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SUMMARY

Design and Fabrication of Gas Sensors by using

Heterostructured Nanomaterials

At present, atmospheric pollution is a worldwide issue due to various human
activities such as the burning of hydrocarbons in the form of numerous fuels through
industrial, vehicle, automobile, and domestic sources which emit harmful and toxic
gases [1]. These toxic gases are harmful to human beings as well environment. So, the
monitoring of toxic and harmful gases is quite necessary [2]. For this purpose, highly
sensitive, self-powered, and robust gas sensors are required. This motivation is driven
by the significance of gas sensor technology in a diverse number of areas such as
environmental monitoring, the security sector, medical diagnostics, and food

industries [2, 3].

The numerous kinds of gas sensor technology that span the capability to detect
various types of gases. Fig. 1(a) illustrates the different types of gas sensing devices
such as optical, electrochemical, capacitive, acoustic, and resistive sensors [4].
Among them, resistive type gas sensors have been widely investigated due to their
unique advantages such as excellent sensitivity, cost-effectiveness, easy fabrication,
real-time detection, facile integration, highly stable, compact, and portable [5]. At
present, in resistive-type gas sensing devices different types of nanostructured
materials are widely used as shown in Fig. 1(b). These nanomaterials include metal
oxide semiconductors (MOS), carbon nanotubes (single and multi-walled), 2D
materials, conducting polymers, graphene and its derivatives (graphene oxide (GO)
and reduced graphene oxide (rGO)), and metal-organic frameworks (MOFs) etc. In
comparison to MOS, other nanostructures such as carbon nanotubes are relativity
expensive and have poor selectivity [6]. Graphene and its derivatives-based gas
sensors are prone to conglomeration between layers and have low yields and high
prices. Also, conducting polymers-based gas sensors possess low stability, long
recovery time, and poor mechanical strength [7]. MOSs are promising gas-sensing
materials due to their easy fabrication, highly sensitive, robust, miniaturized, and
stable etc. However, the binary MOS gas sensors had poor selectivity and operated at
high temperatures. High operating temperature, low sensitivity, and poor selectivity

are the problems of binary MOS-based gas sensors [8]. These shortcomings are
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overcome due to the doping of noble metals, sensitization, functionalization, a
combination of more than two metal oxides, and MOS-based heterostructures [9].
Interesting characteristics of heterostructures include the formation of heterojunctions,
which separate charge carriers, greater active sites, spill-over effects, etc. making
potential candidates used for the detection of gases [10, 11]. Fig. 1(c) represents the
general type of heterostructures including mixed, core-shell, multilayer, decorated,

branched, and hollow etc.
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Fig. 1. Representation of different types of (a) gas sensors, (b) nanostructured
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materials, and (c¢) heterostructures categories.

MOS heterostructures-based sensing devices are used for the detection of
different analytes, but there are still numerous findings and research which are to be
achieved to recognize entirely the opportunities of these materials. All the chapters

are summarised as follows:

Chapter 1 deals with the description of MOS-based heterostructures, their

types, properties, and synthesis methods. In this chapter, various kinds of gas sensors
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such as thermal, electrochemical, optical, and chemiresistive sensors are discussed.
The general gas sensing mechanism of n-type and p-type semiconductors based on
space charge layer, Debye length, and grain size were briefly explained. Also,
variations in the resistance of n-type and p-type semiconductors after exposure to
oxidizing/reducing gases were explored. Various preparation techniques used to
synthesize different heterostructures were described. Additionally, the role of
heterojunction (p-n, n-n, and p-p) and their gas sensing mechanism were explained.
This chapter describes various kinds of detection techniques based on the operation of
resistive-type gas sensors. These techniques are including such as high operating
temperature and self-powered system. Self-powered gas sensors operated without an
external power source using nanogenerators (TENG and PENG) along with
opportunities and challenges in MOS heterostructures-based gas sensors have been

discussed.

Chapter 2deals with the preparation of undoped and indium-doped SnO
nanomaterials by using sol-gel route. In this investigation, a highly responsive and
cost-effective liquified petroleum gas (LPG) sensor using indium-doped SnO:
nanospheres operable at room temperature (RT) has been fabricated. The synthesized
nanomaterials were characterized to study surface morphology, elemental
compositions, crystal structure, phase formation, optical absorption, etc through SEM,
EDS, XRD, TEM, Raman, FTIR and UV-visible spectroscopy.

After the doping of indium, the properties of nanomaterials were changed. The
crystallite size of SnO> and In/SnO, nanomaterials were estimated as 10.60 nm and
7.53 nm respectively. Additionally, from SEM analysis the average particle size of
SnO; and In/SnO; nanospheres were around ~35.25 nm and ~29.96 nm, respectively.
Fig. 2(a) shows the SEM micrograph of In/SnO; nanospheres. The optical band gap
was estimated by UV-visible absorption spectrum and found to increase because of
decreasing the particle size of In/SnO; nanosphere. The direct optical energy
bandgaps for SnO; and In/SnO, were found as 3.72 eV and 3.87 eV respectively as
shown in Fig. 2(b).

The sensing characteristics of In/SnO- thin film have been studied and it was
found quite useful to detect the concentrations below LEL (0.5-2.0 vol%). The LPG
sensing characteristics of In/SnO» film are shown in Fig. 2(c). The maximum sensor

response of undoped and Indium-doped SnO; was estimated as 1.67 and 4.65 for 2.0
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vol% LPG. Thus, the sensor response of Indium-doped SnO; is ~5.37 times higher
than undoped SnOssensor.The sensitivity of the pristine SnO> and Indium-doped
SnO; films were found ~0.386 sensor response/vol% and 2.087 sensor response/vol%,
respectively as shown in Fig. 2(d). Also, the sensitivity of Indium-doped SnO> thin
film was found ~5.40 times higher than SnO, thin film. In comparison to bare SnO»
nanomaterials, the Indium-doped SnO, sensor showed high sensing performance.

Also, the minute effect of humidity on gas sensing was observed.
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Fig. 2. SEM micrograph of(a) In/SnO,, (b) UV-visible absorption spectra with inset
of Tauc’s plot, (c) transit LPG sensing of In/SnO> sensor, and (d) response curve

towards different concentration 0.5-2.0 vol%.

Chapter 3 describes the preparation of ZnO/NiO (1D/3D) heterostructures by
using the green technique. In this work, Azadirachta Indica (Neem) leaf extract was
used for the preparation of ZnO, NiO, and ZnO/NiO nanomaterials. Plant-mediated
green synthesis of nanoparticles is a cost-effective, eco-friendly, time-efficient, and
innovative technique [12]. The morphological investigation of ZnO and NiO was

done by SEM and confirms the formation of nanorods and nanocubes whereas,
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ZnO/NiO nanocomposite clearly observed that the two morphologies such as
nanorods and cubes exist. The SEM micrograph of ZnO/NiO heterostructures is
shown in Fig. 3(c). The structural properties were analysed by X-ray diffractometer.
The XRD pattern of ZnO/NiO heterostructures reveals the polycrystalline nature in
which ZnO and NiO have hexagonal and cubic phase structures which was also

confirmed by the Rietveld refinement analysis.
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The optical properties were analysed by the UV-visible absorption spectrum.
Energy band gaps of ZnO, NiO, and ZnO/NiO heterostructures were estimated by
Tauc’s plot and found to be 3.62, 3.81 eV and 3.71 eV, respectively. The schematic of
LPG sensing measurement setup is shown in Fig. 3(a). LPG sensing measured up to
0.5-2.5 vol% at room temperature as shown in Fig. 3(d). The bar graphs of sensor
response of ZnO, NiO, and ZnO/NiO sensors are depicted in Fig. 3(e). The maximum
sensor response of ZnO/NiO heterostructure-based sensor was found 7.72 at 2.5 vol%
which is 2.6 times higher than pure ZnO and NiO. The fast response and recovery
times of ZnO/NiO were found to be 7.83 s and 11.01 s, respectively at 0.5 vol% LPG.
Also, the ZnO/NiO is highly selective for LPG in comparison to other analytes like
ethanol, acetone, ammonia, and CO; etc. Since the ZnO/NiO heterostructures can be
effectively used for the detection of LPG at room temperature. Also, in this chapter,

the DFT analysis of ZnO/NiO without and with LPG interaction was performed by
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B3LYP/LAN2DZ basis set for a better understanding of the sensing phenomenon.
The schematic of LPG sensing mechanism of ZnO/NiO heterostructure is shown in

Fig. 3(b).

Chapter 4 involves the fabrication of photo-enhanced CO; gas sensors based on
SnO,@CdO decorated heterostructure. The synthesis process of SnO,@CdO
heterostructures is shown in Fig. 4(a). The nanomaterials were investigated using

XRD, SEM, TEM, XPS etc.
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Fig. 4. Illustration of (a) synthesis process, (b) gas sensing measurement setup, (c)
transit CO; gas sensing in the dark and illumination for different concentrations, and

(d) sensor response curve.
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The detection of COzgas was performed at room temperature towards 200-1400
ppm in dark and illumination of 30 mW/cm?. Fig. 4(b) shows the gas sensing
measurement setup. The results of CO> gas sensing characteristics were evaluated in
30 mW/cm? visible light source and found to be excellent. The CO sensing
characteristics at different concentrations are shown in Fig. 4(c) in dark and
illumination. The sensor response curve of SnO,@CdO heterostructure is shown in
Fig. 4(d). The maximum sensor response of the light-induced CO> gas sensor was
found to be 10.29 towards 1400 ppm of CO> at RT within 18.53 s which is 2.5 times
higher than without illumination. Also, the sensitivity of sensor in irradiation of light
was found to be 3.44 times higher than in the dark. The SnO,@CdO decorated
heterostructure was formed n-n heterojunction and the irradiation of light enhances
the surface adsorption/desorption of CO> gas to the sensing surface. The selectivity
was checked in the presence of various analytes such as ethanol, acetone, ammonia
and LPG. Further, the DFT analysis provided useful information that the SnO,@CdO
is very effective and highly sensitive for CO; detection. This study affords a rational
way for the design and fabrication of resistive type CO> gas sensors operated at room

temperature and capable of outdoor monitoring of CO».

Chapter 5 deals with the comparative analysis of resistive and self-
powered CO; gas sensors. In this work, CeO», CdS, and CeO,/CdS nanospheres were
prepared via hydrothermal method. Also, the self-powered gas sensing system was
designed by using CeO>/CdS heterostructured-based triboelectric nanogenerator
(TENG) as shown in Fig. 5(a). The surface morphological investigation was done by
FESEM and observed to random growth of nanospheres. The nanospheres of CeO»
and CdS were found to be 10-30 nm and 20-60 nm, respectively. Additionally, the
distribution of elements is confirmed by the elemental mapping. The XRD pattern of
pure CeO; and CdS has a single crystalline cubic and hexagonal crystal structure
whereas the CeO»/CdS nanocomposite has a polycrystalline nature. The average
crystallite size of CeO,, CdS, and CeO,/CdS nanocomposite were estimated by
Scherrer’s formula and found to be 16.31, 16.62, and 20.54 nm respectively. The
energy band gaps of CeO;, CdS, and CeO2/CdS nanospheres were estimated from
Tauc’s plot as 2.92 eV, 2.52 eV, and 2.63 eV, respectively. The oxidation states of
elements and interface analysis were performed by X-ray photoelectron electron

spectroscopy. XPS confirmed the existence of Cd**, S**, Ce**, and O* oxidation
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states of elements. It also confirmed the formation of n-n heterojunction in CeO,/CdS
heterostructure. The CO; gas sensing was studied at room temperature toward various
concentrations (250-1000 ppm) and the sensing measurement setup is shown in Fig.
5(b). The CO» sensing characteristics of self-powered and resistive sensors are shown
in Fig. 5(c, d). The sensor response (30 at 1000 ppm) and sensitivity (0.034 sensor
response/ppm) of the self-powered sensor showed almost 10 times in comparison to
the resistive type sensor. The self-powered CO: sensor not only shows the high sensor
response but also provides the power for the sensor measurement process by
converting mechanical energy into electrical energy (by finger tapping) without any
external power source. The sensor was operated with TENG that generated an output
voltage and current of ~90 V and 9.6 pnA, respectively which is quite high till now in
comparison to as-fabricated heterostructure-based nanogenerators. Moreover, the self-
powered sensor showed 1.835/0.835 s response/recovery times at 250 ppm of COa.
Also, the outstanding selectivity of the sensor for CO, among the analytes, acetone,

ethanol, LPG etc. was observed.
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Fig. 5. (a) Fabrication of TENG, (b) Passive self-powered TENG-based CO, gas
sensing measurement setup, (¢) Self-powered CO> gas sensing characteristics at 750
ppm, and (d) Transit CO, gas sensing characteristics of resistive type CeO2/CdS

SENSor.

Chapter 6 deals with a unique, cost-effective, and quick method for the
detection of triethylamine (TEA) gas. A concept for the preparation of MOFs derived
heterostructure materials for the fabrication of high-performance gas sensors was
proposed. The ZIF-8 derived Ag@ZnWO4/ZnO branched heterostructures have been
synthesised by cost-effective low-temperature solvothermal followed by an annealing
process in air and the synthesis process is shown in Fig. 6(a). The surface
morphological investigation was done by SEM and confirmed the ZnWO4 nanorods

grown on ZnO whiskers. Also, the X-ray mapping was carried out to receive more
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information about the composition and element distributions of Ag@ZnWO4/ZnO
composite. Further, the topographical analysis was executed by TEM and diameters
of ZnWO4 nanorods were observed around 10-30 nm. The selected area diffraction
pattern (SAED) confirmed the diffraction planes of ZnO and ZnWOuin both phases
exist. The interplanar spacing of diffraction planes of ZnWO4 and ZnO were
calculated by ring pattern. The inter-planar spacing was found to be 2.953A for (111)
plane of ZnWO4 and 2.489 A for (101) plane of ZnO, respectively. The XPS analysis
was performed to estimate the chemical composition and oxidation states. The XPS
analysis revealed the existence of Zn2*, W*", Ag?*", and O? oxidation states. The
structural properties were analysed by XRD and confirmed the phase structures of
ZIF-8, ZnO, and ZnWOQO4 which are found cubic, hexagonal, and monoclinic,
respectively. Also, the Rietveld refinement was carried out for structural parameters
in this chapter. The average crystallite size of ZnO, ZnWO4 and ZIF-8 derived
Ag@ZnWO0O4/ZnO were estimated to be 17.80 nm, 15.50 nm, and 21.51 nm

respectively.

Zn> 2-Methylimidizole  (2) ZIF-8 (b) Loxi0® (©
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Fig. 6. Schematic representation of (a) synthesis process of ZIF-8 MOF, ZnO,
ZnWQO4, and Ag@ZnWO4/ZnO heterostructure, (b) band diagram of n-n
heterojunction (c) TEA gas sensing mechanism (d) transit TEA sensing for 5 ppm at

80°C, and (e) SEM micrograph ofAg@ZnWO4/ZnO heterostructure.

The optical band gap and absorption of synthesized nanomaterial were
investigated by using UV-visible spectroscopy. The direct optical band gaps of ZIF-8,
Zn0O, ZnWO4, and Ag@ZnWO4/ZnO were found as 4.42 eV, 3.41 eV, 3.69 eV, and
3.51 eV respectively. The TEA gas sensing characteristics are examined towards
various concentrations (1-35 ppm). The TEA gas sensing mechanism and transit

sensing curve at 5 ppm of Ag@ZnWO4/ZnO heterostructure sensors are shown in Fig.
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6(b, ¢). The Ag@ZnWO4/ZnO sensor demonstrated ultra-high response of 56.15 to 5
ppm at 80°C, which is 3.86, 3.14, and 1.83 times higher than from pristine ZIF-8,
Zn0O and ZnWO4 respectively. Also, the rapid response and recovery times of 1.02 s
and 1.26 s were observed towards 1 ppm of TEA. Furthermore, the fabricated sensor
had reliable consistency, excellent repeatability, and long-term stability. Remarkably,
the developed Ag@ZnWO4/ZnO sensor revealed more prominent sensing
characteristics compared with ZIF-8, ZnO and ZnWO4 sensors towards low-trace of
Triethylamine (TEA) at 80°C. The hierarchical structure and n-n heterojunction of
Ag@ZnWO0O4/ZnO, which create more active sites for the adsorption of oxygen and
target gases and expand the possibilities for reactions between the chemisorbed
oxygen species and TEA, are responsible for the significant improvement of the
sensing characteristics. The preparation idea described in this work might provide a
flexible platform utilized for various composite sensing material-based branched

heterostructures.

Chapter 7 gives the concluding remarks and comparative analysis of all
synthesized materials and fabricated devices. This chapter deals with the summarised
information on the material characteristics, sensing output, and future scope of all the
chapters mentioned previously. A chapter-wise overview of this thesis including the

materials and their sensing performance is depicted in Table 7.1 as follows:
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Table 7.1 Chapter-wise information and characteristics of developed material and

Sensor.
Cha Materia Met Analyt  Detect Respo  Tres | Tres Sen Tem @ Poros
pter | Is hod es ion nse (sec)  (sec) sitiv | p. ity
No. range ity  (°C) (%)
1. Introduction and aim of research work
2. In/SnO> | Sol- | LPG 0.5/2.0 | 1.53/4. | 10- | 14/27 | 2.08 28 13.16
gel vol% | 65 32 7
3. ZnO/Ni | Gree | LPG 0.5-2.0 1 2.30/7. | 7/27 | 11/30 | 2.69 28 19.19
O n vol% | 72
4. SnO2@ | Hydr CO: 200- 2.18/4. | 8/42 | 10/47 | 0.00 30 23.37
Cdo other ' (Dark) | 1400 05 153
mal | CO; ppm 4.20/1 | 6.16 | 8.06/2 | 0.00
(Light) 0.67 /18. | 1.03 516
53
5. Ce0,/C | Hydr CO2 250- 1.33/3. 1 4.82 | 6.39/2 | 0.00 30 18.65
dS other | (Resist ' 1000 62 /12. 1 0.23 32
mal | ive) ppm 53
CO2 250- 5-30 1.83 1 0.820  0.03
(Self- | 1000 5 4
power | ppm
ed)
6. Ag@Zn | Solv | TEA 5-35 56.13/ 1 3.29 | 4.06/9. 13.7 | 80 28.46
WO4/Zn | other ppm 470.78 /8.8 | 84 8
O mal 3
7. Concluding remark and future scope of research

Future scope and challenges

» Many new and unique types of metal oxide gas sensors are being constructed

from nano-heterostructures because of their high surface-to-volume ratio that
amplifies the above effect. Typically, heterostructures are core-shell,
decorated, branched, and multi-layered thin films. However, the recent surge
of interest and research in nano heterostructure has promised to increase many
unique hierarchical designs and capable enhancement of properties. The
electron interaction and charge transportation between component
materials/structures are the most important parameters for understanding
sensor behaviour. The dopant oxides can be used to control the microstructure

or morphology of the materials, which further modifies electronic states.
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» Certain new techniques are enabling the characterization of the nano
heterostructures, significantly refining the consideration of the electronic
properties. STEM-VEELS (valance electron energy-loss spectroscopy) have
the potential to particularly obtain the bandgap of the secondary materials
deposited onto the nanowires and state the modulation induced by processing
approaches. STEM-CL (cathodoluminescence) has the potential to calibrate
the energy levels and spatial variations of mid-gap defects along with the
bandgap in direct-gap materials. Both approaches can be employed before and
after the exposure to the coated substrates towards the investigation. XPS (x-
ray photoelectron spectroscopy) may be employed for determining the band
edge offset between the multiple semiconducting materials present in a nano
heterostructure which confirms the movement of charge carriers across the
interface due to Fermi level equilibrium.

» Self-powered gas sensors are able to work independently without the need for
external power generation or supply systems because of two innovative
aspects: PENG and TENG.

» The piezo-tribo hybrid nanogenerator-based self-powered gas sensing devices
may be developed in future.

» This class of self-powered gas sensors will have outstanding sensitivity, best
selectivity, high reliability, and extended lives for a variety of conditions and

applications.
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