability of sensor miniaturization without losing the sensitivity of the system when optimizing the
sensitive material. In addition, the good reproducibility of the responses during the testing period and
the analysis (SEM, XRD) of the samples after the gas sensing experiments (which showed unchanged
properties of the material with respect to the properties recorded initially) indicated a good stability of
the sensors.

The enhanced functionality recorded on the Ce/W sensors is connected with the formation
of heterojunctions at the interface of the tungsten oxide wires and the cerium oxide porous films.
These heterojunctions are present due to the different band energies in both MOXs (Figure 6b),
which facilitate electron migration from the cerium oxide film to the tungsten oxide wire. Generally,
as oxygen is preadsorbed at the sensitive film during air exposure, the surface depletion region (Lp)
and, in turn, the conduction channel along the wires are narrowed, which leads to lower conductivity
along the film (Figure 11a). Alternatively, when a reducing analyte (i.e., VOCs) reacts with the
preadsorbed oxygen, electrons are released back to the conduction band, and the depth of the surface
depletion is narrowed, increasing the conduction channel along the wire and, in turn, its conductivity
(Figure 11b). This mechanism controlled by the pre-adsorbed oxygen is similar for the non-modified
and modified films, with the peculiarity that the charge transfer process (electron migration) occurring
at the junction of the cerium oxide film and tungsten oxide wire provides larger electron density to
the wires (accumulation layer) in the pre-adsorption cycle (as opposed to the non-modified W or Ce
films). This allows for larger changes of the depletion layer and an enhanced modulation of the wire
conduction channel, which is reflected finally on the sensor response.

In the same line, the lowering of the baseline resistance upon humidity implies a diminution of
the chemically active oxygen species at the surface and, in turn, a narrow surface depletion in the air
(pre-adsorption). Thus, as the conduction channel in humid ambient is wider than in dry ambient
(Figure 11), the conduction changes induced by the reducing gas are less significant, and thus the
sensor response is as well.

Summarizing, the gas sensing tests showed improved acetone sensing properties for Ce/W based
microsensors showing a higher response, and better sensitivity and selectivity to the analytes tested in
relation to the W or Ce based microsensors.

‘ DOOOOO

Lo

POPwww C: YOUUOw
@ (b)

Figure 11. The schematic view of the heterojunction formed at the surface of the cerium oxide (Ce)
core-shell tungsten oxide (W) wires and the possible mechanism (a) after exposure to air and (b)
reducing gases such as acetone. Lp is the Debye length or depth of the depletion region from the
surface (not at scale).

4. Conclusions

These results demonstrate the formation of cerium oxide-tungsten oxide core-shell nanowires
with improved response and sensitivity to acetone as compared to non-modified tungsten oxide wires
or cerium oxide porous films. Tests of these sensors to acetone in humid ambient showed a drop of
the responses as a consequence of the lowering of the baseline resistance due to humidity. Principal
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component analysis of the responses obtained for each analytes using an array the non-modified and
modified sensitive films indicated the possibility to enhance the selectivity of the microsensors by
improving the discrimination of analytes. The improved sensitivity is attributed to the formation
of heterojunctions at the interface of both oxides (i.e., tungsten oxide and cerium oxide) which
leads to an ‘extra’ chemical and electronic sensitization to the modified films as compared to the
non-modified films.
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The sensing properties of (3-aminopropyDtriethoxysilane modified tungsten oxide nanowires (APTES@WO,.,)
based sensors rowards several gases and vapors are reported in this work. The developed sensors show high
sensitivity to ethanol and nitrogen dioxide under UV-irradiation at room temperature (24 °C). Gas sensing results
demonstrate enhanced sensing propetties for the APTES@WO; , compared to non-modified WO3_, sensors, with
the APTES@WO;, sensors showing approximately 17 and 20 times more sensitivity to ethanol and nitogen

dioxide, respectively, compared to the non-modified W03 ; sensors. The APTES@WOQ; ; sensors also display
improved selectivity to nitrogen dioxide (oxidizing gas) and ethanol (among other reducing gases including
acetone, toluene, hydiogen, and carbon monoxide). These results are attibuted to the presence of the reactive
amino group at the APTES@WO; . sensors, which facilitates the chemical interaction with nitrogen dioxide and
erthanol and the eleetron transfer towards/from W03, under UV-light excitarion.

1. Introduction

Semiconducring meral oxides (MOXs) based gas sensors are able to
operate with high sensitivity, stability, and relatively good selectivity
compared to other materials such as polymers. Also, MOXs are
compatible with stare-of-the-art micro/nano fabrication processes and
suitable for being integrated into miniaturized systems with low pro-
duction costs. Specifically, nanostructured MOXs, e.g., nanowires, are
attractive in gas sensors because they have proved repeatedly in the
literature to enhance rhe functionality of these devices, particularly in
rerms of sensitivity, due to their higher surface-area-to-volume rario
compared to bulk MOXs [1-3]. Nanostructured MOXs can be synthe-
tized via scalable and industrially relevant top-down or bottom-up
techniques. Previously, for instance, we have demonstrated the
bortom-up synthesis of various MOXs (e.g., WO3.4, [4,5] ZnO [6], and
SnOz [/]) via aerosol-assisted (AA) chemical vapor deposition (CVD),
and rtheir gas sensing functionality [8].

Typically, MOXs are chemically poorly responsive to gaseous species
at room temperature (RT) since they are passivated by the adsorption of
oxvgen molecules from the atmosphere. Therefore, two strategies are

generally employed to activate MOXs — thermoactivation using teni-
peratures in the range of 200-500°C or photoactivation using light
irradiation usually in the ultravioler (UV) range. In general, the major
drawback of using thermoactivarion lies in the hearers’ power con-
sumption. The high temperatures needed for MOX activation may also
limir its applicability in explosive and flammable environments, and
bring stability and poisoning issues [9,10]. In recent years, photo-
activation of gas sensitive materials for RT operation [11] 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 emitrer components with low power
consumption (tens of pW or less) in gas sensing microsystems is pro-
gressively being implemented [2]. As a way of photoactivation, UV
sources, stich as UV-LEDs (light-emitting diodes) can provide sufficient
energy for charge carrier promotion and by increasing the irradiance,
the sensor performance to target gases can be improved to some extent
[12].

Nanostructured MOXs are generally oxygen deficient surfaces, which
deviate from the stoichiometric composition and contain defects and
impurities that form intra-bandgap states and produce changes in the
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electronic structure of the MOX, thus, allowing to adjust the electronic
and gas sensing properties towards specific needs [13]. The formation of
oxvgen vacancies in MOXs is another characteristic that plays a crucial
role in gas sensing mechanism, facilitating the low-temperature oxygen
chemisorprion process and enhancing the performance of gas sensors
[14]. Further improvements in gas sensitive MOXs include the modifi-
cation of its surface chemistry with inorganic materials, such as metals
or second-phase MOXs [1], or organo functional molecules [15]. The
last is a less extended strategy, but has shown potential to activate the
MOX gas sensirivity and selectivity, as the organo functional modifier
can interact with the gaseous species and influence the electrical prop-
erties of the MOX ‘support’.

Silanization merhod is an example of this modification, where MOX
surface is being modified by organofuncrional alkoxysilane molecules,
such as (3-aminopropyltriethoxysilane (APTES) [15]. APTES molecule
used in the silanization process consists of hydrolysable ethoxy groups
bonded to Si via oxygens, an alkyl chain as a linker, and an amino-
funcrional group, as shown in Fig. 1. Ethoxy groups in APTES enable
surface reactions with other molecules (e.g., MOXs), whereas a reactive
rerminal amino group can easily bond other gas/vapor acrive molecules
to the APTES structure. With three ethoxy groups, APTES is very prone
to react with MOX surface. Previously, APTES was used for Sn0O; surface
modification as an intermediate step, followed by functionalization with
alkvl, acid, and ester funcrional groups for sensing ammonia, ethanol
and carbon monoxide [16]. The modification of thin-walled porous
tungsten oxide nanotubes with APTES was also stated to favor the
thermoactivated response of tungsten oxide to low nitrogen dioxide
concentrations [15]. Our recent study [17] on the gas sensing properties
of silanized W03 5 using UV photoactivation also suggested the positive
influence of APTES on the sensing properties of this MOX.

Therefore, here, we explore further the influence of APTES on the gas
sensing properties of sub-stoichiometric W03, nanowires. The work
provides a complete strategy to fabricate gas microsensors based on
silanized MOXs and evaluates the sensing properties of these micro-
systems under UV photoactivation at RT towards various vapors and
gases, which are relevant in different areas, including biomedicine,
biochemistry, environment control, security, and industry [4,18,19].

2. Materials and methods
2.1. Microsensors based on silanized WO, nanowires

The microsensors consist of four membranes (1100 x 1100 pm) of
SisN4/Si02 (300 nm/500 nm thick), each containing four Ti/Pt inter-
digitated electrodes (25 nm/250 nm thick, 95 pm long, with electrode
gap of 10 pum) on the top processed using various Clean Room micro-
fabrication steps (oxidation, metallization, implantation, lithography,
and etching) as reported previously [20]. WO 5. nanowires were growin
ar 390 °C directly onto the interdigitared electrodes using the AACVD
method described elsewhere [6]. Briefly, tungsten hexacarbonyl (20 mg,
WI(CO)g, Sigma-Aldrich, >97 %) and methanol (5 mL, Sigma-Aldrich,

NH; Amino group

s

Alkyl chain

N

Si
HaCHzCO~” | “~OCH,CHs
OCH,CH,

Fig. 1. Schematic view of APTES molecule.
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>99.9 %) were mixed to form the precursor solution. The aerosol
droplets of the solution were transported to the heated substrate using
nitrogen gas flow (200 sscm) and after this process the samples were
annealed for 1h at 500 °C in air. Subsequently, the gas sensitive nano-
wires underwent a cleaning process, which included rinsing in deionized
water, drying in desiccaror to remove the adsorbed species, and gener-
ating active hydroxyl groups on the surface by plasma treatment (1 min,
600 W, 0.5 mbar). Prior to the silanization, the samples were placed
inside the vacuum chamber and purged three-times under Nj strean.

The silanization of the nanowires surface was carried out at 120 °C
via CVD using an aminosilane (APTES; (3-aminopropyltriethoxysilane,
Sigma-Aldrich, 97 %) solurion. After silanization the CVD chamber was
purged three-times with N5 gas to remove residuals and unreacted silane
from rthe chamber and surface, respectively. Generally, the silanization
conditions were set by adjusting three parameters, including the dura-
tion of plasma treatment (times tested: 1 and 5 min), the APTES depo-
sition time (tines tested: 10, 30, and 50 min), and the amount of silane
(volumes tested: 15, 100, and 1000 pL). The samples were analyzed at
each step by X-ray photoelectron spectroscopy (XPS), finding the best
condition for the silanization (i.e. major concentrarion of Si 2p at the
nanowires surface) when using a plasma treatment of 1 min, APTES
deposition time of 10 min, and a volume of 1000 pL (Table S1, Sup-
porting Information). Therefore, these conditions were used for the
APTES modified samples characrerized in this work.

2.2. Characterization techniques

The morphology of the films was examined using Scanning Electron
Microscopy (SEM - Carl Zeiss, Auriga Series) and the chemical compo-
sition using X-ray photoelectron spectroscopy (Kratos Axis Supra spec-
rometer, with Al/Ag monochromatic X-ray source). The XPS spectra
was analyzed by a peak fitting software (CasaXPS version 2.3.18PR1.0).
Raw data were processed by the subtraction of a Shirley background for
secondary electrons and element peak fitting was used to estimate the
relative element molar fraction. Ultraviolet photoelectron spectroscopy
(UPS) analysis of the samples was also performed using Kratos Axis
Supra spectrometer, with Al/Ag monochromatic X-ray source. The UPS
spectra were recorded using a He lamp (He-I) with excitation energy
hy=20.0 V. The obtained data from the UPS spectra allow the deter-
mination of the sample’s work function (@) from the difference in the
photon energy of He-l and the energy difference (AF) berween the
binding energy cut-off (E.ut off) and the Fermi edge (Er =0 eV), following
the equartion [21]:

@ =20eV - AE.

Further analysis of the films was carried our using X-ray Diffraction
(XRD — Bruker, AXS D8 Advance operated at 40 kV and 40 mA, Cu Ka
radiation) and high-resolution Transmission Electron Microscopy (TEM
— FEI Tecnai F20, 200 kV). The band gap of the films was estimated using
UV-Vis diffuse reflectance spectrum (AvaSpec-UV/VIS/NIR, Avantes,
Apeldoorn) and applying Kubelka-Munk transformation.

2.3. Gas sensing measurements

The microsensors were tested at RT (24 °C) in a continuous flow
(200 scem) test chamber [5] provided with mass flow controllers and
continuous flluminarion from a LED (light-emitting diode, LC-L1V3
Hamamatsu) with wavelength of 365 nm. The wavelength of 365 nm
is selected based on the bandgap of the sensing material, since the
UV-activated sensors have maximum response when striking photons
have energy close to this bandgap. The tests were performed using
various irradiance, equal or below 1800 mW-cm 2 The sensors were
exposed to various gas concentrations obrained by diluting calibrared
cylinders of ethanol (Praxair, 100 ppm), acetone (Praxair, 100 ppm),
toluene (Praxair 200 ppm), carbon monoxide (Praxair 100 ppm),
hydrogen (Praxair 100 ppm) or nitrogen dioxide (Praxair 100 ppm) with
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synthetic air (3X, Praxair). Subsequently the gaseous analytes were
purged with synthetic air until the initial baseline resistance was
recovered. The electrical resistance measurements were performed
using a multimeter Keithley 2700. Humidity was introduced to the
system by bubbling through warer under controlled conditions ar 24 °C.
The relarive humidity (RH) and the temperature inside the test chamber
was monitored throughout the whole test using a humidity /temperature
sensor (SHT71, operating ranges from 0 to 100 % RH, accuracy of &+ 3 %
RH and £ 0.4 °C). Note that the sensors and the test chamber were kept
at RT for all the tests perforimed in the present work. A scheme of the gas
testing system is depicted in Fig. 2.

The sensor response (R) was defined as Ra/Rg for reducing and Rg/
Ra for oxidizing gases, where Ra and Rg represent the electrical resis-
tance of the sensitive film in air and the target gas, respectively, while
the sensitivity of the sensor (S) expresses the variation of the sensor
response as a function of the change in the tested gas concentration
(from 10 to 80 ppm). The response tinie was defined as the time require
for the sensor to reach 90 % of the response, and the recovery time as the
time required to return to 10 % of the initial baseline resistance after the
analyte was purged. The gas sensing measurements included various
non-modified (WOsy) and APTES modified (APTES@WOs ) based
microsensors and replicated measures to each gas and condition. The
whole testing period spanned for the sensors was 70 days with the
sensors accumularing a total of 560 h of operarion.

3. Results and discussion
3.1. W03, films

The morphology of the synrthesized W05 was examined using SEM
as shown in Fig. 3. The imaging of the sensing film displaved a high
density of non-aligned nanowires deposited uniformly over the elec-
trodes (Fig. 3a). The estimated diameters and lengths of the nanowires
(Fig. 3b and ¢) are ~100 nm and —~8 pm, respectively, corresponding to
an aspect ratio of 80.

Fig. 4a shows the XRD pattern of the WOs , films. Similarly to our
previous work [5] the films showed crystalline structures with intense
diffraction peaks at 23.1° 260 (d =3.85 A) and 47.2° 26 (d = 1.92 A) that
correspond the (002) and (004) reflections of the monoclinic phase
WO3.; (P21 /n space group; ICCD card no. 72-0677), respectively, as well
as other characteristic diffractions assigned to the same phase. The
pattern in Fig. 4a also displays an intense diffraction assigned rto the
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Calibrated _'1 a
gas bottles
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Gas test chamber

Fig. 2. Gas testing system. MF: Mass Flow, LED: Light Emitting Diode. Not-
to-scale.
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face-centered cubic phase Pt (Fm3m space group: ICCD card no.
04 —0802) that corresponds to the interdigitated -electrodes.
High-resolution TEM of the nanowires (Fig. 4a) corroborated the crys-
talline structure of the wires, with highly ordered lattice separated by
3.85 A, consistent with the (002) diffraction observed by XRD. The low
magnificarion TEM image in Fig. 4b displays the top of a wire (diameter
< 100 nm).

The XPS spectra of the WO5 films (Figure $1, Supporting Infor-
mation) confirmed the presence of typical W 4f;,2, W 4fs 5, W bps o
core level peaks centered at binding energies of 35.3eV, 37.4 eV and
41.1 eV, respectively. These results indicate the films are oxygen defi-
cient showing an oxygen to tungsten ratio of 2.7 (anal. caled. for WOg: W
24.98, O 74.99 at. %:; found: W 26.8, O 73.2 at. %), which is in agree-
ment with our previous works on the AACVD of tungsten oxide nano-
wires [4,5]. Additionally, the diffuse reflectance spectra of the WOg3
films (Figure $2, Supporting Information) and its corresponding
Kubelka-Munk transformation indicated optical band gap at —3.1 eV.
This is in agreement with the literature values for mngsten oxide
(2.6-3.7eV) [22].

3.2. APTES@WO3.y films

Analysis of the morphology, crystalline structure, and diffuse
reflectance of the APTES@WOs. films after the silanization of the sur-
face showed similar characteristics to those recorded on the non-
modified WOs5.« films with no apparent changes (see Fig. 1, 2 and §2).
The silanized sample also displayed similar W 4f and W 5p core level
peaks centered at approximately the same binding energies than those
recorded in the non-modified sample. The XPS spectra also corroborated
the silanization of the surface showing characteristic Si 2p, Si 2s and N
1s core-level peaks. Figure S1 (Supporting Information) compares the
wide XPS spectra for the WO3 x and APTES@WOs 4 films. Fig. ba shows
the high-resolution XPS spectrum of APTES modified W05, sample in
the Si 2p region. The deconvoluted XPS spectrum shows only one
component at 102.1 eV, which is attributed to 0-S8i-O bond. The N 1s
high-resolution spectrum is shown in Tig. 5b and it consists of two
components. The first, located at 399.2 eV, corresponds to NHy group
and the second, located at 401.1 eV, corresponds to NHs group. The
results from the deconvoluted XPS spectra showed good agreement with
the literature data [23] and proved the modification of the WOs ., surface
with APTES.

The surface modification process can be explained through a
simplified mechanism of APTES reaction with the W05y nanowire sur-
face (I'ig. 6, in which four possible types of interaction can occur [24].
The first two (I and II) may include the APTES adsorption to the
hydroxyl-terminated nanowires surface via oxygen bonding from one
(Fig. 6a) or two (Fig. 6b) ethoxy groups. Similarly, the third (ITI), may
include the bonding of oxygen from all three ethoxy groups to the WOg
surface (Fig. 6¢). This could also lead to the polymerization of the
adsorbed APTES by forming siloxane bonds (Si-0-5i) (Fig. od). Finally,
ethanol is produced as by-product of the process in all three scenarios.
The presence of the activated hydroxyl groups on the surface after the
exposure of W03 film to the plasma treatment was confirmed by XPS
measurenients (Figure 83, Supporting Information). Another possible
reaction route (IV) during the modification of W05, with APTES may
include adsorption via amino group as shown in the Fig. te. The
mechanism of silanization is rather complex and srill not understood in
detail. Our results from XPS spectra suggest the APTES binding could be
attained via the model depicted in Fig. 6d.

Further analysis of the APTES@WOs films by UPS (Fig. 7a) dis-
plaved an Eqy.q of ~16.68 eV, slightly higher than that reported for
only tungsten oxide (—~16.50eV) [25] and APTES (~16.55eV) [26].
This indicates a lower work function (®) of —3.32 eV for the APTES@-
WOs3. films compared to literature tungsten oxide (—3.50 eV) [25] and
APTES (—3.45eV) [26] work functions, The spectrum also suggests the
presence of two slopes in the valence band (VB) leading edge (Fig. 7b),
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CROSS-SECTION

Fig. 3. SEM imaging of a) the WO3.; nanowires grown on the interdigitated electrode area, and b)top-view and c) cross-section of the structuwred film. These

struetures displayed similar characteristies after their modification with APTES.

the first, ar binding energies between 10 and 12eV (connected with
propyl chains from APTES molecule [25]) and the second, ar binding
energies between 5 and 7 eV (connected with the O 2p orbitals for
tungsten oxide [27]).

Therefore, the UPS spectrum points out the presence of WO, and
APTES induced VB at the APTES@WOs. films, with the VB onset for
W03 and APTES occurring at —3.7 eV and —3.9 eV, respectively. This
suggests thar the VB of WO5 lies —0.2 eV above the highest occupied
molecular orbital (HOMO) of the APTES molecule. Moreover, consid-
ering the estimated band gap (—3.1 eV) from diffuse reflectance spectra
(Figure S2, Supporting Information) and the APTES band gap
(~3.8 eV) reported in the literature [28], the results suggest that the
position of the lowest unoccupied molecular orbiral (LUMO) of APTES
lies —0.7 eV above the conduction band (CB) of W03, (Fig. 7), thus,
producing straddling type of heterojunction. Also, the lower work
function of APTES compared to WO, poses a higher Fermi level for the
APTES than for WO5., so that electrons are transferred from the LUMO
of APTES to the CB of W03 ;. Simulraneously, the holes are transferred
from the VB of WO3z.4 to the HOMO of APTES. The possible energy level
diagram at the interface of WOs., and APTES is depicted in Fig. 8.

3.3. Gas sensing tests

Four different microsensors of each type (i.e., WOsyx or
APTES@WOs3.,) were tested repeatedly ar RT employing various UV
irradiances and performing at least three replicates for each condition.
Generally, the tested sensors displayed typical n-type semiconducting
behavior with increasing or decreasing elecirical resistance changes
when exposed 1o the reducing (acetone, ethanol, toluene, hydrogen,
carbon monoxide) or oxidizing (nitrogen dioxide) analytes, respectively.
Fig. 9 summarizes the resulrs obtained rowards various concentrations
of these analytes for an irradiance of 1800 mW-cm~2 These results
demonstrate noticeable higher responses for the APTES@WO3., sensors,

particularly towards erhanol and nitrogen dioxide, as opposed to the
WOs3. sensors, which showed negligible response to all gases. Results
show, for instance, that for a concentration of 80 ppm of ethanol and
nitrogen dioxide the response of the APTES@WOs5.y sensors reaches in
average approximately eight-fold the response of the non-modified WO5_
« sensors. The standard errors for 80 ppm of ethanol and nirrogen di-
oxide are +1.2 and +1.9 for APTES@WOs x sensors and +0.1 and +0.2
for WO3 ., sensors, respectively. These results also display an apparent
response-interception (above 1) for the NO; calibration curve, which
suggests the presence of a larger slope calibration curve for low
(<10 ppm) NOs concentrations, as observed previously for other gas
sensors [29].

A compararive image of the dynamie of the response to ethanol and
nitrogen dioxide registered by the WO3., and APTES@WOs  sensors is
displayed in Fig. 10. These results indicate that the response to both
analytes reaches a stationary state for all the concentrations tested and a
complete recovery after 25 min of purging the analytes with air. The
response time recorded for 10 ppm of ethanol and nitrogen dioxide with
the APTES@WO3. sensors was 2.8 min and 9 min, respectively.

Generally, electrical measurements of various sensors (i.e., based on
WO3.4 and APTES@WO 3. nanowires) at room temperature and without
irradiation revealed resistances between 3 and 5 M. However, after
irradiating the sensor active area (interdigitated electrode area), we
noticed a decline of the baseline resistance with a different decrease
factor for each type of sensor. For instance, the resistance for the WO5 4
sensors decreased to hundreds of ohms, whereas that for the
APTES@WO3 . sensors decreased to thousands of ohms, as can be
noticed in Fig. 11. These results also show that the baseline resistance of
the APTES@WOs5., sensors has a proportional change with the irradi-
ance, as opposed to the WOs sensors, which registered almost no
changes in the baseline resistance.

Generally, the response to the rarger analytes for irradiance below
1000 mW-cm™? registered negligible changes and long recovery times
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Fig. 4. a) Typical XRD pattern and b) high-resolution TEM image of the W03,
nanowires (the inset low magnification TEM displays the top of a wire). All of
the diffraction peaks in the data can be indexed either to platinum (Fm3m space
group; ICCD caid no. 04 — 0802) from the elecwodes or WO, (P21/n), 1CCD
card no. 72-0677) from the nanowires, with only peaks of greatly enhanced
intensity specifically indexed. Examination of the stuctures after APTES
meodification showed similar characteristics.

after the purging. In contrast, results for irradiance above 1000 mW-cm™
displayed a better dynamic of the response to ethanol and nitrogen di-
oxide, with higher and/or faster responses as the irradiance increased.
This is remarked particularly for the APTES@WOs5_y sensors, which show
noticeable improvements in the response towards ethanol (I'ig. 11a) and
nitrogen dioxide (Fig. 11b) at 1800 mW-cm? compared to the W03 ¢
sensors. A similar trend was noticed for the response and recovery times,
which are better for the high irradiance (1800 mW-cm_z} than for the
low irradiance (1000 mw‘cm_g),

Results in Fig. 11 also indicate good reproducibility and stability of
the sensors. An analysis of the baseline resistance along the resting
period (i.e., 560 h) revealed bertter stability for the APTES@WO3 4 sen-
sors with an oscillation of the baseline resistance of 8 % as compared to
the non-modified WOz, sensors, which show an oscillation of the
baseline resistance of 20 %. The high dispersion for the W04, sensors is
connected with a drastic change of their baseline resistance after 300 h
of operation. Analysis of the morphology and structural properties of the
APTES@WOs, and WOsy sensors after the tests, showed no evident
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Fig. 5. Core level XPS spectia of a) Si 2p, and b) N 1s recorded on the
APTES@WOs ., films. The gray dots show the XPS raw data, colored solid lines
cortespond to the envelope-fitting cuwrve and the components.

changes with respect to the characteristics recorded before the tests.
Hence, the sensors, particularly the APTES@WOs., sensors, indicated
relatively good middle-term stability.

The sensor’s sensitivity is displayed in Fig. 12. As noticed also above,
in Fig. 9, the APTES@WOs  sensors show good sensitiviry to ethanol
and nitrogen dioxide with a strong selectivity to ethanol among the
other reducing gases (acetone, toluene, hydrogen, and carbon monox-
ide). The enhanced sensitivity of the APTES@WO,_, sensors (S=19.1 %
for ethanol and § = 7.9 % for NO3) compared to their WO3. counterpart
(§=1.1 % for ethanol and S=0.4 % for NO3) are atiributed to the
presence of a reactive polar amino group at the nanowire surface, which
has proved to be chemically more active with polar (ethanol, acerone,
carbon monoxide, and nitrogen dioxide) than nonpolar (toluene and
hydrogen) molecules since the polar molecules are attracted to each
other by dipole-dipole interactions between the partial negative charge
of one polar molecule and the partial positive charge of another polar
molecule. Thus, the higher sensitivity of the APTES@WO3 y sensors to
ethanol may be influenced by the higher polariry of this analyte given its
larger electronegative difference (AEN = 1.4 for ethanol) in the polar
region compared to acetone (AEN = 1) and carbon monoxide (AEN =1)
[30]. The correlation of the sensitivity and the polarity of various
reducing analytes has also been noticed in recent literature reports [31].
Similarly, the sensitivity ro nitrogen dioxide could be connected with the
polar nature of this analyte and the high sensitivity of tungsten oxide to
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Fig. 6. Schematic representation of the silanization process — adsorption of APTES molerule via oxygen bonding from the a) one, b) two, and ¢) three ethoxy groups;
d) the polymerization of the APTES adsorbed through all three ethoxy groups; ) adsorption of APTES molecule via amino group.
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Fig. 7. a) UPS spectia and b) valence band maximum obtained by linear
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Fig. 8. Schematic representation of the possible energy level diagram at the
interface of APTES molecule and W05, nanowires. Ecy represents the con-
duction band minimum, Eyg is the valence band maximum, Exouo is the highest
occupied molecular orbital, Fy e is the lowest unoccupied molecular orbital,
Epw and Egs are Fermi level energies of WOs , and APTES, respectively, and d,
and ¢, are work function of WO; ;. and APTES, respectively (not to scale).

electron acceptor (oxidizing) than electron donor (reducing) analytes
[32]. The UV-activated sensing mechanism of ethanol and nitrogen di-
oxide is discussed further in section 3.4.

Additional tests of the sensors towards relative humidity (RH) from
10 % to 80 % are presented in Figure $4 (Supporting Information).
Results for both sensors show the saturation of the response at approx-
imately 60 % RH with nearly no change in the electrical resistance afrer
further increase of RH. The saturation point ro RH has also been
observed before for other MOX systems, e.g., for ZnO rods at 20 % RH
[20] and Sn05/W0O; heterojunctions at 50 % RH [32] and is linked to the
properties of the material, generally, the morphology and chemistry of
the surface. Similarly to the target analytes (Fig. 9), the response of the
APTES@WO3.x sensors to humidity was higher compared to the WOs54
sensors. Tests of the sensors to ethanol in humid ambient revealed a loss
of response to this analyte with the increasing of the RH in the ambient.
Results in Figure S5 (Supporting Information) show, for instance, that
the loss of response for the APTES@WOj3., sensors to 40 ppm of ethanol
exceeds 50 % at 60 % RH. Due to the low sensitivity of the non-modified
WOs35 sensors to ethanol, the response for these sensors in humid
ambient is completely lost even ar low RH.

Further analysis of the role of APTES in the gas sensing properties of
other modified metal oxide system such as CeOy@WOs, nanowires
corroborated the enhancement of the response for the APTES modified
structures with respect to those without modification (Figure S6, Sup-
porting Information). The details of the synthesis and properties of the
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Fig. 9. Dependence of the response on gas concentration for the sensors based
on a) WOs,, and b) APTES@WO,_,. The calibration curves display the mean of
the response and the standard error of rhe mean obtained by using four
different sensors of each type and at least three replicates for each
tested condition.

non-modified CeOy@WOs3 ., nanowires was reported elsewhere [4] and
the APTES modification of these structures was achieved using the same
conditions deseribed for the APTES@WOs5.. Interestingly, the CeOq@-
W03 x modified with APTES showed further enhancement of the sensi-
Hvity ro NOg (S=29 %), i.e., approximately four-fold the sensitivity
registered for the APTES@WOs. sensors (Fig. 12). Note that the gas
sensing test for the non-modified and APTES modified WO3, and
CeOs@WOs4., sensors were performed simultaneously using the same
conditions as reported above in the experimental section.

A summary of the performance of different MOX based sensors
activated by UV-light towards ethanol and nitrogen dioxide is presented
in Table 1. The comparison of our results with those of the literature
reveals significantly higher response for the APTES@WOs, sensors
compared to other reports, in which non-modified or modified MOX
were tested to similar or higher ethanol concentrations. However, it is
worth noting that a direet comparison of the sensor outputs is complex,
as the condirions from reference to reference varied, not only on rhe
sensor fabrication method, but also on the gas test conditions which use
different gas exposure times and static or continuous gas flow systems.
Also, the tests use different type of lights (LED or Xe lamp) or frequently
the light type is not reported. Despite this, we believe that Table 1 is still
meaningful to offer a general idea of the systems studied previously and
their comparison with respect to our systeni. As for nitrogen dioxide, our
results suggest responses in the same order of magnitude as those
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extracted from the literature, although for different concentration as
most of the reports in Table 1 were conducred to gas concentrations of
5 ppnt or less, in contrast to our tests.

3.4. Gas sensing mechanism

Overall, the APTES modified WOs ; films demonstrated UV-light-
activated gas sensing properties to ethanol and nitrogen dioxide. UV-
light-activated gas sensing mechanism could be divided into two
stages after the dark stage (Fig. 13a). The first includes the photo-
activation of MOX surface during the pre-adsorption cycle (i.e., before
introducing the target gases, Fig. 13b and 13c¢), whereas the second
includes the photocatalytic reactions occurring during the rarger gas
exposure (Fig. 13d).

When APTES modified n-type MOX semiconductor such as WOg  is
in contact with air (under dark conditions, Fig. 13a), its free electrons
are extracted and rapped by oxygen molecules (05(g}) forming oxygen
ions adsorbed on the surface, mainly molecularly (O3 (ads)). The oxygen
adsorprion results in the formation of deplerion region with built-in
electric field [41].

Under UV-light exposure (Fig. 13b), with a photon energy above the
band gap energy, electrons and holes are generated in the
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semiconductor (photo-generated electrons/holes) and separated due to
the effect of the built-in electric field. Photo-generated holes release the
adsorbed oxygen ions (O5(ads)) by leaving behind electrons which
migrare inside of the parricle. Simulraneously, however, the ambient
oxygen reacts with the photo-generated electrons and forms photo-
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induced oxygen ions (O3 (he)). Finally, when the balance berween the
reactions of desorption of O3 (ads) ions and adsorption of O3 (he) ions is
achieved (Vig. 13c¢), the depletion layer and the conductivity are in
stable stage and WOs5.; surface is prepared for the reaction with the
rarger gas analytes (e.g., ethanol or nitrogen dioxide).

Generally, the adsorprion of photo-induced oxygen ions (O3 (he)) is
weaker compared to the chemically adsorbed oxygen ions (O3 (ads)), but
similarly to the O3 (ads), the O3 (hy) increase the depletion layer width at
the surface. This, in turn, raises the baseline resistance after the UV-light
exposure, as observed in our results. The formation of Oz (hy) ions is
quite important since these ions are the key reactants in the nexr srage
reaction with the tested gas.

In the second stage, after the sensor exposure to reducing gas, such as
ethanol, the reaction between photo-generated oxygen ions (O3 (he))
and ethanol oceurs (Fig. 13d). As consequence of this reaction, electrons
are released and, thus, the conductance is increased.

The presented UV-light driven mechanism illustrates the sensing
principle of modified n-type MOX towards reducing gases, such as
ethanol. In contrast to the reducing gases, in which the electrons are
released and thus the resistance decreases, oxidizing gases consume
electrons and therefore lead to the increasing of the MOX resistaice, as
can be noticed in the electrical resistance changes recorded to both
analytes in Fig. 11.

Even though APTES molecule as an organic compound is not
conducrtive by itself, it can affect the conductivity of the WOs5 semi-
conductor. The energy level diagram at the interface of APTES and WOs5.
¢ estimated in Fig. 8 indicates that in dark conditions (in air) the HOMO

Table 1

Comparison of the APTES modified W03, nanowires sensor responses to ethanol and nitrogen dioxide with other MOX based sensors reported in the literature.
Material T°C Anm Light E, mW-cm 2 Gas cppm R Refs,
APTES@WO s RT 365 LED 1800 Ethanol 80 15 This work
Pd@sSn0s BT 365 N/A 480 Ethanel 100 10.2* 34]
Zn0 RT 365 LED array 3.6 Erthanol 100 1.1* [35]
Au@Zno RT 365 Xe 1.2 Ethanol 100 2 [36]
C-doped ZnO RT 370 N/A 0.5 Ethanel 400 6" [37]
APTES@WOsq., BT 365 LED 1800 NO, 10 5.5 This work
Biz02/Zn0 RT 254 N/A L2 NO» 5 6.7 [38]
Pt@Zn0 RT 365 LED 25 NO» 5 54" [10]
Zn0/In;03 BT 365 LED 25 NO, 5 3.2" [39]
Au@ZnO RT 365 Xe 1.2 NQOz 5 4.5 [36]
Sn0,/Zn0 RT 165 N/A 1.2 NO» 5 6.2 [40]

T — Temperature; 2 — wavelength; N/A — not available; E, — irradiance; ¢ — concentration; R — resporse.
* The response, as defined in this wouk, is estimated from the data reported in each reference, which defined the response as (I; — 1) / L, where I and I, are the

photocurrent in ethanol and in air, respectively.

* The response, as defined in this work, is estimated from the data reported in each reference, which defined the response as (R, — R.) / Ra, where R, and R, are the

electrical resistances of the sensors in NO, and in air, respectively.
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Fig. 13. Schematic illustration of the gas sensing mechanism of UV-LED-activated APTES modified WO;, sensor under different conditions: a) exposed to dry air in
the dark, b) exposed to dry air under UV light, ¢) exposed to dry air under UV light after achieving oxygen adsorption/desorption balance, d) exposed to ethanol

under UV light.

level of APTES molecule lies below the Fermi level of W05 semi-
conductor. Under UV-light, APTES electrons are excired from the HOMO
to the LUMO level, which is above the MOX Fermi level, so they are
easily transferred to the WOz, conduction band, thus, increasing its
conductivity. Therefore, the adsorption of reducing gases (electron do-
nors), such as ethanol, toluene or acetone, also affects the MOX con-
ductivity. In dark conditions (with a reducing gas) electrons from the gas
are transferred to the LUMO level of APTES and then to the WOs5.
conduction band. In contrast, under UV-light, electrons from HOMO
level are already excited to rhe higher LUMO level. Then, electrons from
the adsorbed molecule are more easily transferred to the depleted
HOMO level and transferred to the LUMO level and then to the MOX
conduction band. This process increases electrons in the MOX conduc-
tion band leading to a decrease of the surface band bending and the
surface potential of the marerial, which increases rthe conducrivity along
the MOX [42]. In summary, the modification of WOs, with APTES fa-
cilitates the reaction with the tested gases and the transfer of active
species to/from the MOX under UV-light excitation.

4. Conclusions

Non-modified WO3., and APTES modified WO5., gas sensors were
fabricated and tested under UV-light towards different gases at room
temperature. Results (SEM and XRD) confirmed the deposition of crys-
talline nanostructured WOs_, in the form of nanowires. Analysis of the
surface by XPS corroborated the silinization process, showing additional
Si 2p, Si 2s and N 1s core-level peaks in the spectra of the APTES

modified samples. Moreover, the results obtained employing UPS and
diffuse reflectance analysis allowed to infer the energy level diagram
and the possible role of APTES in the sensing mechanism under UV-light
exposure. Gas sensing results revealed enhanced sensing properties
including better reproducibility and stability for the APTES@WOs5.y
sensors compared to the non-modified W05, sensors. For instance, tests
of the APTES@WOs  sensors to 80 ppm of ethanol and nirrogen dioxide
displayed approximartely eight-fold the response of the non-modified
W03, sensors. Further, results also indicated good sensitivity for the
APTES@WO4  sensors to ethanol (19.1 %) and nitrogen dioxide (7.9 %)
compared to the W05, sensors (1.1 % and 0.4 % to ethanol and nitrogen
dioxide, respectively) with a strong selectivity to ethanol among other
reducing gases (acetone, toluene, hydrogen, and carbon monoxide).
These results are attributed to the presence of the reactive amino group
at the APTES@WOs5 5 sensors, which facilitates the reaction wirh the
tested gases and the electron transfer to/from the MOX under UV-light
excitation.
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S1. Setting of condition for the modification of WQO3x nanowires with APTES

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
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
functionalization. Results demonstrated that the APTES adsorption on WOs.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 Sla.
Moreover, increasing the deposition time from 10 minutes to 30 and to 50 minutes indicated no further
adsorption of the APTES molecules at the WOs;.x with the contents of Si and N reporting only 6.9 wt.%
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
WOs surface occurs when using larger volumes, e.g., 1000 pul (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.
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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 ¢) amount of silane (15, 100 and 1000 pl).

a) b) c)
wt%  Control 1 5 wt% 10 30 50 wt.% 15 100 ~ 1000
min  min min  min min . ul ul ul
Si 2p - 88 57 Si2p | 88 6.9 7.1 Si2p | 88 6.9 115
O1ls | 612 401 449 Ols | 401 452 39.2 Ols | 401 461 337
W 4f 22.8 119 15.2 wWi4f | 119 149 13.1 wi4f | 119 161 8.3
N 1s 15 55 3.7 N1ls | 55 4.6 4.9 N 1s 55 49 7.9
C1s 145 338 304 Cils | 338 283 35.8 Cls | 338 261 386
5
S2. Results — material characterization
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Figure S1. XPS spectra of the APTES modified and non-modified WO3.x nanowires (only the peaks
of interest have been marked).
7 UVB }NA]
6-
o O
X
-
0 44
§ /
3 3+
©
x, ]
1_
0 W/ 2
200 300 400 500 600 700
10 Wavelenght, nm

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 WOs3.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. Ols 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

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.

10 S3. Results — gas sensing tests
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Figure S4. Typical response to various relative humidity percentages registered by the sensors based
on WOs3x and APTES modified WOs.x nanowires employing a radiant flux of 1800 mW-cm™. The
blue bars represent the different relative humidity set at RT (24 °C).
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Figure S5. APTES modified WOs.x response to ethanol in dry and humid ambient employing a radiant
flux of 1800 mW-cm™. 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).
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Figure S6. Typical response to various concentrations of a) ethanol and b) nitrogen dioxide registered
by the sensors based on APTES modified WOsx and APTES modified CeO2@WOs3.x nanowires
employing a radiant flux of 1800 mW-cm™. The yellow and green bars represent the on-off for the
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, efc., 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

978-1-5386-5779-9/18/$31.00 ©2018 IEEE

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(Ill) 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 TOS8 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)s;-xH»0, 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 °C.
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 Ka 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 600s of ethanol exposure,
respectively.

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

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. 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

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.
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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.

cerium cerium

oxide oxide
- =
Ly Lp
>
Lp

Fig. S. 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. Lp 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



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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CHAPTER 3. RESULTS

3.3 Modification of zinc oxide by nanoscale
interfaces

Along with WOs3, 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 WOs;, 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
Zn0 structures with either noble metals (i.e., Au) or other MOXs (i.e., Cu,0 or Fe,03) 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, Fe;Os, or Cu,O 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, Fe;0s, or Cu,0 modifier nanoparticles
allowed determining the best synthesis conditions via AACVCD and impregnation for the
incorporation of Au, Fe,0s, or Cu,0 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 - Fe;03, Cu in the form of two oxides - CuO and Cu,0 with the major presence of Cu,0; and
Au in three oxidation states - Au®*, Au*, and Au®, 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 NO,, with about 47 times higher response to 10 ppm of NO;
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, Fe;0s3, or Cu;0) 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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CHAPTER 3. RESULTS

Fe20; and Cu,0 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 Fe;0s.
This behavior, however, turned to be opposite for the ZnO structures modified with p-type Cu.0,
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, Fe,Os, or Cu,O modifier
nanoparticles: characterization and gas sensing properties, Tomi¢, M., Claros, M., Gracia, |.,
Figueras, E., Cané, C., Vallejos, S., Sensors, 2021, 21, 4509, doi: 10.3390/s211345009.

3.3.4. Conference Paper 2

ZnO nanorods and their modification with Au nanoparticles for UV-light activated gas sensing,
Tomié, M., Gracia, 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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Abstract: Zinc oxide rod structures are synthetized and subsequently modified with Au, Fe;O3, or
Cu;0 to form nanoscale interfaces at the rod surface. X-ray photoelectron spectroscopy corroborates
the presence of Fe in the form of oxide—Fe;O3; Cu in the form of two oxides—CuO and Cuz0,
with the major presence of Cu;O; and Au in three oxidation states—Au®*, Au*, and Au®, with the
content of metallic Au being the highest among the other states. These structures are tested towards
nitrogen dioxide, ethanol, acetone, carbon monoxide, and toluene, finding a remarkable increase in
the response and sensitivity of the Au-modified ZnO films, especially towards nitrogen dioxide and
ethanol. The results for the Au-modified ZnO films report about 47 times higher response to 10 ppm
of nitrogen dioxide as compared to the non-modified structures with a sensitivity of 39.96% ppm™"
and a limit of detection of 26 ppb to this gas. These results are attributed to the cumulative effects of
several factors, such as the presence of oxygen vacancies, the gas-sensing mechanism influenced by

the nano-interfaces formed between ZnQO and Au, and the catalytic nature of the Au nanoparticles.

Keywords: zinc oxide; gold; iron oxide; copper oxide; interfaces; Schottky junctions; heterojunctions;
gas sensing; nitrogen dioxide

1. Introduction

Gas sensors are applied in diverse scenarios, including industry, environmental pro-
tection, medicine, food quality, public safety, etc., and their usage is projected to increase
further as the Internet of Things (IoT) settles [1]. Amongst a host of available gas sensor
technologies based on nanomaterials, metal oxide semiconductors (MOX) based gas sen-
sors are very promising due to their good sensitivity, small dimensions, compatibility with
microelectronic fabrication processes, and potentially low cost. These devices have shown
sensitivity to various gases (e.g., CO, NO,, NH3, H,S) and vapors (alcohols, ketones, alde-
hydes, aromatic compounds), although their performance in terms of limits of detection
and selectivity is still a subject of improvement [2—4].

Since the gas sensing response and mechanism of MOX are surface-dependent, pre-
vious research on gas-sensitive MOXs and their functional properties (e.g., sensitivity,
selectivity, stability, speed of response) found it significant to reduce the particle size of
these materials to improve their properties [5]. Other studies, moreover, showed that
crystalline structures with specific surface morphologies (e.g., rods, wires, plates, etc.)
are determinants to achieve better gas sensing properties [6]. The modification of these
nanosized crystalline structures with second-phase constituents, either noble metals or
other MOXs, demonstrated another via to enhance the functionality of the MOX support
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to different gases and vapors. These improvements are generally connected with the
increment of adsorption centers at the surface and the band energy structure modification
due to the formation of Schottky-barrier-like junctions (metal-MOX) or heterojunctions
(MOX-MOX) [7]. Consequently, the interest in finding synthetic methods that allow for
crystalline MOXs with tuned second-phase constituents (metals or MOXs) has kept con-
stant in the gas sensing field, as well as the use of methods that provide scalability to these
materials and compatibility with state-of-the-art microfabrication processes for possible
multi-purpose microelectronic devices [3,7].

Zinc oxide (Zn0) is an n-type semiconductor with a wide band-gap (E¢ = 3.3 eV), high
chemical and thermal stability, and tunable surface morphology due to its stable wurtzite
structure [8,9]. This MOX, in its pristine form and modified with noble metals (e.g., Au,
Ag, Pt, or Pd) [10-13] or another MOX (e.g., CuO) [14], is one of the most representative
gas-sensitive MOXs with proved sensitivity to gases, such as CO, H, H,S, and NO;, and
vapors such as ethanol, methanol, and acetaldehyde [3]. ZnO was synthesized previously
by different methods, including wet- and vapor-chemical routes, delivering films and
powders with varied forms, e.g., nanoplates, nanospheres, nanowires, nanorods, nanotubes,
nanoflowers, nanofibers, nanoneedles, and nanoribbons [3,4]. Recently, we developed a
method to deposit ZnO by aerosol-assisted chemical vapor deposition (AACVD), which
offers significant advantages over other CVD techniques, including atmospheric pressure
and relatively low-temperature process, as well as the possibility of tuning the material
morphology and structure [15,16]. This method allowed the formation of crystalline
rod-like ZnO structures and their direct integration into microsensors [17]. The surface
modification of MOX structures with second-phase constituents can also be achieved by
different methods [7]; amongst them, AACVD [18-20] and impregnation [21,22] methods
proved effective to modify structures with both metals and MOXs. Recently, for instance,
AACVD was employed to modify ZnO with iron and copper [3], although the gas sensing
performance of these systems was not evaluated. Similarly, impregnation procedures based
on the reduction of a chemical inorganic precursor were used to incorporate Ag and Au
particles over ZnO [23,24]. However, these procedures usually do not include gold and
silver preformed nanoparticles, as in the present work, and they were not employed for
modifying gas-sensitive ZnO structures.

Here, we use these synthetic methods to develop crystalline ZnQ structures modi-
fied with Au, Cu,0O, and Fe,Oj particles and go further by exploring their applicability
on gas sensing. The work includes a broad analysis of the properties of these materi-
als with nanoscale interfaces towards several gases, such as nitrogen dioxide, ethanol,
acetone, carbon monoxide, and toluene, and a discussion of their influence on the gas
sensing mechanism.

2. Materials and Methods

Zn0 rod structures were synthesized at 400 “C on 5i/5i0O; tiles (40 mm x 40 mm)
and Si-based transducing platforms (40 mm x 40 mm) via the AACVD of ZnCl; (50 mg,
>98.0%, Sigma-Aldrich, St. Louis, MO, USA) dissolved in ethanol (5 mL, >99.9%, PanReac,
Chicago, IL, USA), as described earlier [17]. The transducing platforms contained 100 pairs
of Cr/Au (40/200 nm thick) interdigitated electrodes (5 x 2000 um) with an electrode gap of
5 um isolated from the Si substrate by a SiO; layer. The ZnO structures were modified with
Au, Ag, FerO3, and Cuz0 in a second step using AACVD or impregnation with preformed
colloidal nanoparticles. The AACVD of FeCl;-6H50 (3 mg, >99.0%, Sigma-Aldrich) at
430 °C and Cu(NOj3),-6H,0 (3 mg, >99.9%, Sigma-Aldrich) at 450 “C dissolved in acetone
(3 mL, >299.9%, PanReac) and ethanol (3 mL, >99.9%, PanReac), respectively, allowed
the incorporation of iron and copper oxides at the ZnO rods, similarly to our previous
studies [25]. However, the AACVD at 400 °C of ethanolic solutions (3 mL) of HAuCly-3H,0
or AgNQOj in concentrations up to 19 mM did not show appropriate for the incorporation
of Au and Ag at the ZnQO rods, despite previous evidence of the AACVD of these solutions
on Si and glass tiles and other materials including WOj3 structures [26,27]. Hence, the ZnO
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structures were modified with Au and Ag by impregnation method using (preformed)
colloidal nanoparticles synthesized by chemical reduction of HAuCly-3H,O (>99.9%,
Sigma-Aldrich) or AgNQOs3 (>99.0%, Sigma-Aldrich) with NasCgHsO7-2H2O (Ph Eur, BF,
JP, USP, E 331, Sigma—Aldrich) [28] or NaBHy (99.0%, Sigma—Aldrich) [29], respectively.
The as-synthesized nanoparticles were washed with distilled water by centrifugation
(12,000 rpm, 30 min) to eliminate the unreacted chemicals before the impregnation process,
which consisted of immersing the ZnO samples (60 s) into the solution with suspended
preformed Au or Ag colloids heated at 60 °C.

The samples were annealed in synthetic air at 450 °C for 1 h. An examination
of the samples” morphology before and after annealing using SEM (Scanning Electron
Microscopy—Zeiss Auriga series, 3 kV) did not show noticeable changes. The samples
synthesized on 5i tiles were used to perform most of the physical and chemical analysis to
avoid possible interferences from the Cr/Au electrodes, whereas the Si-based transducing
platforms were used primarily for gas sensing tests after performing SEM and confirm the
integration of structures with similar characteristics to those registered on the Si tiles. An
analysis of the samples synthesized on Si-tiles involved the examination of morphology by
TEM (Transmission Electron Microscopy—FEI Tecnai, 200 kV), including STEM (Scanning
Transmission Electron Microscopy) mode with elemental analysis by EDS (Energy Dis-
persive Spectroscopy) and HRTEM (High-Resolution Transmission Electron Microscopy)
mode. The crystalline structure was analyzed by XRD (X-ray Diffraction—Bruker, AXS D8
Advance, Cu K radiation operated at 40 kV and 40 mA), and the chemical composition
by XPS (X-ray Photoelectron Spectroscopy—Kratos Axis Supra spectrometer, with Al/Ag
monochromatic X-ray source).

The structures were tested in a continuous flow system with dry air as the reference
gas and ethanol, acetone, toluene, carbon monoxide, and nitrogen dioxide either in dry
or humid ambient as analyte gases. After the exposure (10 min) to each gas analyte, the
structures were recovered in the air for 30 min. Humidity was introduced to the system by
bubbling through the water under controlled conditions at 25 “°C. The relative humidity
(RH) just at the outlet of the test chamber was monitored throughout the whole test using a
humidity /temperature sensor (SHT71, operating ranges from 0 to 100% RH, accuracy of
43% RH and £0.4 °C) [25]. The sensor response (R) was defined as (Ra-Rg)/Ra for the
reducing gases and (Rg-Ra)/Ra for the oxidizing gases. Ra and Rg represent the electrical
resistance in air and after 10 min of gas exposure, respectively. The sensitivity was defined
as the ratio of a sensor response change (AR) to a given gas concentration change (AC). The
structures were tested, replicating the tests for each condition (analyte, concentration, and
operating temperature) at least three times. Thus, the structures operated about 120 h for
4 weeks in total.

3. Results and Discussion

The aerosol-assisted chemical vapor deposited ZnO films were characterized by a
greyish color that uniformly covered the substrates. The morphological, structural, and
chemical characteristics of these films were consistent with those observed in our previous
work on ZnO [17]. Specifically, SEM images of the films displayed quasi-aligned rods
(NRs) with lengths of approximately 1.5 um and an average diameter of 200 nm. Similarly,
TEM showed crystalline structures with a marked planar spacing of 0.26 nm and rod-
like morphology. Further analysis of the films using XRD corroborated the presence
of diffraction patterns corresponding to a hexagonal ZnO phase (P63mc space group,
ICCD card No. 00-005-0664), and XPS confirmed the presence of typical Zn 2p and O 1s
spectra characteristic for the ZnO films, as shown in Figure 51, (Supplementary Materials).
The films modified with Au, Ag, Fe>O3, and Cu0 in the second-step process showed
morphological, crystalline, and chemical composition that corroborated the incorporation
of these materials in the host ZnO structures, except for the Ag NPs modifications, which
did not display clear evidence of Ag incorporation, neither by TEM nor by XPS, despite the
apparent presence of Ag NPs at the ZnO surface after impregnation and annealing process
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(Figure S2, Supplementary Materials). Hence, hereafter, the results and discussion focus on
the modification of ZnO with Au, Fe;O3, and Cu0.

3.1. Gold-Modified Zinc Oxide Films

Figure la shows the morphology of the gold-modified zinc oxide films (Au@ZnO)
recorded by SEM. The SEM images display the ZnO structured films with uniform rod-like
morphology and the presence of equally distributed NPs due to the incorporation of Au
NPs. XRD of the Au@ZnQ films (Figure 1b) displays diffraction patterns connected with the
hexagonal ZnO phase, in agreement with our previous observations [17], and an absence
of Au diffraction peaks. This is probably connected with the high dispersion of the Au NPs
over the film, their small size, and their low amount in the film.
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Figure 1. (a) SEM images (the inset shows a magnified image of a single Au decorated ZnO rod). (b) XRD diffraction pattern
of the Au@ZnO structured film; all of the diffraction peaks in the data can be indexed to a hexagonal ZnO phase (P63mc
space group, ICDD card No. 00-005-0664).

The STEM image of the Au@ZnO structures in Figure 2a confirms the rod-like mor-
phology of ZnO and its decoration with randomly located spherical NPs with diameters
between 5 and 40 nm. HRTEM of these particles (Figure 2b) reveals the presence of highly
ordered crystalline lattices with interplanar spacings of 0.26 nm and 0.23 nm, consistent
with the hexagonal ZnQO (002) [17] and cubic Au (111) planes (Fm-3m space group, ICDD
card No. 00-004-0784), respectively. Similarly, the energy dispersive spectroscopy (EDS)
line-scan profiles in Figure 2c,d show the components recorded on the particle along the
red line (Figure 2a) and confirm the relative locations of the elements and the incorporation
of Au NPs at the ZnO rod surface.
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Figure 2. TEM image of an Au-modified ZnO rod. (a) Low-magnification STEM image, (b) high-resolution TEM image, and
EDS line-scan profiles corresponding to the (¢) ZnO rod and (d) Au nanoparticles recorded along the red line in (a).

XPS was used to analyze further the elemental and chemical composition of the Au-
modified ZnO films. The main core-level spectra and their corresponding components are
shown in Figure 3. The Zn 2p core-level spectrum recorded on the Au@ZnO film (Figure 3a)
shows the typical Zn 2p doublet appearing at characteristic binding energies (1022.3 eV
for Zn 2p;,, and 1045.4 eV for Zn 2p;,), together with a shake-up peak at 1040.7 eV.
The binding energy separation (ABE = 23.1 eV) of this doublet is in agreement with the
literature [30], and the ABE registered for the Zn 2p core-level peaks of the non-modified
ZnO films (see Figure S1a, Supplementary Materials). However, it is noticed that the Zn 2p
peaks of Au@ZnO are located on slightly higher binding energies (~0.7 eV) than those of
ZnQ, probably due to the incorporation of Au NPs into the ZnO film.
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Figure 3. (a) Zn 2p, (b) O 1s, and (c) Au 4f and Zn 3p core-levels XIS spectra recorded on the Au@ZnO films. 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 deconvolution of the O 1s XPS spectrum of the Au@ZnO films indicates the
presence of four peaks centered at 530.8 eV, 531.6 eV, 532.5 eV, and 533.4 eV (Figure 3b).
The first component corresponds to the Zn-O bonds, the second to oxygen defects in
the matrix of metal oxides related to oxygen vacancies, and the third and fourth to the
physical or chemical adsorbed oxygen, hydroxides, and H>O on the surface of Au@ZnO
film [31-34]. The number of components is similar to those found on the non-modified ZnO
films, although their positions are minimally shifted to higher energy values (Figure S1b,
Supplementary Materials).

Figure 3c displays the Au 4f spectrum of the Au@ZnO films. The deconvolution of
this spectrum indicate the presence of six components assigned to different states of gold
(Figure 3¢), Au® (at 83.9 eV and 87.5eV), Au' (at 85.2 ¢V and 89.3 €V), and Au’* (at 86.1 eV
and 88.4 eV) [35,36]. Moreover, two additional components are located at 89.1 eV and
92.0 eV, which originate from the Zn 3p emission band [37]. The formation of Au oxidized
species in gold nanoparticles was reported previously and is plausible, particularly in small
well-dispersed clusters [38]. An evaluation of the Au@ZnO films after the aging process at
310 “°C in the same atmosphere used for the gas sensing tests (i.e., air and target gases, see
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Section 3.4) corroborated the stability of the gold nanoparticles incorporated at the ZnO
surface and their chemical state. Quantification of the components related to gold indicate
higher amounts of metallic gold (2.6 at.%) compared to Au* (1.8 at.%) and Au?t (0.7 at.%);
this represents a 51%, 35%, and 14% of Au’, Au*, and Au®*, respectively, from the total
gold content at the Au@ZnO sample.

3.2. Iron-Modified Zinc Oxide Films

The SEM images of the iron-modified zinc oxide films (Fe,O3@7Zn0Q) are presented in
Figure 4a. These images show the modification of the ZnO structures with particles of flake-
like morphology particularly concentrated on the top of the rods (inset in Figure 4a). The
nanoflakes (NFs) are varied in size and do not exceed 20 nm in thick and 100 nm in diameter.
The XRD pattern of these films corroborates the presence of the hexagonal ZnO phase
determined earlier [17] and the appearance of new low-intensity diffractions. The first at
33.0” 20 corresponds to the (222) plane of the cubic Fe-O3 (la—3 space group, ICSD Card
No. 108905) and is consistent with previous Fe,Oj5 structures deposited by AACVD [39].
The second and third at 39.4% 20 and 44.0° 20 are connected with the rhombohedral ZnSiO;
(R-3 space group, ICSD Card No. 340575) and cubic Fe;O4Zn (Fd—3m space group, ICSD
Card No. 91940), most likely present at the interfaces of Fe;O3/Zn0O and ZnO/Si (from
the substrate), respectively. This is consistent with our previous observation for similarly
structured films [25].

*
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Figure 4. (a) SEM images (the inset shows a magnified image of the top of the Fe decorated ZnO rod) and (b) XRD diffraction
pattern of the Fe,O;@Zn0O structured film.

STEM images of the Fe;O3@Zn0O structures (Figure 5a) showed a rod-like morphology
covered by tiny particles. HRTEM images of these particles (Figure 5b) revealed crystalline
structures with lattice spacings of 0.26 nm and 0.28 nm, assigned to the (002) plane of the
hexagonal ZnO and the (222) plane of the cubic phase of the Fe,O5 identified by XRD,
respectively. EDS line-scan profiles (Figure 5¢,d) recorded along the red line in Figure 5a
confirm the presence of Zn and Fe in the rod area and only Fe in the outer area of the rod.
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Figure 5. TEM image of a ZnO rod modified with Fe;O3. (a) Low-magnification STEM image, (b) high-resolution TEM

image, and EDS line-scan profiles corresponding to (¢) Zn and (d) Fe recorded along the red line in (a).

The surface chemical state of the Fe,O3@Zn0O films characterized by XPS is presented
in Figure 6. Similar to our previous observations on Au@ZnQ films, the Zn 2p core-
level spectrum of the Fe;O3@Zn0 films showed a doublet (ABE = 23.2 eV) with the Zn
2p3/; and Zn 2p, s, peaks centered at 1021.8 eV and 1044.9 eV (Figure 6a), respectively, in
agreement with the previous literature [25]. The Zn 2p core-level peaks from Fe;O3@Zn0O
show nearly identical positions to those of ZnO films and a slight shift to lower binding
energies in relation to those of Au@ZnO films (see Figure Sla, Supplementary Materials,

and Figure 3a).
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deconvoluted components.

The O 1s spectrum of the Fe;O3;@ZnO films (Figure 6b) reveals the presence of four
components. The first of them, with binding energy at 530.1 eV, corresponds to oxygen
lattice bonds (Fe-O and Zn-0). The second component at 531.1 eV is assigned to the oxygen
defects in the matrix of metal oxides due to oxygen vacancies. The third component, at
532.1 eV, and the fourth component, at 532.8 eV, are associated with the presence of physical
or chemical adsorbed oxygen, hydroxides, and H,O on the surface of the structures,
similarly to Au@ZnO film. These results indicate the Fe?* ion incorporation into the ZnO
lattice in agreement with the previous O 1s spectrum recorded on Fe,O3@Zn0O films [25].
This is also consistent with the XRD results, which demonstrated the presence of the
Fe,047Zn compound at 44.0° 20 (Figure 4b). Apart from the presence of one additional O
1s component in the Fe;O3@Zn0O spectra compared to that of ZnO and Au@Zn0O, one can
also observe slight differences in the component positions, with the O 1s components of
Fe,O5@Zn0 showing higher binding energies (~0.4 eV) than the O 1s components of ZnO
(Figure S1b, Supplementary Materials).

The Fe 2p spectrum displayed in Figure 6¢ shows two characteristic peaks at 711.1 eV
and 725.0 eV, accompanied by two satellite peaks at 719.2 eV and 733.0 eV obtained from
the photoelectrons emitted from Fe 2p;,, and Fe 2p; /;, respectively. In total, the Fe 2p
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spectrum contains eleven components: four multiplets of Fe 2p5» peak, two multiplets
of Fe 2p; /; peak, two satellite peaks, two surface peaks, and one characteristic pre-peak
usually present in the Fe 2ps3,2 spectrum. The results and the binding energies of the
peaks are in good agreement with the literature and suggest a Fe?*oxidation state for
iron [25,40,41]. The total content of iron in the sample amounts is 7.5 at.%.

3.3. Copper-Modified Zinc Oxide Films

SEM images of the copper-modified zinc oxide films also showed the presence of NPs
distributed at the top and along the rod walls (Figure 7a). The XRD pattern of these films
(Figure 7b) showed the intense diffractions that correspond to the hexagonal zinc oxide
identified above with additional diffractions at 32.9° 28, 39.4° 28, and 44.0° 20. The first is
connected to the (110) plane of the monoclinic copper(IT) oxide phase (C12/c1 space group,
ICSD Card No. 98-062-8618). The second and third are assigned to the ZnSiO; (R-3 space
group, ICSD Card No. 340575) and the cubic ZnCuO (0.85/0.15/1) compound (Fm-3m
space group, ICSD Card No. 181023), both present most likely at the interface of ZnO with
the modifier NPs and the Si substrate, respectively. The presence of diffraction peaks from
the copper(I) oxide phase is not evident, probably due to the low amount of particles and
their broad distribution. However, their presence is not ruled out as the (101) diffraction
of ZnO overlaps the highest intensity diffraction peak of copper(l) oxide phase generally
appearing at 36.4 20, e.g., for the ICSD Card No. 00-005-0667.
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Figure 7. (a) SEM images (the inset shows a magnified image of the Cu decorated ZnO rods) and (b) XRD diffraction pattern

of the copper-modified zinc oxide structured films.

The STEM and HRTEM images in Figure 8a,b show the crystalline copper-modified
zinc oxide rods covered by spherical NPs. These particles display lattice spacings of 0.26 nm
and 0.25 nm, first corresponding to the (002) plane of the hexagonal ZnO phase and second
to either the (002) plane of the monoclinic copper(Il) oxide or (111) cubic copper(I) oxide
phase inferred by XRD. The EDS line-scan profiles of the components recorded along the
red line in Figure 8a demonstrate the presence of Zn (Figure 8c) and Cu (Figure 8d) in the
particles. These profiles also suggest that the CuO-Cu;O NPs are between 5 and 25 nm
in size.
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Figure 8. TEM images of a copper-modified ZnO rod. (a) Low-magnification TEM image, (b) high-resolution TEM image,
and EDS line-scan profiles of the marked line in (a) corresponding to (¢) Zn and (d) Cu.

An XPS analysis of the copper-modified zinc oxide films reported characteristic Zn
2p3/2 and Zn 2p, /, core level peaks at 1021.9 eV and 1045 eV, respectively, separated by
23.1 eV and with a shake-up peak at 1040.3 eV (Figure Ya), similarly to previous studies [25].
These results are comparable to those for Fe;O3@Zn0O as the Zn 2p doublet is located
almost at the same binding energies for the copper-modified zinc oxide and Fe,O;@Zn0O.
Consequently, the Zn 2p doublet of the copper-modified zinc oxide films is located at
higher and lower binding energies than those registered for the ZnO and Au@ZnO films,
respectively (see Figure Sla, Supplementary Materials, and Figure 3a).
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Figure 9. (a) Zn 2p, (b) O 1s, and (¢) Cu 2p core levels XPS spectra for CupO@ZnQO 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 O 1s spectrum (Figure 9b) of the copper-modified zinc oxide films contains four
components. These are located at 530.4 eV (from Cu-O and Zn-O bonds), 531.2 eV (from
oxygen defects in the matrix of metal oxides related to oxygen vacancies), and 532.1 eV and
533.0 eV (from chemisorbed oxygen, hydroxides, and H>O on the surface of the copper-
modified zinc oxide film). These components are in agreement with the O1s spectra of the
previously described materials.

The copper-modified zinc oxide films also displayed two doublets with components
in Cu 2p3,; at 932.6 eV and 934.2 eV, and Cu 2p;/; at 952.3 eV and 953.9 eV (Figure 9¢).
The doublet with lower intensities (at 932.6 eV and 952.3 eV) indicates the presence of
a Cu" oxidation state from Cu,O, while the doublet with higher intensities (at 934.2 eV
and 953.9 eV) corresponds to C u?* oxidation state from CuO [42]. The additional broad
peak with low intensity in the area between 940 eV and 950 eV could be assigned to the
satellite peak coming from the Cu®* component [43]. This is consistent with the XRD and
TEM analysis above, in which both species were also inferred. Quantification of the Cu”
and Cu®* species at the surface of the samples suggest the presence of a higher amount of
Cuy O (0.93 at.%) than CuO (0.13 at.%) at the surface of the samples; i.e., 87.7% of Cu,O and
12.3% of CuO from the total content of copper oxides at the copper-modified zinc oxide
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sample. Therefore, hereafter the discussion centers on the major copper oxide component
(i.e., Cux0), and the copper-modified zinc oxide films are abbreviated as Cu;O@ZnO.

3.4. Gas Sensing Tests

Gas sensing tests of the structured films (i.e., ZnO, Au@ZnO, Fe;O;@Zn0O, and
Cu,0@Zn0) were carried out to various gases (nitrogen dioxide, ethanol, acetone, carbon
monoxide, and toluene) by using dc resistance measurements. To determine the thermal
dependence of the response, the structures were initially tested to 80 ppm of ethanol at
various operating temperatures, from 200 to 310 “C. These results showed that the dynamic
and magnitude of the response improved as the operating temperature increased, regis-
tering the highest and fastest responses at the highest temperature tested. Therefore, the
subsequent tests were carried out at 310 °C using four samples of each structure type and
performing at least three replicates for each condition.

Figure 10 summarizes the obtained results towards 10 ppm of nitrogen dioxide and
80 ppm of ethanol, acetone, carbon monoxide, and toluene. Overall, results reveal a
significant improvement of the ZnO response due to its modification with Au NPs. One
can also notice that the ZnO rods modified with Fe,O3 nanoflakes show an improvement
compared to the non-modified ZnO, although not as high as that reported for the ZnO
modified with Au. In contrast, the response observed for the ZnQO structures modified
with CusO NPs showed a decrement of the response compared to the non-modified
Zn0O structures.

Figure 10. Responses towards 10 ppm of nitrogen dioxide and 80 ppm of ethanol, acetone, carbon
monoxide, and toluene for the ZnO, Au@7ZnQ, Fe,O3@7Zn0, and Cu;O@Zn0 sensors.

Figure 11 displays the results obtained by testing the sensors to various concentrations
of each gas (1 to 10 ppm for nitrogen dioxide and 20 to 80 ppm for ethanol, acetone, carbon
monoxide, and toluene). Overall, the four structures demonstrate their highest responses
to nitrogen dioxide, despite the lower concentrations of nitrogen dioxide compared to
the other gases. The results also show a proportional increase in the response with the
gas concentration. The tests corroborated the best response for the Au@ZnQ structures
among the other structures for all tested gases and applied concentrations. For instance,
the Au@ZnO response to 10 ppm of nitrogen dioxide is about 47 times higher than that of
ZnO (see Figure 11a,b). The difference in the response of these two structures to 80 ppm
of ethanol is similar, showing around 45 times higher response for Au@ZnO compared
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to ZnO. For the low concentration, the difference in the responses of Au@ZnQO and ZnO
is still significant. For example, the responses of Au@ZnO sensors to 1 ppm of nitrogen
dioxide and 20 ppm of ethanol are approximately 37 and 25 times higher, respectively, in
comparison to the response of ZnO.
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Figure 11. Response of the (a) ZnO (b) Au@Zn0, (¢) Fe,0;@Zn0, and (d) Cu,O@Zn0 sensors towards various concentra-

tions of each target analyte.

Figure 12 displays the electrical resistance changes recorded on the ZnO, Au@Zn0O,
Fe,03@Zn0, and Cuy;O@Zn0O structures to each gas and concentration. Overall the struc-
tures indicate an n-type semiconducting behavior, reporting an increase in the electrical
resistance to nitrogen dioxide (oxidizing gas) and a decrease in the resistance in front of
reducing gases such as ethanol, acetone, carbon monoxide, and toluene. The responses are
reversible for each analyte and concentration, showing a full recovery of the initial baseline
resistance after purging the target analytes.
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Figure 13 sums up the response (tg) and recovery (t;) time of each structure towards
nitrogen dioxide and ethanol. As it can be noticed, the response time to nitrogen dioxide
does not show significant changes among the four structures, showing periods between
4 and 6 min. However, this is different for the recovery time, which demonstrates faster
recovery for the Au@ZnO (5 min) and Fe; O3@Zn0O (8 min) structures compared to the ZnO
(22 min) and Cu,O@Zn0O (15 min) structures. The results for ethanol, in contrast, reveal the
fastest response time for Au@ZnQO (1.5 min) and nearly similar recovery time (4 min) for
Zn0O, Au@ZnQ, and Fe,O3@7Zn0.
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Figure 13. (a) Response and (b) recovery times to 1 ppm of nitrogen dioxide and 20 ppm of ethanol
recorded with the non-modified and modified ZnO structures.

A summary of the sensitivity of each structure to the target analytes in the tested
concentrations range is presented in Table 1. These results evidence the high sensitivity
of Au@ZnO and Fe;O3@Zn0 structures to nitrogen dioxide with an estimated limit of
detection (LOD) for each system of 26 and 114 ppb, respectively. The results also suggest
an improvement of the selectivity of ZnO to nitrogen dioxide by its modification with Au
or Fe NPs. The partial selectivity of Au@ZnO to ethanol among the other reducing gases is
also worth it of mention.

Table 1. Sensitivity (AR/AC) in % ppm ! to ethanol, acetone, carbon monoxide, and toluene for
concentrations between 20 and 80 ppm and nitrogen dioxide for concentrations between 1 and

10 ppm.

Analyte Zn0O Au@ZnO Fe, O3@Zn0O Cu,0@Zn0O
Pitrogen 0.73 39.96 7.48 0.22

dioxide

Ethanol 0.05 1.79 0.27 0.04
Acetone 0.03 0.68 0.26 0.02

Carbon 5 x

2 .55 A5 02

NS 0.0 0.5 0.15 0.0
Toluene 0.02 0.31 0.08 0.002

The test of the sensors to reducing gases in humid ambient revealed sensor response
losses by increasing the relative humidity (RH). In contrast, the test to nitrogen dioxide
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in humid ambient showed responses with a tendency to increase, although with poor
stability and high signal noise. The greatest response changes in both cases were registered
by increasing the humidity from 0% RH to 20% RH. Above this value, the changes were
negligible due to the saturation of the response to relative humidity, as noticed previously
for similar AACVD ZnO structures [44]. The loss of the response for ethanol, acetone, and
carbon monoxide is displayed in Figure 53, Supplementary Materials. These results show
that the Au@ZnO sensors lose 30% of their response to ethanol and acetone and 18% to
carbon monoxide, whereas the loss of response for the Fe;O3@Zn0 sensors is about 20%
towards ethanol and acetone and 2% to carbon monoxide. The changes in the response
due to humidity for the Cu,O@ZnO and ZnO sensors were minor, and the highest losses
(8% and 29%) were recorded for Cu,O@Zn0O to ethanol and ZnO to carbon monoxide.

3.5. Gas Sensine Mechanism
Y

Chemoresistive gas sensors based on MOXs rely on the changes in the sensitive-
material resistance upon exposure to target gases. These changes depend to a great extent
on the gas analytes and their adsorption and desorption at the MOX surface. The gas
sensing tests in this work demonstrate that the resistance changes of ZnO to nitrogen
dioxide are significant compared to the other gases, and so that at first, we focus the
discussion on the possible sensing mechanism of ZnO towards nitrogen dioxide.

In the first phase, the sensing mechanism involves the interaction of the ZnO surface
with air. Consequently, oxygen is adsorbed at the ZnO surface by trapping electrons from
its conduction band and forming chemisorbed species in the form of O;~, O, or O*".
However, due to the high operating temperatures employed in the test, O~ and O% species
tend to be dominant at the surface [45]. This process leads to the formation of an electron
depletion layer at the surface and, accordingly, an increase in the ZnO electrical resistance
(Figures 14a and 15a).

In the second phase, when the sensing material is exposed to a target gas, such as
nitrogen dioxide, the adsorbed oxygen species react with the gas. As nitrogen dioxide
is a strong oxidizing agent with electrophilic properties, it acts as an electron acceptor,
pulling out electrons from the conduction band (CB). Consequently, the electron depletion
layer width increases (Figures 14a and 15a), leading to an increase in the sensor resistance.
According to previous studies [46], the reaction between nitrogen dioxide and the formed
oxygen species may be as follows:

NO;(gas) + O, +2e~ — NO; (ads) + 20~ (ads) (1)

The sensing mechanism of the Au, Fe;03, and Cu,O modified ZnO structures, apart
from the described above, involves additional synergistic effects due to the materials
modifiers. These effects generally include spill-over of reactive species from the modifiers
to ZnO and/or electronic effects due to the formation of extra nano-interfaces that facilitate
the charge transfer during the gas—solid interactions at the surface. The modified materials
can also have an impact on surface defects and oxygen vacancies (Ov) with respect to the
pristine structure. This, in part, also influences the sensing performance of the material, to
the extent that the oxygen vacancies act as donors modifying the baseline conductivity of
the sensor material and consequentially the sensor response [47,48]. The XPS components
associated with the oxygen vacancies in the results above indicate a higher amount of
vacancies at the Au@ZnQ films (19.1 at.%) compared to Cuy;O@Zn0O (15.4 at.%), Fe;O;@Zn0O
(10.6 at.%), and pure ZnO (7.8 at.%) films, which partially explains the better gas sensing
performances of the modified Au@ZnQO and Fe,0;@Zn0O. However, this is not consistent
with the CuoO@ZnO results, which show a different behavior most likely influenced by the
type of interface formed between these materials. The band energy of each system also has
a role in the sensing response, and therefore below, we focus the discussion on the effect of
each modifier material on the band bending and band alignment at the surface and the
sensing properties of each ZnO-based system.
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Figure 14. Schematic representation of the possible sensing mechanism of (a) ZnO, (b) Au@Zn0, (c) Fe,03@Zn0, and (d)

Cuy0@Zn0 to nitrogen dioxide.
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Figure 15. Energy band diagrams of (a) ZnO, (b) Au@Zn0, (c) Fe;03@7n0, and (d) CupO@72n0
films at room temperature and before contact between ZnO with Au, Fe; O3, or Cup O (first column),
after contact and in air (second column), and in gas (third column).

3.5.1. Gold-Modified Zinc Oxide Films

The results above showed that the decoration of the pristine ZnO structures with
Au improves the gas sensing performance of the first, similarly to the previous literature
results for noble metal modified ZnO systems [24,49]. The chemical composition of the
Au@ZnO films corroborated the incorporation of gold (Au’, Au*, Au®") at the ZnO surface
with a major presence of Au (2.6 at.%) than Au* (1.8 at.%) or Au®* (0.7 at.%), suggesting
the sensing mechanism of Au@ZnO films rely mainly on the metallic Au state. Hence,
the performance improvements could be linked particularly to two phenomena—the
formation of nano Schottky junctions between Au and ZnO and the catalytic activity of Au
NPs. However, the electronic influence of the Au oxidized species is not ruled out, which
may enhance the interaction of the gold nanoparticles with ZnO and contribute to better
gas sensing performance, as observed previously [26].
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Schottky junctions are formed when contacting a noble metal (e.g., Au) and a MOX
(e.g., ZnO) with different work functions (WF), 4.2 eV (ZnO) [50] and 5.1 eV (Au) [51], and
consequentially different Fermi level energies. Since the WF of Au is higher than that of
ZnQ, most of the energy required to withdraw an electron from bulk to surface is higher
compared to ZnO. Because of that, free electrons from ZnQO are more prone to move from
Zn0O to Au until the Fermi energies become equal (Figure 15b). Therefore, in the first phase
of the gas sensing mechanism, when Au@ZnQ is exposed to air, the electron transferring
from ZnO to Au leads to the adsorption of more oxygen species and, in turn, the formation
of a thicker depletion layer compared to the pristine ZnO films for the same conditions.
Consequently, the resistance of the Au@ZnO sensors is higher than that of the ZnO sensors.
This is consistent with the electrical resistance registered for these sensors (Figure 12).

In the second phase of the mechanism, when Au@Zn0O is exposed to nitrogen dioxide,
adsorbed oxygen species will react with the gas, and more electrons will be consumed from
the conduction band of the modified ZnO films compared to the non-modified one. This
leads to a proportional increase in the electron depletion layer width (Figures 14b and 15b)
and, eventually, a higher increase in the Au@ZnO resistance compared to the ZnO sensors.

Additionally, the catalytic activity of Au NPs, as reported previously in the litera-
ture [52,53], may play a role in accelerating the kinetics of the surface reactions during the
sensing mechanism. This is consistent with the better dynamics of the Au@ZnQ sensor’s
response (Figure 12), which shows faster response and recovery times, particularly for the
reducing gases (Figure 13) in contrast to the ZnO sensors.

3.5.2. Iron- and Copper-Modified Zinc Oxide Films

Although Fe;03@Zn0 and CuyO@Zn0O rely on similar gas sensing mechanism princi-
ples because both systems present the formation of nano-heterojunctions at the interface of
the ZnO rods and the decorating MOX (Fe;O3 or Cu,O) particles, the difference between
these materials lies in their type of conductivity. Cu,O reports p-type semiconductor behav-
ior [54], whereas Fe>O3 may present either n- or p-type behavior [7]. Our previous studies,
however, demonstrated that the Fe,O3 films obtained via the AACVD of FeCly-6H,O
have an n-type behavior with a typical increase in conductivity when exposed to reducing
gases [39]. Therefore, hereafter we discuss the sensing mechanism of Fe;03;@Zn0O and
Cup,0@Zn0, considering their n- and p-tvpe behavior, respectively.

Due to the different work function (5.88 eV [55]) and band-gap (2.2 eV [56]) of FexO3
compared to ZnO (4.2 eV and 3.3 eV [57], respectively), and higher position of the CB of
Zn0, free electrons from the CB of ZnO migrate to the CB of Fe,O5. This is the opposite
for the holes, which migrate from the valence band (VB) of Fe;O5 to that of ZnO until the
Fermi levels of both materials reach equilibrium (Figure 15¢). These processes increase
the number of electrons near the surface of the system so that when Fe;O;@ZnO sensors
are exposed to air, more oxygen species can be adsorbed at the surface in comparison to
pristine ZnO as displayed in Figure 14c. Consequentially, in the gas stage (e.g., nitrogen
dioxide), more gas molecules react with the adsorbed oxygen, and a higher amount of
electrons is trapped, enhancing the response of the Fe;O3@Zn0O sensors compared to Zn.

Similarly, Cu,O, with a work function of 5.0 eV and a band-gap of 2.1 eV [54], has a
CB below that of ZnO, meaning that the transfer of electrons occurs from the ZnO side
towards the Cu,O side as shown in Figure 15d. Analogously to the Fe;O3@Zn0O sensor,
more electrons will provide more adsorbed oxygen on the surface and more active sites for
gas molecules to react (Figure 14d). However, in the case of p-type semiconductors, such as
Cuy0, which have as main carriers holes, the ionosorption of oxygen favors the conduction
by holes (Figure 15d), contrary to n-type semiconductors. Therefore, when the oxidizing
gas NO; comes in contact with a p-type semiconductor, NO> will trap the electrons, which
will increase further the numbers of holes at the interface [58] and decrease the resistance
of the whole Cu;O@Zn0 system partially; a similar effect was reported previously for
instance for ZnO decorated with p-type Cr05 [59]. This is most likely the rationale behind
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the loss of sensitivity to nitrogen dioxide for the Cu,O@Zn0O sensors compared to the
pristine ZnO and the modified ZnO with gold and iron (see Table 1).

The presented mechanism described the sensing behavior of the different ZnO systems
towards oxidizing gases (e.g., nitrogen dioxide). Reducing gases, such as ethanol, behave
in an opposite way, providing electrons to ZnQO and thus decreasing its resistance, as can
be noticed in the electrical resistance changes in Figure 12b-e.

As we can conclude from the previous, all three systems are influenced by the incor-
poration of nano-interfaces, which provide slightly different gas sensing mechanisms that
favor especially the sensing performance of the structures modified with Au due to the
formation of Schottky junction and catalytic properties of Au. The formation of hetero-
junctions also shows advantages in the sensing performance of the structures modified
with Fe, although it shows an opposite effect for the structures modified with Cu, most
likely due to the difference in the conductivity type of Fe;O5 (n-type) and Cu,0O (p-type)
semiconductors. Generally, Fe;O3 and CuzO could also act as catalyzers, but in light of
the dynamic of response observed, their catalytic activity is not the main parameter that
influences the response of these modified structures.

4. Conclusions

Zinc oxide structures were deposited and modified with Au, Fe;Os, and CuO
nanoparticles. The results showed the formation of ZnO rods (approximately 1.5 um
long with an average diameter of 200 nm) as well as the incorporation of crystalline Au
nanoparticles (diameters between 5 and 40 nm), Fe;O3 nanoflakes (thickness smaller than
20 nm and diameter of 100 nm), and Cu,O nanoparticles (diameters between 5 and 25 nm).
Chemical composition determination by XPS revealed the presence of Fe in the form of
oxide—Fe;O3; Cu in the form of two oxides—CuO and Cu,O, with the major presence of
Cu,0; and Au in three oxidation states—Au®*, Au*, and Au®, with the content of metallic
Au (2.6 at.%) being the highest among the other states. Gas sensing results showed the best
response for the Au@ZnQO sensors among the others, especially for nitrogen dioxide, with
about 47 times higher response to 10 ppm of nitrogen dioxide compared to the ZnO sensors.
The sensitivity (39.96% ppm ') and limit of detection (26 ppb) reported for this modified
material to nitrogen dioxide were also higher compared to the other sensor structures. This
was attributed to a combination of factors, 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.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /
10.3390/s21134509/s1. Figure 51: (a) Zn 2p, and (b) O 1s core levels XPS spectra for non-modified
Zn0 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. Figure 52: SEM images (the
inset shows a magnified image of a single Ag decorated ZnO rod) of the Ag@ZnO structured film.
Figure S3: Responses towards 80 ppm of ethanol, acetone, carbon monoxide for the ZnQ, Au@7Zn0,
FeaO3@7n0), and CuyO@7Zn0 sensors at 0% and 20% RH.
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S1. Results — Material characterization
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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 Zn?* state of zinc, with two main peaks at 1021.6 eV and 1044.7 eV that corresponds to the Zn
2psp2 and Zn 2pie peaks (Figure Sla), 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 O* ions in the Zn-O bonding. The component at 531.2 eV is associated
to O and Oz 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 H20 on the
surface of ZnO film [3] [4] [5] [6].
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Figure S3. Responses towards 80 ppm of ethanol, acetone, carbon monoxide for the ZnO, Au@ZnO, Fe20:@Zn0O, and Cu20@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

978-1-6654-4452-1/21/$31.00 ©2021 IEEE

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 x 40 mm) at 400 °C via aerosol
assisted chemical vapor deposition (AACVD) of zinc chloride
(ZnCl,, 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 Ko 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 um and
diameter of 200 nm) covered with well-distributed Au NPs
with diameters between 5 and 40 nm.

Fig. 1. Low and high magnification SEM images of the AuZn structured
films deposited over the transducing platform.

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.

Fig. 2. HRTEM image with the inset showing a STEM image of a ZnO
nanorod modified with Au nanoparticles.

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.
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Fig. 3. Typical XRD diffraction pattern of the AuZn films

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.

AuZn

Reflectance, %

Wavelength, nm

Fig. 4. Diffuse reflectance spectra (DRS) of the Zn and AuZn structured
films.
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Fig. 5. XPS spectra recorded on the Zn and AuZn films. Only the peaks
of interest have been marked.

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.
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Fig 6. Photoactivated response of Zn and AuZn sensors towards 80 ppm
of ethanol, acetone, toluene, and hydrogen.

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
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Fig. 7. Typical resistance changes recorded on the Zn and AuZn sensors
to 80 ppm of ethanol.

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 (O;(ads)) which are adsorbed on the
sensor’s surface, as shown in (1):

e~ + 0;(g9) = 0; (ads) (D

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.

a)
Air layer
Zn0O
Dark
Built-in
electric
field
Au
b)
. Adsorbed
{'\" oxygen -
Light 0, (ads)
Photo-
generated
oxygen -
) 0,(hv)
Gas
Light

A
gg!g! QUV

Fig. 8. Schematic representation of the AuZn gas sensing mechanism
during UV-light activation. The illustration shows different stages of the
sensor: a) exposed to dry air in the dark, b) exposed to dry air under UV-
light, and ¢) exposed to ethanol under UV-light.

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-
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induced oxygen ions, Oy (Av), according to the following
reactions:

hv > h* + e~ )
h* + 03 (ads) - 0,(9) (€)
0,(9) +e™ = 07 (hv) “

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.

05 (W) + C,HsOH — CO, + H,0 + 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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CHAPTER 3. RESULTS

3.4 Modification of iron oxide by nanoscale
interfaces

Comparing to MOXs such as WO3 and ZnO, iron oxide (Fe;03) 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]. Fe,Os 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 Fe,0Os 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 Fe;05as a ‘guest’ material in WO3 and ZnO structures [34] [140]
[154], finding potential for Fe,0s; 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 Fe,Os; structuration. In that context, this thesis investigated further the
structuration of Fe,Os 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, H,,
and NO,. 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 Fe;O3; and Au-modified Fe;0; structures”.

3.4.1. Results

The research of non-modified and Au modified Fe,Os firstly includes the result of setting the
optimal conditions for the AACVD synthesis of four types of Fe,Os 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 Fe,0;
pyramids also displayed high responses to acetone and ethanol, although with less intensity than
the responses observed for the non-modified Fe,0s. 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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CHAPTER 3. RESULTS

3.4.2. Conclusions

A new AACVD method for the synthesis of Fe,0s structures and Au modified Fe;05 structures
was developed. Results demonstrated the possibility to tune selectively the morphology of Fe,0s
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 Fe,0;. Gas sensing tests of these
structures demonstrated good sensitivity to acetone and ethanol, showing the highest response
for the Fe,03 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 Fe,0s gas
sensitivity, most likely caused by the blockage of adsorption centers on the Fe,Ossurface due to
the excessive loading of Au particles. A tuning of the Au loadings to lower amounts (e.g.,
< 5at.%) 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 Fe,0; and Au-modified Fe;Os
structures, Tomi¢, M., Gracia, I., Figueras, E., Cané, C., Vallejos, S. — To be submitted
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Aerosol Assisted Chemical Vapor Deposition of gas sensitive Fe.0s and
Au-modified Fe203 structures

Abstract

Iron oxide (Fe;0s 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 Fe,0s,
and sensitivity of 2.7 and 1.9 % ppm?, respectively. The incorporation of gold nanoparticles at
the pyramid surface proves to diminish the gas sensing response of Fe;0Os 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 Fe;03 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, Sn0O,, TiO;, and WOs [7] due to their wide band gaps and low
activation energies. However, other MOXs such as iron oxide (Fe,0s) have also shown great
potential in gas sensing. Fe,03 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 (a-Fe,0s), 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 Fe,0s 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 Fe,0Os structures with Au [32] or Pt [33] for acetone detection, Au for ethanol detection [34]
or Pd for propane [35] and HS [36] detection were also reported in the literature. The most
common synthesis methods for achieving these structured and modified Fe,03 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 Fe;0s;
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
a-Fe,03 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 pum 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(lll) chloride hexahydrate (80 or 100 mg, >99.0%, Sigma—
Aldrich) and either pure acetone (5 mlL, >299.9%, PanReac) or acetone — ethanol mixture
consisting of 4 ml of acetone and 1 ml of ethanol (299.9%, 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 HAuCls-:3H,0,
(50 pg, 299.0%, Sigma—Aldrich) dissolved in methanol (2 mL, 299.9%, 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 Fe;03 with flattened pyramids (fPys),
pyramids (Pys), porous pyramids (pPys), and sheets (Shs) -like morphologies using AACVD method.

Morphology Precursor Solvent Aerosol Deposition Substrate
capacity, temperature, °C position in the
I/h chamber
fPys FeClz*6H20, Acetone, 5 ml 0.3 370 Outlet
100 mg
Pys FeClz*6H20, Acetone, 5 ml 0.3 370 Inlet
100 mg
pPys FeCls*6H20, Acetone, 5 ml 0.3 370 Inlet
80 mg
Shs FeClzs*6H,0, Acetone, 4 ml + 0.3 340 Outlet
100 mg Ethanol, 1 ml

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 Ka radiation operated at 40 kV and 40 mA). Further analysis of the samples
involved the examination of morphology by TEM (Transmission Electron Microscopy — FEl
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 (CsHgO),



ethanol (C;HsOH), toluene (CsHs), carbon monoxide (CO), hydrogen (H>), and nitrogen dioxide
(NO,). 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 Fe,0s 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 um. 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.
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Figure 1. SEM images of the Fe203a) fPys, b) Pys, c) pPys, and d) Shs deposited by AACVD method using
different synthesis conditions.

The STEM images of the Fe,03 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.
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Figure 2. Low-maghnification STEM (first column) and corresponding HRTEM images (second and third
column) of the Fe203a) 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 NO; (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 Fe,03 pPys before and after their decoration with Au
NPs. The formation of Fe,03 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 Fe,03; 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 Fe20s structures a) before, and b) after their decoration with Au NPs.

XRD analysis of the Fe;03; and Au@Fe,0s pPys (Figure 4) demonstrated the presence of a
rhombohedral (hexagonal) a-Fe,03 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) a-Fe;Os [47] and cubic Au [48]. The intense peak at 33.1 °20



corresponds to the (104) plane of Fe;0s, while the peak recorded on modified structured film at
38.1°26 is attributed to the (111) plane of Au NPs.

a) Fe,O b) Au@Fe,O
Fe (104) = s
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Figure 4. XRD diffraction pattern of the a) Fe203 pPy, and b) Au@Fe20s pPy. The diffraction peaks in the
data can be indexed to a rhombohedral (hexagonal) Fe20s 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 Fe,0s and Au@Fe,0s 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 2ps/; and Fe 2p1y,, respectively. The Fe 2p
spectrum is fitted to eleven components: four multiplets of Fe peak, two multiplets of Fe 2pi/,
peak, two satellite peaks, two surface peaks, and one characteristic pre-peak usually present in
the Fe 2ps/; 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 4f;;; eV and 87.5 eV for 4fsj;) in
agreement with the literature [49]. Figure 5d displays the Au 4f spectrum of the Au@Fe,0s 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 Au® oxidation state
[43][50]. The content of Au in the film was estimated to be 9.5 at%.



Fe,O, b) Au@Fe, 0,
O KLL O1s Fe 3p O KLL O1s C ‘1s Fe 3p

Fe 2s Fe 2p ‘ C1s Fe 35§ Fe 2s Fe 2p Fe 35

a)

Intensity, a.u.
Intensity, a.u.

)

1200 1000 800 600 400 200 0 1200 1000 800 600 400 200 0

Binding Energy, eV Binding Energy, eV
c d
) Fe 2p,, ) Au 4f;,
Fe 2p,;,
Multiplets Au 4f;,
Surface o tiplets

Saie%%:t& peak:
b\ h Satellite Surface
A~ peak

Intensity, a.u.
Intensity, a.u.

Pre-pé;k

735 730 725 720 715 710 705 90 89 88 87 86 85 84 83 82 81

Binding Energy, eV Binding Energy, eV

Figure 5. a) XPS spectra recorded on the Fe203 pPys and b) Au@Fe20s pPys. c) Typical Fe 2p core level
XPS observed in both samples. d) Au 4f core level XPS spectra recorded on the Au@Fe20s pPys.

Gas sensing tests

The responses of the Fe,0; and Au@Fe,0; 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, Fe;0; and Au@Fe,0s, were tested towards
various fix gas concentrations (80 ppm for ethanol, acetone, CO, toluene, and H,, and 5 ppm for
NO,,). 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 NO, concentration used (compared to the other target gases).
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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 Fe,03; sensors, in agreement with
the responses obtained for the fixed gas concentrations.
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Figure 7. Dependence of the response on ethanol and acetone concentration (10 to 80 ppm) for the a)
Fe203 and b) Au@Fe203 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 Fe,03; and Au@Fe,0s sensors. Generally,
both sensors show good reproducibility and reversibility, with slightly better stability in the
Au@Fe,0s3 sensor. Both sensors reached full recovery after purging the analyte with the
synthetic air. The drop in the Fe,0s; 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.
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Figure 8. A typical response of the Fe203 pPy and Au@Fe203 pPy to 10 - 80 ppm of ethanol and acetone.

The response and recovery times of the Fe;0s; and Au@Fe,0; 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 Fe,0s sensors in the
case of ethanol detection. On the other hand, faster recovery times are recorded for the
Au@Fe;0s sensors to both tested gases.

Table 2. Response and recovery times of the Fe203 pPy and Au@Fe203 pPy to 80 ppm of acetone and
ethanol.

Fe;O3 Au@Fe;0s3

tx min Acetone 1.0 1.0
’ Ethanol 1.5 2.9
t. 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 Fe;0;
sensors to 80 ppm of acetone and ethanol is decreased by 13 % in both cases, while the response
of Au@Fe,0s 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].
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Overall, results show higher response for the Fe,03 pPy sensors compared to the Au@Fe;0s;
pPy. For instance, the response to acetone and ethanol was 2.8 and 2.2 times higher for the
Fe,0sthan for the Au@Fe;0s, 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 Fe;0s,
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 Fe,03 pyramid
surface before and after the gold particle deposition. Note that the Fe,0s; pyramids have a
porous surface, while the Au@Fe,0s; pyramids lose the porosity and became smooth. This
suggests a need for further tuning of the AACVD conditions used for modifying the Fe,Os
structures with gold.

A comparison of the Fe,0; 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 Fe;03; 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 WO; 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 a-Fe:0s3-based sensors reported in the literature
towards acetone and ethanol.

Material Morphology T,°C Gas c, ppm R Ref.
a-Fe203 NPs 250 Acetone 100 9.5 [32]
a-Fe203 CSs 150 Acetone 100 23.5 [32]
o-Fe203 3D U-I 275 Acetone 100 10 [12]
a-Fe203 3D U-I 260 Acetone 100 7 [12]
a-Fe203 NPs 160 Acetone 1000 10 [36]
a-Fe203 hMSps 350 Acetone 100 7 [56]
a-Fe203 NSpds 300 Acetone 50 2.8 [57]
a-Fe203 pPys 350 Acetone 80 6.1 This work
a-Fe203 pNSps 260 Ethanol 50 6.7 [10]
a-Fe203 NPs 160 Ethanol 1000 12 [36]
a-Fez203 3D Ul 275 Ethanol 100 8 [12]
a-Fez203 3D Ul 260 Ethanol 100 12 [12]
a-Fe203 NSpds 300 Ethanol 50 2.2 [57]
a-Fe203 pPys 350 Ethanol 80 5.4 This work

T — operating temperature, c — analyte concentration, ppm — parts per million, R — response, tg — response time, t, —
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 Fe,0s 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, H,, and NO,, showed
higher response for the non-modified Fe,03 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 Fe,0s. The excess of gold particles apparently locks
the pores at the Fe,0s3 surface and reduces the adsorption sites along the Fe;0s 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 (WOs, ZnO, and Fe;03) were deposited
by AACVD without using catalyst seeds. Whilst the tuning of the conditions for WO;
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 Fe;0s synthesis proved to be unsuccessful in the
attempt to deposit this type of structure. Instead, ZnO was deposited in the form of
rods, whereas Fe,03 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 WO; wires (100) than for the ZnO rods (7.5) and Fe;Os pyramids (1.5). These
structured morphologies and their synthesis routes, particularly for Fe,0s, 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, CeO,, Fe;0s, and Cu,0) was
characterized by agglomerated particles in the case of CeO, and Fe,0s;, whereas the
modification with Au (using AACVD or impregnation) and Cu0 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)e, a
metal-organic precursor, that was found appropriate for AACVD growth of structured
WOs. Chloride-based salts such as ZnCl; and FeCl;-6H,0 were more suitable for the
structuration of ZnO and Fe;0s. For the particles deposition, nitric-based salt
(Cu(NOs),-6H,0) and chloride-based salt (HAuCls:3H,0) gave the desired particle
morphology to Cu,O and Au, while for CeO, better results were obtained by using
acetylacetonate (acac) based precursor, Ce(acac)s-xH,0. Incorporation of Au particles
via impregnation method was successfully achieved using Au colloids formed by
reduction of the same chloride-based salt (HAuCl4-:3H,0) 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 WO; wires, the best results were obtained at the deposition
temperature of 390 °C, for the ZnO rods at 400 °C, while for the Fe,0s; pyramids the
deposition temperature was 370 °C. The optimal deposition temperatures for the
‘guest’ materials were 430 °C for Fe,0; particles, 500 °C for CeO,, and 450 °C for Cu,0,
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@Fe;03, which is explained by the excessive Au loading (9.5 at.%), that locks the
active sites on the surface of Fe,03 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 CeO,@WOssensorand 7.5 at.% of Fein Fe;0s@Zn0 sensor. Cu;0@Zn0 sensor
with only 1.1 at.% of Cu did not show a significant response to the tested gases and
additionally acted opposite to Fe,0s; by reducing the response to oxidizing gases as
NO,, instead of increasing it. This opposite behavior was connected with the p-type
behavior of Cu,0.

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™. The highest response of the
thermoactivated WOz and ZnO based sensors were recorded at the temperature of 300
and 310 °C, respectively, while for the Fe,03; 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@WOs3and APTES@CeO,@WOs3, which exhibited high sensitivity to ethanol and
NO, at RT. ZnO based sensors (non-modified ZnO and Au@Zn0) 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 NO,. The
highest sensitivity to acetone was recorded for the photoactivated
APTES@CeO,@WO; sensors (6.6 % ppm™), whereas the highest sensitivity to ethanol
was recorded for the photoactivated APTES@WOs sensors (19.2 % ppm™), both
operating at RT. Photoactivated APTES@CeO.,@WOs; sensors also exhibited
remarkable sensitivity (27.3 % ppm™) to NO,. However, the sensitivity of Au@ZnO
sensors, thermoactivated at 310 °C, showed higher sensitivity to NO; (39.96 % ppm™?),
even for lower NO; 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
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others studied here for NO; 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.

e 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
Fe,0s 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:

e 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.

e 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.

e 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.

e 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.

Sensor Loading Deposition method  Tp, °C Precursor Morphology, nm
WO3 AACVD 390 W(CO)s WOs: Ws, 100%, 10000, 100*R
JA2 WOs AACVD 390 W(CO)s
Ce0@WO
e0.0WO0s 11.5at.% Ce CeO2 AACVD 500 Ce(acac)s:xH,0 C€eOz: Ps, <40?
WO3 AACVD 390 W(CO)s
WO AACVD 390 W(CO : 2 L AR
APTES@WOs 3 _AACVE (CO)s WOs: Ws, 100%, 10000, 100
A3 1000 pl APTES  Silanization 120  APTES
wo AACVD 390  W(CO)s CeO2: Ps, <407,
APTES@Ce0@WO03 11.5at.%Ce CeO: AACVD 500 Ce(acac)s-xH.0
APTES Silanization 120  APTES
Zn0 AACVD 400  ZnClz ZnO: Rds, 2007, 1500, 7.5}
YA AACVD 4 ZnCl
AU@ZNO nO C : 00 nC 2.
5.1 at.% Au Au  Impregnation 60  Colloidal Au Au: Ps, 5-40%
JA4 Zn0 AACVD 400 ZnCl;
Fe203@Zn0
e20s@2n 75at%Fe Fe,0s  AACVD 430  FeCly6H:0 Fe20s: Fls, 207, <1009, 5%
Zn0 AACVD 400 ZnCl;
Cu20@Zn0O
u20@2n 11at%Cu  Cu0 AACVD 450  Cu(NOs);:6H,0 Cu20: Ps, 5-257
Fe203 AACVD 370 FeCl3-6H20 Fe20s: pPys, 250, 3708E, 1,548
JAS AU@Fe0 Fe203 AACVD 370  FeCl3-6H20
2 95at%Au  Au AACVD 370 HAuClt3H,0  Au:Ps, 107
Zn0O AACVD 400 ZnCl; ZnO: Rds, 2007, 1500, 7.5*%
CcP2 Zn0O AACVD 400 ZnCl;
Au@ZnO
u@zn 5.1at.% Au Au Impregnation 60 Colloidal Au Au: Ps, 5-407?

JA — journal article, CP — conference paper, APTES — (3-aminopropyl)triethoxysilane, AACVD — aerosol assisted chemical vapor deposition, Tp — deposition temperature, W(CO)s — tungsten
hexacarbonyl, Ce(acac)s-xH,0 — cerium(lil)acetylacetonate hydrate, Ws — wires, Ps- particles, Rds — rods, Fls- flakes, pPys — porous pyramids, AR — aspect ratio, ? — diameter, ! — length, 7 —
thickness, £ — lateral edge, B — base edge.
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Table 4.2. Comparison of the sensing performances and working conditions of the sensors fabricated in this thesis.

JA2 JA3 JA4 JA5
S
. S S © o g ¢ S
<} o = © (@) o S 8 S o] o
2 (@) @ o @) [d) c N @) @ ~ o
g = 5 2 2 5§ ~ & 5 o £ @
S & g < £ 3 <
|_
o
<<
Tes, °C 300 RT 310 350
Cr, PpPM 20-80 20-80 20-80 20-80
Acetone 08 47 04 11 66 0.03 0.68 0.26 0.22 2.7 0.3
S, % ppm? Ethanol 08 22 11 19.2 103 0.05 1.79 0.27 0.04 1.9 0.4
NO2 - - 04 7.6 273 0.73* 39.96* 7.48* 0.22* 54** 50**
Acetone 80 ppm 55 1.9 9 .3} 8.8 - - - - 1.0 1.0
tr, min Ethanol 80 ppm 74 25 9 54 93 8.3 2.9 7.5 8.2 1.5 2.9
NO; 80,5,or1ppm - - 100 77 8" 52" 43" 43" 56" 15" 597
Acetone 80 ppm 50 95 22 39 38 - - - - 7.9 4.8
t, min Ethanol 80 ppm 6.1 178 23 35 40 20 10.7 183 233 6.9 4.5
NO2 80,5,0or1ppm - - 35" 27" 20" 22" 5 8" 15" 1" 6.9™

JA —journal article, Tes — working temperature of a gas sensor, cg — concentration range, S — sensitivity, defined as AR/Ac, AR - change in response, Ac - fixed change in analyte concentration, tg
—response time, t, — 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.
TResponse time is measured for the NO; concentration of 80 ppm.
™ Response time is measured for the NO; concentration of 1 ppm.

T Response time is measured for the NO, concentration of 5 ppm.
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Abstract: This work presents the effect of magnesium (Mg} doping on the sensing properties of tin
dioxide (SnOy) thin lilms. Mg-doped SnO; films were prepared via a spray pyrolysis method using
three doping concentrations {(.8 at.%, 1.2 at.%, and 1.6 at.%) and the sensing responses were obtained
at a comparatively low operating temperature (160 °C} compared to other gas sensitive materials
in the literature. The morphological, structural and chemical composition analysis of the doped
films show local lattice disorders and a proportional decrease in the average crystallite size as the
Mg-doping level increases. These results also indicate an excess of Mg (in the samples prepared
with 1.6 at.% of magnesium) which causes the formation of a secondary magnesium oxide phase.
The films are tested towards three volatile organic compounds (VOCs), including ethanol, acetone,
and toluene. The gas sensing tests show an enhancement of the sensing properties to these vapors as
the Mg-doping level rises. This improvement is particularly observed for ethanol and, thus, the gas
sensing analysis is focused on this analyte. Results to 80 ppm of ethanol, for instance, show that the
response of the 1.6 at.% Mg-doped 5n(0; film is four times higher and 90 s faster than that of the
0.8 at.% Mg-doped SnO; film. This enhancement is attributed to the Mg-incorporation into the SnCs;
cell and to the formation of MgO within the film. These two factors maximize the electrical resistance
change in the gas adsorption stage, and thus, raise ethanol sensitivity.

Keywords: Mg-doped SnOz; spray pyrolysis; thin films; gas sensing; volatile organic compounds

1. Introduction

The monitoring of volatile organic compounds (VOCs), including ethanol (C;HgO), acetone
(C3Hg0), and toluene (C;Hg), is routinely needed for evaluating environmental quality and industrial
safety [1]. Recently, the monitoring of VOCs has also gained importance in clinical applications
as a promising tool to identify pathological conditions at early stages (via breath analysis of
anomalous concentrations of certain VOCs) [2]. In this context, metal oxides (MOXs)-based gas
sensors (chemoresistive sensors) are attractive devices that can be miniaturized and integrated as
array systems into compact VOC monitoring equipment at reduced fabrication costs as compared to
other technologies (e.g., spectrometers) [1,2]. Previously, MOXs such as ZnQ, SnO», WO5, and TiO; at
the nanoscale have proved promising properties to sense VOCs due to their high surface-to-volume
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ratio, which provides better sensitivity and stability compared to bulk MOXs [3-7]. Currently,
however, these materials require yet the enhancement of sensitivity to low concentrations of VOCs
and, generally, the improvement of selectivity and the minimization of drift effect over time. Thus,
various efforts have been focused on this line, pointing out the importance of enhancing both chemical
and electronic sensitization by incorporating intentional impurities (e.g., doping) or modifying the
surface of traditional gas-sensitive MOXs [6,8].

Tin dioxide (5n0;) is considered as one of the leading n-type MOXs used in commercial
chemoresistive gas sensors, however, the enhancement of its sensing performance remains active to
date [9,10]. As mentioned above for other MOXs, a large series of reports has also emphasized the
remarkable improvement of 5n0s sensing characteristics, whether by adding catalysts, introducing
functional activators, or doping with impurities [5,10,11]. The latter has proved to be an efficient way
to create more oxygen vacancies and to amplify the electrochemical reaction of analvtes on the layer’'s
surface [7,12].

In the literature, there are several examples of noble metals (Pd, Pt), rare earth metals (Ce, Pr), and
metals (Zn, Al) improving the sensitivity and selectivity of various MOXs including SnO; [10,12-16].
Among these materials, magnesium (Mg) is attractive, as it has proved to improve sensitivity
to ethanol, Hz, CO, and ammonia when incorporated into ZnO to form Mg-doped ZnO [17-21].
Similarly, Mg-doped TiO; and Mg-doped In;O3 have shown to improve sensitivity to CO and ethanol,
respectively [3,22]. Mg is also considered a promising candidate to enhance 5n0; sensing properties,
particularly as it presents a close ionic radius (0,67 nm) to that of Sn (0.71 nm), which facilitates Mg—z*
diffusion into the SnOa cell to substitute Sn'* [23]. Despite this, the use of Mg-doped 5nO; in gas
sensing, particularly VOC sensing, is not that common in the state-of-the-art.

In the midst of various techniques used to synthesize doped MOX films, spray pyrolysis proved
to be simple, cost effective and allowed a wide variety of substrate coatings [24]. Despite the fact
that controlling the size and rate of sprayed droplets remains a challenging factor for films’ quality,
spray pyrolysis is considered a useful method for the design and development of chemoresistive gas
sensors [24,25].

Previously, we proved the spray pyrolysis deposition of SnO; films and their potential to detect
vapors such as ethanol, methanol and acetone [26]. Herein, we go further into this line and investigate
the influence of Mg doping levels on the VOC sensing properties of SnO; thin films synthesized via the
spray pyrolysis process. This work explores the structural, morphological, and chemical composition
properties of the films and their gas sensing properties towards ethanol, acetone and toluene.

2. Materials and Methods

2.1, Thin Film Synthesis and Processing

Magnesium-doped tin dioxide thin films with three doping concentrations (0.8, 1.2, and 1.6 at.%)
were synthesized by spray pyrolysis method on cleaned amorphous glass substrate (70 x 30 % 1 mm)
at 400 °C. To obtain a 0.8 at.% Mg-doped SnO; film, a mixture of 1088 mg of tin (II) chloride
dihydrate (SnCly-2H» O, Sigma-Aldrich, 98%), 40 mg of magnesium chloride hexahydrate (MgCly-6H,0,
Sigma-Aldrich, 99%}, and 100 mL of ethanol (Sigma-Aldrich, 96%) was stirred under heat for 30 min.
Afterwards, this solution was sprayed by a nozzle to the heated substrate using airflow (0.5 mL/min)
for 30 min. The same process was used to prepare all films, varying the weight ratio of the precursors
according to the doping concentrations. The as-prepared Mg-doped SnO; thin films were subsequently
annealed at 450 °C in dry air for 60 min in order to ensure the stability of the materials during the
oas sensing test. The influence of the annealing temperatures on the SnO; thin films’ properties was
reported in our previous work [27]. Finally, the coated samples were cut into parts (10 x 15 x 1 mm) to
be used for characterization and gas tests.
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2.2, Characterization Methods

Structural characterization was performed using an X-ray Diffractometer (XRD—Bruker-AXS,
LinxEve XE-T detector, KFL Cu 2K (A (CuKa) = 1.541840 A) operated at 40 KV and 40 mA) in the 20
angle from 20° to 80°. XPowder software was employed to refine (peak position, lattice parameters,
and crystallites size) the data. The surface morphology was examined by Scanning Electron Microscopy
(SEM- Carl Zeiss, Auriga Series) equipped with an EDX spectrometer (Energy Dispersive X-ray
Spectroscopy) for elemental composition analysis. The surface properties of the films were analyzed
using X-ray Photoelectron Spectroscopy (XPS—Kratos Axis Supra with monochromatic Al Koo X-ray
radiation, emission current of 15 mA and hybrid lens mode, Manchester, UK) varying the binding
energy (BE) range betiveen 0-1350 eV and using CasaXPS for peaks fitting,

2.3. Gas Sensing Measurements

To evaluate the gas sensing properties of Mg-doped 5n(; thin films towards various gaseous
analvtes (ethanol, acetone, and toluene), we used the system represented in Figure | and reported
previously [28]. Briefly, the system consists of a continuous gas supply (dry synthetic air and different
calibrated gas analytes) controlled by mass flow controllers (MFC), a test chamber equipped with
two probes as the electrical signal collectors, a heating plate with a temperature controller, and a data
acquisition system (electronic measurement system, electrometer, and PC). The films were exposed
to each analyte for 10 min, and after that, the chamber was purged with synthetic air for 30 min to
recover the initial base line resistance. Gas test measurements were recorded fixing the operating
temperature (T, ) to 160 °C and varying the analyte concentration from 10 to 80 ppm. The gas response
is defined as Ry/Rg (reducing gases), where R; and R;; are the resistances of the film in dry air and
after exposure to analvte, respectively, while sensitivity (S), is the report between response and gas
concentration (AR/AC) [7]. The response and recovery times are defined as the time required for the
sensor to reach 90% of the response upon exposure to the target gas, and the time required for a sensor
to return to 90% of the original baseline signal upon removal of the target gas, respectively. All samples
were alternatively tested towards the target analytes in dry air accumulating a total operating period
of 120 h distributed over 30 days. Among these hours, on average, each sample operated for about
20 h. Hereafter, the tested films are labeled as MTO1 (.8 at.% magnesium-doped tin dioxide), MTO2
(1.2 at.% magnesium-doped tin dioxide), and MTO3 (1.6 at.% magnesium-doped tin dioxide).

Electrometer

et Keithley 6517B

Probes |
Inlet

Test chamber
with hot plate

Dry Air

Target Gas .

Temperature
controller

g '\ =

Figure 1. Schematic view of the gas sensing measurement system.



Sensors 2020, 20, 2158 4of 18

3. Results and Discussion

3.1. Films Analysis and Characterization

X-ray diffraction patterns were evaluated to gain insight into the crystal structure of the Mg-doped
SnO); thin films. As exhibited in Figure 2, all films are polycrystalline in nature and crystallize in rutile
tetragonal tin dioxide (5n0;y) structure (P4y/mnm space group, ICDD card 72-1147) with a dominant
(110) diffraction at 26.53° 26! approximately. In general, the results show a steady decrease of all SnCO,
diffraction peaks accompanied by a diffraction pattern shift to lower angle values (>0.06° 20) as the
Mg amount increases in the films. This could be caused in part by the diffusion of Mg®* ions into
the SnO; lattice and the smaller ionic radii of the guest atom (Mg?*: 0,67 A) compared to the host
atom (Sn**: (.71 A), and also by the lower electronic density of Mg atoms (1.738 gfem?) compared
to Sn atoms (P-Sn = 7.265 g/cm?). The results also indicate a change in the lattice parameters of the
Mg-doped SnO; thin films (Table 1), which reveal a slight increase in “i1” and decrease in “c”, compared
to the non-doped SnOs film reported in our previous work [27]. In addition, a proportional decrease
of the average crystallite size (D) with the increase of the Mg-doping levels can also be observed in
Table 1. Overall, these properties suggest the presence of local lattice disorders in the films and, in turn,
an increment of surface defects in the Mg-doped samples with respect to the non-doped samples, as
noticed earlier in the literature [29].

a) ® 5n0y: ICDD 72-1147

vy

@i (02 (112)

MTO1

(111} (211} (002} {112)
(200) (220) | (310) 9(301
1/ . E( .].{. }(2(12} l321}
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MTO2
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Figure 2. XRD patterns of the Mg-doped Sn(); thin films, (a) 0.8 at.” magnesium-doped tin dioxide
(MTO1); (b) 1.2 at.” magnesium-doped tin dioxide (MTO2); (¢) 1.6 at." magnesium-doped tin

dioxide (MTO3).

The ‘extra’ diffraction peak at 43.8° 26 in the MTO3 pattern is associated with the (200) reflection
of MgO in halite structure (ICDD 75-1525). The presence of this diffraction suggests an excess of
Mg (over-doping) in MTO3 and the formation of a secondary phase. This is consistent with the unit
cell parameters found for MTO3 (Table 1), which show no further change with respect to MTOZ, and
endorse the fact that the substitution process goes to its saturation. These observations are in agreement
with previous reports on Mg-doped 5nO; by the sol-gel process [30]. Moreover, the Mg-doped 5nO;
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patterns also revealed additional diffraction peaks referring to the formation of NaCl crystals (1CDD
05-0628) on the matrix of the films. This could be attributed to the combination of sodium ions
(diffused from the glass substrate) and chloride ions {from the metal chloride precursor) to form NaCl
crystals [31].

Table 1. Lattice parameters and average crystalline size of the Mg-doped Sni(; thin films,

Sample Unit Cell Parameters Unit Cell Volume Average Crystallite Size
a=h(A) c(A) a=fi=y V=nc (AY D (nm)
5 4.732 3.187 90° 71.39 26*
MTO1 4739 3187 90" 71.58 9.8
MTO2 4.742 3181 90° 7151 9.6
MTO3 4.742 3181 Elie 7151 9.5

* 5n0; average crystallite size was estimated in our previous work [27],

SEM micrographs of the Mg-doped SnOs thin films (Figure 3} display different morphologies with
relatively rough topography and irregular particle distribution in all samples. Low magnification SEM
images of the films also reveal cracked patterned surfaces after the annealing treatment, Specifically,
the SEM images for the MTO1 films (Figure 3a) display the agglomeration of the nanoparticles in cubic
shape, whereas the MTO2 films (Figure 3b) show the presence of several hollow microtubes distributed
randomly on the surface, and the MTO?3 films (Figure 3¢) exhibit agglomeration of nanospheres.

Figure 3. SEM micrographs of the Mg-doped SnO; thin films, {a) MTO1; (b) MTOZ; (¢) MTO3.
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EDS analysis corroborated the presence of the three main elements in the films Sn, O, and Mg,
with proportional increase of Mg atomic percentage according to the doping level. The presence of
other elements, such as 5i and Na (associated with the use of glass substrate), and Cl (related to the
chloride-based precursors), are also registered and in line with the XRD results. Further properties of
the elements at the surface of the films were investigated by XP5.

Figure 4 displays the survey XPS spectrum for each film (ie, MTOI1, MTO2 and MTO3).
These spectra show a sharp and intense XPS core level Sn 3d and O 1s peaks around 486.5 eV and
53(.3 eV, respectively. The spectra also show minor peaks for Sn 4d;, Sn4p, Sn 4s, C 1s, Mg KLL, Sn
3psa, 51 3pyp, 51 3s, O KLL, Sn MINN, and Mg 1s. Na KLL and CI 2p peaks are also identified in the
spectra in concordance with the XRD and EDS results.
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Figure 4. XIS survey spectra of the Mg-doped 5n0; thin films, (a} MTO1; (b) MTOZ2; (¢} MTO3,

Figure 5 shows the deconvolution of O 1s and Sn 3d XPS core level spectra recorded on the films.
The O 1s core level peak exhibits slight asymmetry with a distinct shoulder in all the investigated
samples suggesting the presence of three components (Figure 5). The main component centered at
~530.3 eV is assigned to lattice oxvgen (O ) (oxygen directly bounded to a metal atom) [32]. The two
other components, found at higher binding energy ~531.6 and -532.4 eV, are connected with the
oxvgen vacancies (Oy) mandatory for charge compensation after doping and the chemosorbed oxygen
(O¢hem), respectively, as in the previous literature [33].

The 5Sn 3d region of the three samples (Figure 5) presents doublets at 486.5 and 494.9 eV for 5n
3ds;; and Sn 3dy, respectively. According to the literature [32], the three oxidation states of Sn atoms
are defined by three binding energy values as the following Sn” (485.0 eV), Sn®' (485.9 eV), and Sn**
(486.6 eV). Our results indicate the absence of Sn and Sn2* within the films and therefore confirm the
Sn*t oxidation state and the formation of SnOs by spray pyrolysis.
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Figure 5. Deconvolution of O 1s (left figure) and 5n 3d (right figure} XPS core level spectra, ((a) and
[d]} MTO1; ((b) and (e)) MTOZ; ((c) and (f)) MTO3, The circles denote experimental data, colored
lines demonstrate the deconvolution of peaks, and the black line corresponds to the sum of peaks
fits (envelope).

XPS results also show the Mg 1s core level peak and the Mg KLL Auger emission peak. Estimation
of the content of Mg at the samples indicate lower contents for MOT1 and MTOZ (~0.7 at.%) respect to
MTO3 (~1 at.%). The results in Figure 6a show the Mg 1s spectrum for the MTO1 and MTO2 films at a
lower energy (~1303.6 V) than that recorded for the MTO?3 films, which display a shift to a higher
energy (~1303.8 eV) most likely due to the oxidation of Mg [30,34]. The Mg KLL Auger spectrum
(Figure 6b—d) supports this fact by showing a component associated to Mg metal in the three samples
and a second component (only present in the MTO3 films and shifted 5.2 eV to higher energy) assigned
to Mg oxide [35,36]. These results are in line with the MgQ diffractions identified by XRD (Figure 2).

Owerall, the analysis of the material demonstrates the formation of Mg-doped Sn0O;. These results
indicate that the morphological differences in the films (i.e., MTO1, MTO2, and MTO3) are attributed
to the variation of Mg doping level in the SnO; films. The incorporation of the Mg precursor in the
spray solution affects the nucleation process and growth conditions of the films. This also slightly
deviates the crystalline structure of the doped films (with respect to pristine SnO;) and, therefore,
the film morphology. As the doping reaches a saturation point, the alloy system tends to dissociate
and a second phase material emerges (i.e., MgO) causing further change in the growth mechanism and
the film morphology. Previously, other authors also observed morphological changes in SnO; and
Zn0 films due to Eu (europium) [37] and Mg doping [38], respectively, and the formation of a MgO
second phase material.
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Figure 6. XIS of (a) Mg 15 core level spectra and ((b)-(d)) Mg KLL Auger spectra at MTO1, MTOZ, and
MTO3. The circles denote experimental data, colored lines demonstrate the deconvolution of peaks,
and the black line corresponds to the sum of peaks fits {envelope).

3.2. Gas Sensing Properties

Non-doped and Mg-doped SnO; films were exposed consecutively to various reductive gases
(ethanol, acetone, and toluene) in a concentration of 80 ppm at an operating temperature (Tap) of 160 °C.
A summary of the response to each analyte and each sample is presented in Figure 7a. These results
reveal low responses for the non-doped SnO; film compared to the Mg-doped SnO;, which show
higher responses to the target analytes as the Mg percentage increases in the films (e.g., MTO3
film response to ethanol is almost fourteen times higher than SnO; film). In contrast, the response
time (Figure 7b) shows a decreasing trend as the Mg percentage increases in the films, Generally,
the electrical measurements also revealed an increase of the film electrical resistance by more than five
orders of magnitude as the Mg percentage increases from 0 at.% to 1.6 at.%. In addition, the dynamic
response to ethanol (Figure 8a) displaved a more reproducible and stable signal for the Mg-doped films
compared to the non-doped film, particularly for those doped with a higher Mg concentration (MTO3).
Similarly, the dynamic response to acetone and toluene showed reproducible and stable signals as
shown in (Figure 8b) for the MTO3 samples. The results in Figures 7 and 8b also show better responses
towards ethanol than to acetone and teluene, in proportion to the increase of Mg doping. For instance,
the MTO3 film responses were 13.5, 3.1, and 2.3 for a concentration of 80 ppm of ethanol, acetone, and
toluene, respectively.

Further testing of the Mg-doped 5nQ; films to various concentrations of ethanol (highest response)
and toluene (lowest response) from 10 ppm to 80 ppm displayed a proportional increase of the response
with the gas concentration (Figures 9 and 10). We also observe that by increasing the Mg percentage
from 0.8 at.% (MTO1} to 1.6 at.% (MTQO3), the response to ethanol increases by two times (from 1.6 to 3)
for 10 ppm and by four times (from 3.2 to 13.5) for 80 ppm. Coincidently, we note that the response to
ethanol obtained from the MTO1 film to 80 ppm is almost equal to the response obtained from the
MTO3 film to 10 ppm. The same behavior, although with lower enhancement than that observed
for ethanol, was observed for toluene. Hence, these results demonstrate a major enhancement of the
response with the increase of Mg doping in SnO; film, especially towards ethanol,
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Figure 8. Response of the (a} non-doped and Mg-doped 5n() films to 80 ppm of ethanol and (b) MTO3
response to 80 ppm of toluene, acetone, and ethanol recorded at 160 °C.

Similarly, the film doping level also influences the sensitivity of the films (Figure 11), which could
be favorable for tuning of the cross-sensitivity (AS). Thus, we observed lower cross-sensitivity and in
turn, better selectivity between ethanol and toluene for the samples with higher doping levels (AS = 8.8
for MTO2 and AS = 13.9 for MTO3) as compared to the sample with low doping concentration (AS =
1.6 for MTO1). Thus, the results suggest partial selectivity to ethanol, particularly for the MTO3 films.

Further analysis of the dynamic response of the films (Figure Y) shows that the response time
(Figure 12) for ethanol and toluene is inversely related to the gas concentration in both cases. Forinstance,
for ethanol at 80 ppm, the response time decreases from 233 s (MTO1) to 143 s (MTO3), which is 90 s
faster, by doubling the Mg percentage in the SnO; film (from 0.8 at." to 1.6 at.%). Similar behavior is
observed for toluene with a response time decrease of 59 s for MTO3 with respect to MTO1. The results
also show a complete recovery of the base line in the three systems, which is accelerated by increasing
the Mg percentage in the films (Figure 9).

Owverall, the films displayed a low drift of the baseline resistance during each test, most likely
connected with the low operating temperature. Despite this, the response magnitudes did not show
significant changes. Generally, the MTO3 films showed better medium-term stability displaying 8%
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and 6% less deviation in the base line resistance during the whole testing period (see experimental
section) compared to the MTO1 and MTO2 films, respectively. Further analysis after the testing period
and after having exposed the films to all target analytes showed no significant changes in the main
core levels XPS spectrum of tin, magnesium, and oxygen, supporting the stability of the film.
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Figure 9. Dynamic response curves of Mg-doped Sn0; films at different concentrations of ethanal (left
figure) and toluene (right figure).
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Figure 10. Response of Mg-doped SnO; films vs. (a) ethancl and (b} toluene concentration at 160 "C.

Table 2 presents a comparison of our results and those for other materials in the literature. The table
summarizes the material synthesis method, testing conditions (concentration, operating temperature),
and response reported to ethanol and toluene. In this summary, one can notice the use of various
materials for sensing both gases, including intrinsic oxides (e.g., Sn0>, WO;, Fe;05) and modified
(e.g., SNOL/Zn0O, SnO;MgAlLOy) or doped (Mg-doped Zn0), Pr-doped Sn0;) oxides. Despite the
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comparison of the data being complex, as gas sensing results depend on not only the sensing material
but also the test conditions, we consider these data still meaningful to offer a general idea of the
properties of our samples. Overall, we observe that our results are in agreement with the literature
and that the responses recorded to ethanol and toluene with our samples are higher or in the same
order at a comparatively lower operating temperature (160 °C) and lower concentration (80 ppm)
than other works (which show operating temperatures above 200 °C and typically concentrations of
100 ppm). The response time recorded for the works in the literature is in general in the same order of
magnitude (hundreds of seconds) as for our films. Table 2 also includes an example of a similar system
(i.e., Mg-doped SnO; via spray pyrolysis) although tested towards a different analyte (LPG—liquid
petroleum gas). The response (1.4) of this system to 1000 ppm of LPG was registered at 285 °C.
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Figure 11. Sensitivity of the Mg-doped Sn0; films to ethanol and toluene.
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Table 2. Summary of the materials, testing conditions and responses to ethanol and toluene reported in the literature and in our work for MTO3,

Material Method Morphology c““::;:;?‘“’“ Top (°C) R/Rg bres (5) Ref
z Ethanol 2
Mg-doped SnO; Spray pyrolysis Nanospheres 50 160 13.5 143 This work
SnOn/ solid-state and ; Ethanol - _ i
MgALO, salisdl Nanocomposites 100 27 3.33 [39]
Heterostructure Ethanol
AuMg-TiO3/5n0; Hydrothermal SR =0 260 7 - [40]
RF magnetron - Ethannl & .
Mg-doped Zn0O Sputtering Rod-like =0 100 232 - [19]
Ce-doped SnO; Cosputtering Nanostructures ETSS ol 225 5 4 [14]
_ Hierarchical Ethanol .
Zn-doped SnOy Hydrothermal e e 100 213 13.8 - [16]
; — Ethanol
SnOa/ZnO Hydrothermal Nanostructures 100 400 6.2 - [41]
Chemical Ethanol =
-dope - = _ ”
Al-doped Sn0» synthesis powders 100 280 3525 [12]
- ; Ethanol
Pr-doped Sn(Cp Electro-spinning Hollow nanofibers 300 28.62 168 [15]

100




Sensors 2020, 20, 2158
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Material Method Morphology c“"::;::;""“ Top (°C) R/Rg bres (5) Ref
Mg-doped SnO; Spray pyrolysis Nanospheres Tol;; at 160 23 209 This work
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3.3. Gas Sensing Mechanism

Generally, the gas sensing results showed that all films behave as typical n-type semiconductors
when exposed to gases, Le., decreasing the overall electrical resistance in the presence of reducing gases
such as ethanol, acetone, and toluene. This is consistence with the most accepted sensing mechanism
model proposed in the literature for pristine metal oxides including SnO; [46]. According to this model
(Figure 13a), when 5n0; film is exposed to air, oxygen molecules are adsorbed at the surface and form
oxygen ions [47,45] (in our case O, is formed because the operating temperature is 160 °C [11]), thus
extracting electrons from the conduction band. As a result of this electron transfer, a depletion laver is
formed and the film electrical resistance is increased. As =oon as SnO; film is exposed to a desired
concentration of a reducing gas, such as ethanol, acetone or toluene, the reductive gas molecules
will interact with oxvgen negative ions and transfer the electrons back to the 5n0; conductive band.
Therefore, the depletion layer narrows and the film electrical resistance decreases [46].
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Figure 13. Schematic representation of the gas sensing mechanisms of (a) non-doped and (b and ¢}
Mg-doped Sn0; films in air (left) and reductive gas (right). Egp is the bottormn of conduction band; Eg is
the bulk Fermi level; Eyp is the top of valence band; A® is the built-in potential barrier; Xn, and Xna
are depth of the depletion layer from the surface; Xy is the depth of the accumulation layer from the
surface (not to scale),

This mechanism is similar for the Mg-doped films (Figure 13b). However, in this svstem the
incorporation of Mg into the SnO; structure enhances the sensing mechanism due to the lattice disorder
introduced by the substitution of Sn** ions by Mg®* ions and the subsequent diminution of the
crystallite size by nearly three times with respect to the pristine SnQOs films (Table 1). Then, more
reactive oxygen molecules are adsorbed in the pre-adsorption cycle and available to interact with the
reductive gases [16,49].

The mechanism for the over-doped films (Figure 13c), however, includes a new component,
introduced by the second phase particles (i.e.,, MgO) rather than by the change in crystalline size
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(notice the crystallite size of MTO1, MTO2, and MTO3 is similar). The presence of second phase
particles with low loadings enhances further the sensing mechanism via a ‘spillover effect’ [50], which
can be connected with the faster response and recovery time of MTO3 with respect to MTOZ and
MTO1. The second phase particles also introduce an extra potential barrier formed between the
MgO and Mg-doped SnO; (heterojunction). This extra potential barrier may accumulate or deplete
extra-pre-adsorbed oxygen in the boundary grain to grain, thus maximizing the electrical resistance
change in the gas (analyte) adsorption stage, as noticed earlier for other gas sensitive materials with
nanoscaled heterojunctions [6,51].

On the other hand, the visibly different morphologies in the films, as result of the Mg doping,
could also play a role in the sensing performance by providing a different electrical percolation and
possible fluctuations (noise) in the grain boundaries. Although the current de measurements do not
sive evidence of the level of these fluctuations, we cannot rule out the presence of a parallel mechanism
dependent on the grain boundaries, as noticed previously for ethanol and hydrogen by low-frequency
noise measurements [52].

4. Conclusions

Mg-doped SnO; thin films synthesized via a spray pyrolysis method were investigated for ethanol,
acetone, and toluene sensing. Overall, the Mg-doped SnO; films proved a more reproducible sensing
behavior with complete recovery of the base line resistance compared to the non-doped SnO; films.
This paper proposes that increasing the Mg-doping level (from (.8 at.% to 1.6 at.%) is responsible
for the improvement of the sensing properties due to the decrease in the crystallites’ size and to the
increase in defects in the SnOs films. The results indicate that this remarkable improvement is also
connected with the formation of MgQ, which favors the spillover effects at the film and incorporates
extra potential barriers formed between the MgO and the Mg-doped SnO3 grains. Both components
(i.e., size reduction and the incorporation of MgO) play an important role in enhancing the ethanol
sensing behavior of Sn0;, and thus, the response of the 1.6 at.% Mg-doped SnQ; films is four times
higher and 90 s faster than the response of the (.8 at.% Mg-doped 5n0; films.
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ABSTRACT

Synthesis of micro- and nano-sized crystalline BaFeO, particles by precipitation
from the electrochemically synthesized potassium ferrate(VI) solution by means
of barium hydroxide and its encapsulation in paraffin wax were explored using
scanning electron microscopy, X-ray diffraction spectroscopy and FTIR spec-
troscopy. Experimental results showed effective synthesis of the micro-sized
and nano-sized BaFeO, particles and their coating by the paraffin wax layer. The
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Nature 2020 encapsulated micro- and nano-sized particles of BaFeO, were applied in
investigating the possibility of degradation of pesticide clomazone in water. The
removal of clomazone from water by oxidation using encapsulated BaFeO,
could be almost 95%.

Introduction According to European Union Directive 98/83/EC

Pesticides are biologically active compounds pro-
duced for use in agriculture in order to prevent or
limit harmful effects of biological agents, such as
insects, rodents, causal agents of plant diseases,
undesirable plant species (weeds) and others. How-
ever, application of pesticides is often accompanied
by the risk of adverse consequences for the
environment.

The frequent occurrence of pesticides in wastewa-
ter together with other pollutants has led to increased
concern for human health, due to their high toxicity,
bioaccumulation, carcinogenicity, mutagenicity and
endocrine-disrupting effects [1-4].

Address correspondence to E-mail: mimosa@eunet.rs

https:/ /doi.org/10.1007/s10853-020-04519-4

(1998), the maximum allowable concentration for the
pesticide present in drinking water is 0.10 mg/dm°,
while the total concentration of pesticides should not
be greater than 0.50 g/dm®. The herbicide clomazone
(2-[(2-chlorophenyl)methyl]-4,4-dimethyl-3-isoxazo-
lidinone) is particularly widely used against species
of annual broadleaf weeds and grass. It is highly
effective in weed control in the cultivation of soy-
beans, cotton, rice, sugar cane, corn, tobacco and a
variety of other vegetable crops [5, 6]. However, due
to its high water solubility (1100 mg/1) and long half-
life dissipation, averaging from 28 to 84 days, it can
cause groundwater contamination [6].
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The development of oxidative decomposition pro-
cesses results in new treatment processes in the field
of chemical water treatment, known as advanced
oxidation processes (AOPs), which include ozoniza-
tion, electrochemical water oxidation that produces
powerful oxidative species, use of peroxo acids and
salts and tetraoxo-ferrate(VI) salts [7]. The relative
stability of pesticides in the environment, as well as
their slow decomposition by photolysis or transfor-
mation to toxic products, has led to the need to
develop new technologies for purification of water
polluted by pesticides. Biodegradation and pho-
todegradation are used as the main techniques in
wastewater treatment [8, 9]. However, the above
method does not have wide application in industry,
mainly because of the long process of purification
and low efficiency when the concentration of pollu-
tants is small. Likewise, wastewater containing pes-
ticides cannot be effectively treated by biological
methods, due to their toxicity to microorganisms and
because their biodegradability is not possible [10].

Application of ferrate(VI) salts in the treatment of
water of various origins showed high efficiency and
cost-effectiveness compared to conventional meth-
ods. It has been shown that ferrate(VI) as environ-
mentally safe compounds could be used as oxidizing
agents in various processes of chemical synthesis,
strong disinfectants which destroy pathogenic
organisms, means for coagulation and flocculation,
agents for decontamination of toxins of chemical and
biological origins, agents for heavy metal removal
from water and wastewater and agents for removal of
radioactive elements from radioactive wastewater
[11-18].

If kept dry and in a vacuum, solid ferrate(VI)
compounds can be stored for years without
notable degradation. Hence, there is necessity for its
stabilization after synthesis to suppress its decom-
position before use [19, 20]. In the neutral and lower
pH values of water solutions, ferrate(VI) decompose
rapidly, because of water oxidation, as ferrate(VI)
redox potential increases with the decrease in solu-
tion pH value [21]. Therefore, ferrate(VI) is stabilized
by pH adjustment over the value of 10 and by com-
plexation of transition metals cations, which could
promote ferrate(VI) decomposition. Also, the partial
exchange of iron(VI) (Fe(VI)) in the ferrate(VI) with
its isomorphs (Si(VI), S(VI)) can increase its stability
[22, 23]. Further, ferrate(V1) salts” stability in water is
substantially increased if during the ferrate(VI) salt
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synthesis the cations of alkali metals in ferrate(VI) are
substituted with the cations of alkaline earth metals,
Ba, Ca or Sr [24, 25]. Such ferrate(VI) salts are
stable even in moderately acidic aqueous solutions,
because of the much slower kinetics of water oxida-
tion by them. Hence, we decided to use barium fer-
rate(VD) for treatment of clomazone-contaminated
water.

Micro-encapsulation modifies properties of a core
material, and it is used to control a core material’s
release characteristics and to improve its stability by
protecting it from environmental conditions, which
would promote core material decomposition. Paraffin
is found to be a good material for encapsulation
[26, 27].

Here, we report the results of the experimental
coating procedure of micro- and nano-dimensional
BaFeO, crystallites with paraffin dissolved in cyclo-
hexane and the possibility of using encapsulated
BaFeQ, in the process of removing pesticide cloma-
zone from water.

Materials and methods
Chemicals

All chemicals were of reagent grade and were used
without further purification. Clomazone, 98.8%, pes-
tanal quality, was manufactured by Riedel-de Haén.
The chemical structure and main characteristics of
pesticide clomazone are presented in Table 1. 35%
HCI was obtained from Lachema (Neratovice, Czech
Republic), NaOH and KOH from ZorkaPharm
(Sabac, Serbia), Ba(OH); from Merck, 96% ethanol
paraffin wax (m.p. 58-60 °C, oil content < 0.5%) and
cyclohexane from Centrohem (Stara Pazova, Serbia).
All solutions were made using doubly distilled water
(DDW). The pH of the reaction mixture was adjusted
using a diluted aqueous solution of HCl or NaOH.

The synthesis process of solid BaFeOy,

BaFeQ, crystallization was performed by addition of
13 g of Ba(OH),-8 H;0O, as a 10% Ba(OH),, in the
vigorously agitated 500 ml solution of 0.08 M K,FeOy
in 10 M KOH at 30 °C. Applied K;FeO, was synthe-
sized by electrolysis in a solution of 10 M KOH using
a two-compartment electrolysis cell, separated with a
ceramic anion impermeable membrane according to
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Table 1 Structural formula of
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clomazone and its properties Structural formula Cl

2-(2-chlorphenyl)-methyl-4.4-dimethyl-3-isoxazolidinon //
N CH,
|
O}<CH3

Formula C511,CINO,

Density 1.19 g/em®

Boiling point Ll e B

Appearance White solid

PubChem CID: 54778

Molar mass 239.69806

the procedure defined in the literature [12, 28] and
reactions (1-3).

Anode: Fe + 80H — FeOl + 4H,O + 6e~ (1)
Cathode: 2H,O + 2¢~ — H, + 20H™ (2)

Cumulative reaction: Fe + 20H™ + 2H;0
— FeO2™ + 3H, (3)

The concentration of synthesized K;FeOy, a purple
red anolyte solution, was determined by the chromite
method [29]. The resultant anolyte, K;FeOy solution,
was removed from the electrolysis chamber and
added through a filter to a 10% wt. Ba(OH),, using
the volume of Ba(OH), solution calculated according
to a predetermined Ba/Fe ratio. After 10 min of
vigorous stirring, ex situ solid BaFeO, can be pre-
cipitated due to the low solubility compared to
K,FeO,, reaction (4):

KyFeOs + Ba(OH), — E4 | +2KOH (4)

The resultant suspension was vacuum-filtered
through a sintered glass filter B2 and washed with
chilly triply distilled water to pH = 7. The washed
BaFeO; was dried at room temperature for 20 h
under 50 mbar to a constant mass and then kept in a
desiccator over silica gel under 300 mbar. BaFeOy
yield and purity were determined by titrimetric
chromite analysis [29]. The yield was 90% of theo-
retical value with purity of 95%.

The encapsulation process of BaFeO,

Encapsulation of micro- and nano-crystalline barium
ferrate(VI) in the paraffin wax was performed by a
phase separation method in the organic solvent
cyclohexane. The paraffin wax solution was prepared
by dissolution of 5 g of paraffin wax in the 100 cm®
cyclohexane. The mixture of paraffin  and

cyclohexane was heated to 60 °C and stirred under
reflux until the dissolution of paraffin wax. Then, 5 g
of the untreated (as-produced) micro-crystalline
BaFeO, was slowly added in the stirred paraffin wax
solution and exposed to reflux for 15 min. Hot sus-
pension in cyclohexane was quickly centrifuged and
dried in a vacuum chamber. Encapsulated micro-
crystalline BaFeQ, was stored in a vacuum desiccator
prior to further use.

The morphologies of BaFeO, particles were exam-
ined using a scanning electron microscope (TESCAN,
Tescan, Brno, Czech Republic). FTIR spectrum of
BaFeO, mixed in a conventional KBr pellet was
obtained by using a Bomem MB-100, Hartman and
Braun spectrophotometer. X-ray diffraction analysis
of synthesized BaFeO, samples was taken with a
PHILIPS PW 1710 X-ray diffractometer, using
monochromatized Cu-Ko radiation (4 = 1.5418 A).

Procedure for clomazone removal
from water using the encapsulated BaFeO,

As oxidative agents for exploration of the possibility
of clomazone degradation in double distilled water,
the solid-state micro- and nanocrystalline bare and
encapsulated BaFeQy, in solution of 40 mM /Il BaFeO,
versus Fe, were chosen. They were also used as a
source of ferric hydroxide, an eco-friendly coagulant
and flocculent, which is the product of ferrate(VI)
reduction.

The samples of 150 ml of 40 mg/l clomazone
solution were treated with 6, 15 and 20 mM /1 BaFeOy
versus Fe at pH = 6.5 and a temperature of 23 °C. The
treatment of clomazone samples was carried out
using the Jar test equipment with a four-stirrer unit
(Velp JLT4, Italy). The mixing rate was at first
300 rpm for 10 min and then 160 rpm for 20 min. The
treated samples were then filtered through a ceramic
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vacuum filter with a pore size of 0.2 um. The change
in the concentration of clomazone was monitored
using a UV-Vis spectrophotometer (UV 1800 Shi-
madzu, Japan,) at a wavelength of 210 nm and cali-
bration curves.

Results and discussion
Characterization of the BaFeO,

Analysis of crystallinity of the synthetized samples
by X-ray diffraction spectroscopy showed crystal
structure and composition of BaFeQO,, as shown in
Fig. 1.

The X-ray diffraction pattern of the synthesized
BaFeQ,, seen in Fig. 1, shows diffraction peaks at
characteristic wavenumbers which correlate with
dimensions of unit cells based on an orthorhombic
crystal system which corresponds to literature data
[30, 31] for the Pnma space group of the orthorhom-
bic crystal system, same as BaCrO,4 and BaSOj, the
isomorphs with BaFeOj.

Synthesis of BaFeOy is equally confirmed by FTIR
spectroscopy. Characteristics of FTIR spectral bands
for BaFeO, shown in Figs. 2 and 3 correlate well with
relevant literature data [20, 32, 33].

The triplet of the absorbance bands at wavenum-
bers 856, 816 and 777 cm™', clearly seen on the FTIR
spectra in Fig. 2, denotes light absorption of BaFeO.
Weak band of paraffin wax is seen at wavenumber

80
BaFeO,
70
60 4

50

40 ¥

Intenzitet (a.u.)

26()

Figure 1 Powder X-ray diffraction pattern of clectrochemically
synthesized BaFeQ,.
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719 cm ™' on the FTIR spectrum in Fig. 3. Band at
wavenumber 692 cm™'  denotes  Ba(OH),-8H,O
impurities light absorption [34, 35].

On the FTIR spectra of the coated BaFeO, by
paraffin wax, shown in Figs. 2 and 3, absorption
bands between wavenumbers 1618-1637 cm™' and
32503550 cm™" signify stretching and bending of the
water molecules and OH groups’ vibrations. Rather
well-defined aliphatic hydrocarbon absorption bands
of the alkane chain at wavenumbers 2916, 2853,
1448 em™' and weak band of paraffin wax at 719 cm™'
show the presence of paraffin on the BaFeO, parti-
cles. Also, significant reduction in the BaFeO, triplet
bands in Fig. 2 is an obvious consequence of the
encapsulation in the paraffin wax [34, 35].

So, the comparison between the FTIR spectra of the
uncoated and coated by paraffin BaFeO, proved the
efficiency of the encapsulation process.

The SEM micrographs of the BaFeO, powder sur-
face morphology are given in Fig. 4. The sample
appears in several different forms of micro- and even
nano-sized barium ferrate(VI) crystals such as pina-
coid, rhombic prism or rhombic bi-tetragonal pyra-
mid, which are all typical for orthorhombic crystal
structure.

In Fig. 5, different forms of BaFeQO, crystals
encapsulated in the thin film of paraffin wax are
noticed, and encapsulated nano- and micro-sized
barium ferrate(VI) particles are presented.

087 __ pareo

0.7
0.8:
0.5-:
0

0.3

Relative absorbance
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185633 81775
R T T
e
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a" n T eaas
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Figure 2 FTIR spectra of the BaFeO4.
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Figure 3 Extended FTIR spectrum of the encapsulated BaFeO4.

Figure 4 SEM micrograph of
the BaFeO, microcrystalline
precipitate.

7299

Comparative analysis of treatment
of the clomazone-contaminated water
by encapsulated and bare solid BaFeO,

The kinetics of the clomazone concentration decrease
in contaminated water after treatment with encap-
sulated BaFeO, was monitored by time-dependent
changes in the absorbance of UV-Vis spectra for
clomazone in the water, which were recorded for
different concentrations of added encapsulated
BaFeQOy, as shown in Figs. 6, 7 and 8. The concen-
tration of clomazone during the treatment was
determined from the previously obtained calibration
dependence of UV-Vis absorbance of the clomazone
water solution and clomazone concentration in water.

L

W 4B0 mm

mm MIFAT

SE +inBeam 1 pm

BAgIN S Performance in nenospoce
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Figure 5 SEM micrograph of
the encapsulated BaFeQ,
microcrystalline precipitate.
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SEM MAG: 34.6 kx  Data{midiy): 03/0

Kinetic curves that are showing the changes in per-
centage of clomazone concentration reduction with
time presented in Figs. 9 and 10 clearly demonstrate
the increase in the clomazone concentration reduc-
tion with the increase in the barium ferrate concen-
tration applied in the treatment. Also, the percentage
of clomazone concentration reduction after applica-
tion of the encapsulated BaFeQy, as shown in Fig. 9,
is notably greater with respect to the case when bare
solid BaFeO, has been applied, as shown in Fig. 10, in
the equal experimental conditions.

The presented results show that for the applied
ferrate(VI) concentration of 6 mM/1 BaFeQ, versus
Fe, the percentage of clomazone removal is 58%
when the bare solid BaFeQy is applied and 75% when
the encapsulated BaFeQj is applied, after a period of
90 min, while for the applied concentration of fer-
rate(VI) of 15 mM/1 and 20 mM/I from bare and
encapsulated BaFeQ,, the removal efficiency is 73%
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and 85%, and 87% and 93%, respectively, under the
same experimental conditions.

The comparison of the efficacy in reduction in
clomazone content in the water after application of
non-encapsulated and encapsulated ferrate(VI) salts
is shown in Fig. 11, where it can be noticed that the
degree of clomazone removal by encapsulated
BaFeQ, is higher than 90%, while the results for non-
encapsulated BaFeQy are slightly poorer, particularly
when lower ferrate(VI) concentration is applied.

It has been shown that the application of 6 mM/1
ferrate(VI) from encapsulated BaFeO, can remove
76% of clomazone, which is considerably more effi-
cient regarding the application of 6 mM/1 ferrate(VI)
from freshly synthesized bare BaFeO, which can
remove 57% of clomazone.

However, Fe(OH);, formed as a product in the
reaction of pollutant with ferrate(VI), is a powerful
coagulant and flocculent and enhances the efficiency
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Figure 7 Changes in Abs in UV-Vis spectrum of clomazone
(initial ¢ = 40 mg/1) with time and after adding of 15 mM/l
encapsulated BaFeQ,4 versus Fe.

of wastewater depollution, but simultaneously
catalyses the reaction of the ferrate(Vl) decomposi-
tion. So, the positive effect of the ferrate(VI) encap-
sulation is that it provides slower ferrate(VI) ion
release to the extent just necessary for the pollutant
oxidation and hence reduces wasting of ferrate(VI) in
unwanted reaction. The comparative results of the
treatment of water contaminated by clomazone
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Figure 8 Changes in Abs in UV-Vis spectrum of clomazone
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Figure 9 Effect of encapsulated BaFeO,4 on clomazone removal
(initial ¢ = 40 mg/l) with reaction time at pH = 6.5.

applying bare or encapsulated ferrate(VI), as shown
in Figs. 9 and 10, confirm the given explanation.

Conclusion

In this paper, we reported the results from experi-
mental coating procedure of micro- and nano-di-
mensional BaFeQy crystallites with paraffin dissolved
in cyclohexane, and we demonstrated the benefits of
using encapsulated ferrate(VI) for clomazone pesti-
cide removal.

@ Springer
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Figure 11 Comparison of the efficiency between bare BaFeOy
and encapsulated BaFeQy in the process of removing different
concentrations of pesticide clomazone from contaminated water
(numbers 1, 2 and 3 correspond to 6, 15 and 20 mM/l BaFeOy vs.
Fe).

The results are based on the scanning microscopy,
FTIR spectroscopy and X-ray diffractometry of the
uncoated and coated BaFeO, crystallites. Crystal-
lization of the micro-sized and nano-sized crystallites
of barium ferrate(VI), performed by the reaction of
barium hydroxide with the potassium ferrate(VI) in
the alkaline solution, resulted in the formation of
various crystal shapes of the orthorhombic crystal
system. Apart from usual forms of this crystal sys-
tem, pinacoids (parallelohedron), rhombic prisms
and rhombic bi-tetragonal pyramids, remarkable

45‘_3 Springer

] Mater Sci (2020) 55:7295-7303

crystal shapes in the form of elongated rhombic
prismatic rods, nano-whiskers and nano-tubes have
been grown during crystallization. X-ray diffractom-
etry and FTIR spectrometry proved chemical com-
position and crystallinity of the obtained BaFeQj
FTIR spectrometry, and scanning electron micro-
scopy showed successful coating of the BaFeOjy
microcrystalline particles with paraffin wax film in
the form of microcapsules by a phase separation
method from the paraffin wax solution in
cyclohexane.

In the case of water treatment with the pesticide
clomazone using an encapsulated and non-encapsu-
lated BaFeQy, the removal with encapsulated BaFeOy
was improved by about 20%.
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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 CO,, NOx and
SOy, in other indoor/outdoor air quality monitoring scenarios other gases such as Os,
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, In O3 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(COg), Sigma-Aldrich,
298%). 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 flms 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 °C 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, Cu20, and Fe;O3 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]
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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].
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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 100-250°C. Sensors were of pure WO3 and also functionalized with particles
of Fe;O3 and Pt respectively. Figure 5 b) shows the dependence of the sensor
response with the toluene concentration at a working temperature of 220°C.
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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 °C.



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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Abstract: Gas microsensors based on tungsten oxide (WQOsz~) nanowires (NWs) silanized with APTES
(3-aminopropyltriethoxysilane) are developed in this work. These surface modified microsensors are
highly sensitive to ethanol at room temperature (RT) via photoactivation and show enhanced
selectivity towards other volatile organic compounds (VOCs) including acetone and toluene.

Keywords: gas sensors; tungsten oxide; silanization

1. Introduction

Metal oxide (MOX) NWs are attractive in gas sensors because they have proved to enhance the
functionality of these devices, particularly in terms of sensitivity, due to their higher surface area to
volume ratio as opposed to bulk MOXs. These materials can be synthetized with tuned surface
morphologies via scalable and industrially relevant bottom-up techniques. For instance, previously,
we have demonstrated the synthesis of various MOX (e.g., WOs~, Zn0O, and 5SnO») structures using a
vapor-phase method enabled via aerosol-assisted (AA) chemical vapor deposition (CVD), and their
enhanced sensitivity, stability and reproducibility to various gaseous analytes [1]. However, the lack
of selectivity and need of relatively high temperatures, above 200 °C, for proper operation of these
materials were also evidenced, as for other MOX in the literature [2]. In this context, a next generation
of gas sensor devices operating at low temperatures, ideally RT, and providing good selectivity to
key target analytes, such as VOCs (ketones, hydrocarbons and aldehydes) is highly desirable to
reduce the operational power consumption and achieve the demand of specific applications in terms
of selectivity.

Photoactivation of gas sensitive materials can be used as an alternative to thermoactivation to
circumvent high power consuming resistive heaters allowing gas sensing at RT [3]. Furthermore, the
modification of the surface chemistry of inorganic semiconducting supports with organo functional
molecules can also be used to enhance the selectivity and influence the electrical properties of the
support. Previous studies in the field of modified surfaces for gas sensing have focused particularly
on the surface modification of Si NWs and the determination of the characteristics of the molecular
modifying layers to achieve better functionality [4]. However, the modification of gas sensitive MOX
with organo functional molecules in the literature is still less common. Therefore, here we present
our recent results on the fabrication of microsensors based on silanized WO3-. NWs. Silanization is a
widely used method to modify MOX surfaces and encourage the formation of bonds across the
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interface between the MOX and organic compounds (e.g., VOCs). Hence, in this work we also study
the sensing properties of the silanized microsensors towards VOCs such as ethanol, acetone and
toluene using UV photoactivation at RT.

2. Materials and Methods

The microsensors consist of a membrane of SisN:/S5i0z (300 nm/500 nm thick) with Ti/Pt
interdigitated electrodes (25 nm/250 nm thick) on the top. WO:-« NWs were grown directly onto the
interdigitated electrodes using the AACVD method described previously [3]. Subsequently, the gas
sensitive NWs underwent a cleaning process, which included rinsing in deionized water, drying in
desiccator, and finally removing the adsorbed species and generating active hydroxyl groups on the
surface by plasma treatment. The silanization was carried out at 120 “C via CVD. An aminosilane
(APTES; 3-aminopropyltriethoxysilane, Sigma) solution was used to modify the sensitive films. The
whole process spanned 10 min. A photograph of the sensor device is displayed in Figure la.

Si-based
transducing platform

Figure 1. Photograph of the sensor device mounted on a TO-8 package and its cross-section after
integration of the WOs--NWs (a). SEM imaging (top-view) of the WO NWs (b).

The morphology of the films was examined using Scanning Electron Microscopy (SEM— Carl
Zeiss, Auriga Series) and the chemical composition using X-ray photoelectron spectroscopy (AXIS
SupraTM Kratos Analytical, with Al/Ag monochromatic X-ray source). Further analysis of the films
were carried out using X-ray Diffraction (XRD—Rigaku SmartLab 3 kW, Cu Ka radiation) and
transmission electron microscopy (HRTEM —FEI Tecnai F20, 200 kV).

Microsensors were tested in a continuous flow (200 sccm) test chamber provided of mass flow
controllers and continuous illumination from a LED (light-emitting diode) with wavelength of 365
nm. Sensors were exposed to various calibrated concentrations of ethanol, acetone and toluene and
subsequently the gaseous analytes were purged with air (3X, Praxair) until the initial baseline
resistance in air was recovered. The sensor response was defined as Ra/Rg, where Ra and Rg are the
resistance in air and in gas, respectively.

3. Results

SEM imaging of the films displayed NWs with diameters of ~100 nm and lengths of ~8 um,
corresponding to an aspect ratio of 80 (Figure 1). XRD analysis of the NWs showed crystalline
structures with intense diffraction peaks at 23.1% 20 (d = 3.85 A) and 47.2° 20 (d = 1.92 A) that
correspond the (002) and (004) reflections of the monoclinic phase WO: (P21/n; ICCD card no. 72-
0677). Similarly, HRTEM also revealed highly ordered crystalline NW structures with marked planar
spacing of 3.6 A along the NW, consistent with the unit cell observed by XRD and with previous
results [2].

Figure 2 displays the XPS spectra for the APTES modified and non-modified WOs« NWs. Both

samples display W 4f core level peaks with similar characteristics to those observed in our previous
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works. Additionally, the spectrum recorded for the modified films shows the presence of 5i 2p, 5i 2s

and N 1s core-level peaks, thus demonstrating the silanization of the WO:-- NWs surface.

N1s C1s wai

APTES modified Woa-; NWs

Intensity, a.u.

FEX  REANLELLAS | Fryrer ryeer TYTETY BED]
1200 1000 800 600 400 200 0
Binding energy, eV

Figure 2. Survey XPS spectra for the APTES modified and non-modified WO:xNWs (only the peaks
of interested have been marked).

Photoactivated gas sensing tests performed at RT towards various concentrations of acetone,
ethanol and toluene demonstrated noticeable selectivity towards ethanol for the APTES modified
WO:-«NWs as opposed to the non-modified WOz« NWs, which displayed negligible response to the
gases tested (Figure 3a). The response of the APTES modified microsensors to ethanol reached nine-
fold the response of the non-modified microsensors for a concentration of 80 ppm (Figure 3). The
higher sensitivity of the APTES modified sensors to ethanol is attributed to the higher polarity of this
molecule as compared to acetone and toluene [5].

25 25
WO, NWs a) —o—=WO,_ NWs b)
F5s APTES modified WO:_I NWs —&— APTES modified \NO_H NWs
204 20
80 ppm
©
g 15
[= 9
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5 104
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Time, s

Figure 3. Sensor response to 80 ppm of acetone, ethanol and toluene (a), and sensor response towards
various concentrations of ethanol (b) for the APTES modified and non-modified WO3xNWs.

4, Conclusions

Gas microsensors based on silanized WO:x NWs have been developed in this work. Both, the
synthesis of WOs;«NWs and the silanization of their surface (using aminosilane) were performed
directly on microtransducing platforms via CVD. XPS analysis of the modified WOz« NWs confirmed
the silanization of their surface. Photoactivated gas sensing test at RT demonstrated that the silanized
structures (as opossed to non-silanized structures) are highly sensitive and selective to ethanol
towards other volatile organic compounds including acetone and toluene.
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