Novel Metal Oxide Semiconductor-Based
Multifunctional Nanomaterials for Gas
Sensing and Optical Applications

Thesis submitted for the degree of

Doctor of Philosophy in Science

Department of Physics
Jadavpur University

By
Tanushri Das

Registration Number: SOPHY1104721
Date-23.03.2021

Jadavpur, Kolkata-700 032, India
September, 2024






Dedicated to my beloved parents






CERTIFICATE FROM THE SUPERVISORS

This is to certify that the thesis entitled “Novel Metal Oxide Semiconductor-Based
Multifunctional Nanomaterials for Gas Sensing and Optical Applications” submitted by
Smt. Tanushri Das (Registration number: SOPHY1104721) who got her name registered on
23 March, 2021 for the award of Ph.D. (Science) Degree of Jadavpur University, is absolutely
based upon her own work under the supervision of Dr. Chandan Kumar Ghosh, Assistant
Professor, School of Materials Science & Nanotechnology, Jadavpur University, Kolkata-
700032, India and Dr. Mrinal Pal, Chief Scientist, Head of the Department, Functional
Materials and Devices Division, CSIR- Central Glass and Ceramic Research Institute
(CGCRI), Kolkata-700032, West Bengal, India and that neither this thesis nor any part of it has

been submitted for either any degree / diploma or any other academic award anywhere before.

C&@'g\%@l?o?/('f

Dr. Chandan Kumar Ghosh
Assistant Professor,

School of Materials Science &
Nanotechnology,

Jadavpur University,
Kolkata-700032,

West Bengal, India.

©r. Chandan Kumar Ghosh
Assistant Professor
School of Materials Science@
& Nanotechnolog)g’
Jadavpur Univers
Kolkata - 700 032

et S b g

Chief Scientist & Head,
Functional Materials and Devices Division,
CSIR-Central Glass & Ceramic Research
Institute,
Kolkata-700032,
VB RaE pdpdia
Chief Scientist & Head
Functional Materials and Devices Division

CSIR-Central Glass & Ceramic Research Institute
Kolkata- 700 032






DECLARATION

| hereby declare that the work presented in this thesis entitled, “Novel Metal Oxide
Semiconductor-Based Multifunctional Nanomaterials for Gas Sensing and Optical
Applications” has been carried out by me at the School of Materials Science &
Nanotechnology, Jadavpur University, Kolkata-700032, and Functional Materials and Devices
Division (FMDD), CSIR-Central Glass and Ceramic Research Institute, Kolkata-700032,
under the supervision of Dr. Chandan Kumar Ghosh, Assistant Professor, School of Materials
Science & Nanotechnology, Jadavpur University, Kolkata-700032, India and Dr. Mrinal Pal,
Chief Scientist & Head, CSIR-Central Glass and Ceramic Research Institute, Kolkata-700032,
India. Neither this thesis nor any part of it has been submitted for any degree / diploma or any

other academic award anywhere before.

Tanushri Das

Jadavpur University
Jadavpur, Kolkata-700032
India






Acknowledgements

| would like to express my heartfelt gratitude to my superiors Dr. Chandan Kumar Ghosh and
Dr. Mrinal Pal for guiding and supervising me throughout my research journey. | am
profoundly appreciative of their exceptional mentorship. Their guidance has been a beacon of
clarity and inspiration. | am truly grateful for their unwavering dedication and for fostering an

environment where curiosity and excellence thrive.

| want to convey my gratitude to my supervisor, Dr. Mrinal Pal, Chief Scientist, HoD, FMDD,
CSIR-CGCRI, for his kind effort, consideration and appreciation towards me in every
circumstances. | am grateful to him for giving me freedom in pursuing my research work and
always being supportive of me. The wisdom and support he has generously shared have not
only propelled my academic growth but have also deeply influenced my personal development.
| am truly thankful to my supervisor, Dr. Chandan Kumar Ghosh, Asst. Prof., School of
Materials Science & Nanotechnology, for his insightful advice, patience, and expert knowledge
that have been invaluable in shaping my academic endeavour. His unwavering support,
guidance, and encouragement have motivated me to achieve higher-quality work. I am truly

thankful for having such knowledgeable persons as my supervisors.

| am grateful to the Director, School of Materials Science & Nanotechnology, Jadavpur
University, and the Director, CSIR-CGCRI, for giving me permission to carry out my work in
their institutes. | want to thank central characterisation facility of CGCRI for helping me carry
out research work. | am grateful to the entire School of Nano Science and Technology, and
Department of Physics, Jadavpur University for letting me use their instrument facility.

I would like to extend my heartfelt gratitude to Dr. Debdulal Saha, Principal Scientist, FMDD,
CSIR-CGCRI, for his kind support and encouragement throughout my PhD journey. My
immense gratitude goes to Dr. Srabanti Ghosh, Senior Scientist, EMDD, CSIR-CGCRI, for her
constant encouragement in my work. She has helped me to gain knowledge beyond my core

research area. | can not be more thankful to her for the support and guidance.

| want to thank my lab-mate and research partner, Subhajit Mojumder, for being an integral
part of the research experience. His scientific discussions and suggestions have been
invaluable. His presence has made the challenges more manageable and the achievements even
more meaningful. It has been a privilege to work with him, and I truly appreciate his helpful
gesture in the time of need. | want to thank my junior lab-mate Riddhiman for his tireless efforts

and valuable contribution in helping me carry out my research work. I also want to thank my

9



junior lab-mates Krishnendu, Sanjib for their selfless assistance. My heartfelt gratitude goes to
my lab-seniors, Sagnik Das and Sonam Chakraborty, for being there to support and help me in
my initial days in the lab. Their willingness to share knowledge and provide constructive
feedback has been instrumental in shaping my work.

| want to express my deepest gratitude to my Maa and Baba for their unwavering belief in me
that have been the cornerstone of my journey. They have been my steadfast support system
through the highs and lows of my life and provided me with the strength to overcome obstacles
and pursue my dreams. Their belief in my abilities and constant motivation have been a source
of inspiration. The values they have instilled in me have been my guiding light through every
challenge. Their unwavering support and boundless encouragement have been integral part of
my journey, and | am profoundly appreciative of everything they have done for me. This
accomplishment is as much theirs as it is mine, and | am eternally grateful for the foundation

they have provided and the faith they have shown.

My special thanks go to my sister, Suvashree, whom I call as Putu, for her enthusiasm, patience,
and belief in me. | thank her for being my cheer-person and for bringing a lightness and joy
that | will always cherish. Her late-night pep-talks during my lowest moments have always
brought happiness that will forever hold a special place in my heart. Her enthusiasm has made

this accomplishment even more special.

Finally, 1 would like to extend my heartfelt gratitude to everyone who has supported me
throughout my academic journey. Thank you for being there in every step of the way.

Tanushri Das

September, 2024

10



Abstract

Metal oxide semiconductor nanomaterials-based chemiresistive gas sensors hold merits
for its cost-effectiveness, simplicity of operation and stability. High surface area-to-volume
ratio provides myriads of surface-active sites making MOS nanomaterials superior for
interaction with ambient gas molecules. The monitoring and selective detection of volatile
organic compounds (VOCSs) and gases is crucial for environmental protection and minimizing
the risk of toxic gas exposure. Another important aspect of gas sensors is their utility in
diagnosing diseases by detecting exhaled breath biomarker VVOCs/gases associated with
specific health conditions. Thus, the analysis of exhaled breath has opened the door to the
development of portable devices for medical diagnostics. However, major drawback faced by
binary metal oxide semiconductor-based sensors is their difficulty in detecting specific gases
in complex environments, along with slow response and recovery times, which hinder their
ability to perform real-time monitoring. Another challenge these sensors encounter is that their
inability to detect target gases at ppb-level concentrations, restricting their widespread
application. Therefore, new materials as alternatives of binary oxides are needed to expand the

area of gas sensing materials.

This research thesis delineates the exploration of novel metal oxide semiconductor
nanomaterials to overcome the drawbacks of the binary metal oxide gas sensors. Barium
hexaferrite (BaFe12019), a widely known magnetic material, has diverse application in
microwave devices and recording systems due to its excellent electromagnetic property, but
has never been used as a gas sensor material before. This thesis demonstrates the development
of novel gas sensor based on BaFe12O19 nanoparticles, capable of detecting sub ppm level
concentration of ammonia gas rapidly with high resolution while effect of interfering gases on
the detection of target gas is minimum. The mechanism of ammonia sensing of prepared
BaFe12019 nanoparticles has been explained with the gas adsorption model. The excellent
ammonia sensing characteristics of BaFe12O19 nanoparticles has proved its potential for

practical application.

With another exploration, the effect of Zn doping on ammonia sensing property of
barium hexaferrite (BaFe12019) has been delineated. Substantial enhancement in response
towards ammonia by virtue of Zn-doping in BaFe12O19 has been observed. The Zn-doped
BaFe12019 nanoparticles with hexagonal platelet-like morphology exhibited improved ppb

level concentration detection and decrease in operating temperature compared to pristine
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BaFe12019. Extensive study has revealed that, the enhanced sensing characteristics is attributed
to the tuning of Fe?*/Fe®* ratio, oxygen vacancies and improved electron-hole separation due
to Zn doping. Furthermore, simulated breath test validated the Zn-doped BaFe:2O19

nanoparticles-based ammonia sensor’s suitability for exhaled breath analysis.

Perovskite type bismuth ferrite (BiFeOs), which is a multiferroic material, has been
studied for its gas sensing activity. Pure and Sn-doped BiFeOs nanoparticles exhibited ppb-
level concentration detection of formaldehyde (HCHO) in indoor air environment. The study
delineates, charge compensation mechanism during the incorporation of Sn in BiFeOs matrix.
The enhancement of formaldehyde sensing property due to Sn-doping is a combined effect of
variation of charge carriers due to valency mismatch, improved charge-separation efficiency
and enhanced oxygen defects generated in the system. Excellent formaldehyde sensing activity
of Sn-doped BiFeO; nanoparticles indicates its potential towards the monitoring of indoor air

quality.

In the next exploration, the formation of n-n-type heterostructure between
MoO3/BiFeO3 with unique morphological structure and its hydrogen sulfide (H.S) gas sensing
capability has been demonstrated in this thesis. Utilizing photoelectrochemical measurement
of the heterostructure, the electron transfer mechanism from conduction band (CB) of BiFeOs
to the CB of MoOs has been revealed. Modification of band edges by formation of
heterojunction with wide bandgap, a-MoOs and narrow bandgap, BiFeOs and tuned oxygen
defects have synergetic effect on its enhanced sensing performance. Moreover, presence of
oxygen defects has created myriads of active sites for H.S adsorption which significantly
enhanced the response value. This study provides a route for designing bandgap-engineered a-
MoOz3/BiFeOz-heteostructure with enriched oxygen defects to address the need for

environmental air-quality monitoring.

Finally, for optical study, NaTh(MoOa4)2 nanoparticles has been explored. In addition,
NaTb(MoOs). exhibited formaldehyde sensing activity with outstanding response
characteristics. The multifunctional property of the NaTb(MoOa4). nanoparticles has been
investigated by inducing structural disorder in the system via controlled synthesis procedure.
The formation of band structure has been studied by employing ab initio calculations based on
density functional theory (DFT). Excellent green photoluminescence property of disordered
NaTb(MOa4). structure revealed its potential for commercial use in light emitting devices.
Moreover, the gas response characteristics has established NaTb(MOa). nanoparticles as a
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novel formaldehyde sensing material suitable for real-time air quality monitoring. This study
provides new insights into the fabrication and engineering of nanomaterials that exhibit

multifunctionality driven by structural disorder.

In totality, a combined study of different types of metal oxide semiconductor
nanomaterials and their heterostructures for gas sensing and optical properties have been
delineated. Improved gas sensing property has been achieved for these materials in terms of
sensitivity, response time and low concentration gas detection which overcomes the demerits
of binary metal oxide semiconductor-based gas sensors. Some of the materials have exhibited
both photoluminescence and gas sensing property. Both of these properties are controlled by
surface electronic states, charge transfer mechanism and structural disorder in the system. All
of these investigated materials can positively contribute to efficient gas sensing and optical

applications.
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1.1. Introduction

Nanotechnology plays a pivotal role in advancement of modern civilization by
providing state-of-the-art materials across wide range of application areas. Nanomaterials are
classified by their particle size ranging from 1 nm to 100 nm. Materials designed in nanoscale
exhibit enhanced surface area to volume ratio which enhances its surface reactivity by
providing abundance of active sites for surface activity. Due to their high surface area greater
number of atoms are located on the surface of nanoparticles compared to bulk materials. The

improved chemical reactivity of nanomaterials enables efficient surface reaction kinetics. [1,2]

Over the past few decades, metal oxide semiconductors (MOSs) nanomaterials have
emerged as a class of material with excellent thermal and chemical stability, the tunable energy
bad gaps enabling them to exhibit interesting properties suitable for wide range of applications.
MOS nanomaterials have been explored for their unique characteristics originating from strong
ionic bonds between positively charged metal cations and negatively charged oxygen anions.
Nanostructured materials based on MOSs demonstrate unique electrical, optical, mechanical,
magnetic and surface catalytic activity that differ greatly from their bulk counterparts. The
morphology and structure of the MOS nanomaterials can be tailored to achieve desirable

electronic properties.[3]

1.2. Application areas of metal oxide semiconductor

nanomaterials

Metal oxide semiconductor (MOS) based nanomaterials are advantageous in scaling
and incorporating in miniatured micro-electronic systems that have diverse applications
ranging from healthcare devices, energy storage and conversion, catalysis, green energy
generation, environmental remediation, and optoelectronic devices etc.[3] The modification in
their structural, morphological and chemical properties open up new application areas. Due to
their large surface area and efficiency in visible light, MOS nanomaterials are excellent
alternatives for conventional catalyst which offers efficient contact between reactants and
catalysts. MOS with excellent catalytic activity is widely used in green energy generation
technologies such as solar cell, photocatalytic hydrogen generation, fuel cell etc. In recent
years, MOS nanomaterials for targeted therapeutics and diagnostics have played significant

advancement of healthcare technologies. Anti-bacterial applications of MOS make them highly
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effective in antibacterial defence across wide range of applications, starting from

medical equipment to environmental purification. [3,4]

However, among the various application areas, gas sensing and optical application of

nanomaterials has been chosen as area of study for this thesis.

Gas sensors play crucial role as an instrument for detection and discrimination of gas
molecules in environment, industrial, agricultural and medical facilities since its discovery
sixty years ago. Due to their versatile shape, surface functionalization capabilities MOSs are
highly suitable for sensor applications. The intrinsic property of MOSs is their ability to
chemically or physically adsorb gases due to their high surface-to-volume ratio which make
them ideal candidates for gas sensing technology. Nanomaterial-based gas sensors provide
superior sensitivity, reproducibility and cost-effectiveness. Integration of nanotechnology has
resulted in major advancements in sensor design, enabling miniaturization, portability and real-

time data producibility.

Since last century, the luminescence properties have been studied extensively in bulk
materials. But in recent years, the study of the optical and luminescence properties on
nanostructured materials has attract wide research interest. Due to their advantageous optical
properties such as wide bandgap, efficiency in absorbing and emitting light, MOS
nanomaterials hold significant potential in optical applications. The tunable optical properties
of MOS nanomaterials make them ideal for the fabrication of photonic and optoelectronic
devices such as light-emitting diodes, solid-state lightening systems, and colour display
devices. The nanophosphors with efficient solid-state lighting property have been of increasing

demand in bioimaging, imaging-guided therapy drug delivery and chemotherapy.
1.3. Types of gas sensing techniques

Various technologies have been developed by researchers for the soul purpose of
detection of gases in various environment. Depending on operating principle these techniques

can be categorized as follows [2]:

1) Gass chromatography mass spectroscopy: Gas chromatography mass spectroscopy
(GCMYS) is a powerful analytical technique that is used for analysis and detection of volatile
organic compounds (VOCs) and gas molecules. Precise identification of gas molecules can
be done utilizing their molecular structure. However, the GCMS instrument is expensive

and analysis process is time-consuming.
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2) Electrochemical sensing technique: Electrochemical sensor technique operates by
measurement of electrical changes of sensor material that takes place when it is exposed to
gaseous substances, ions or biomolecules. It operates based on chemical reaction between
the electrode and target molecules. However, the accuracy of the electrochemical sensors
can be affected by interference from substances present alongside the target gas molecules.

3) Optical sensing technique: Optical sensing technique is based on the principle of
interaction between light and the substance and provides information about the composition
and characteristics of the target substance. Even though this technique is generally used in
healthcare and industrial needs, the optical components and light source required for this
technique is expensive and its is ineffective in detection of complex systems.

4) Calorimetric gas sensing technique: Calorimetric gas sensing is a technique utilise the
heat generated or absorbed between sensor material and target gas molecule upon exposure
to the target gas. By detecting the change in temperature for exothermic or endothermic
reaction process, this technique is capable of providing direct information about the

presence of gas. But temperature fluctuation often obstacles its performance.

In summary, these techniques are expensive, cumbersome, require train manpower and lab
facility for operation which hinders their practical applicability. Therefore, significant efforts
have been made by researchers for development of chemiresistive gas sensors owing to their
cost-effectiveness, miniatured size, ease of operation. Metal oxide semiconductor based
chemiresistive gas sensors possess numerous advantages that include stability, quick operation,

facile fabrication technique.
1.4. Applications of chemiresistive gas sensors

Compared to conventional gas sensing techniques, metal oxide semiconductor (MOS)-
based chemiresistive gas sensors have wide range of application areas due to their cost-
effective, stable, steadfast detection method of gas molecules. The key application areas of

MOS based chemiresistive gas sensors are (schematically illustrated in Fig. 1.1):

1) Sensors for environmental monitoring:

With evolution of human civilization there has been a surge of industries and modern
technologies. With hand in hand, there has also been a steep rise in toxic air pollutants emerging
from the industrial facilities, factories, chemical laboratories, plants. Rapid increase of

population, emission from industrial process, excessive usage of fossil fuel has given rise to
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alarming increase of pollutants and toxic gases in environment. Few of the common toxic air
pollutants found in outdoor environment that can cause direct effect on human health are H>S,
CO, NOy, SOx, NHzetc. Therefore, continuous monitoring of these pollutants is vital to avert
environmental air quality degradation. Effective and real-time monitoring of gas sensors for
environmental monitoring can help in enforcing precautionary measurements to mitigate

adverse effects of air pollution on human health.[5]
2) Sensors for detection of disease

Detection of disease through invasive procedures are costly and require trained medical
supervision. Breath analysis offer a non-invasive and cost-effective alternative. Human exhaled
breath contains several VOCs (viz. acetone, ammonia, formaldehyde, ethanol, isoprene etc.)
and gases (viz. Hz, CO2, N2, H2S etc.). Some of these gases/VVOCs in breath have been identified
as biomarker for diseases. Ammonia and acetone are biomarker of renal disease and diabetes,
respectively. Elevated concentration of these biomarkers in exhaled breath is an indication of
disease development. Therefore, MOS based chemiresistive gas sensors are utilised for the real
time detection of and monitoring of exhaled-biomarker for diagnosis of disease.[6,7]

Gas

Fig. 1.1. Schematic illustration of various applications of chemiresistive gas sensors.
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3) Indoor air quality monitoring

Chemiresistive gas sensors are extremely useful for detection of harmful/toxic gases and
pollutants present in indoor environment. Several toxic gases (formaldehyde, benzene, toluene)
are emitted from paints, newly furnished furniture, coatings, adhesives, floor cleaners which
can lead to health issues if safe exposure limit is exceeded. Therefore, real-time exposure

monitoring is essential for health safety.[8,9]

4) Detection of toxic gas leakage

People working in industrial facilities, coal mines, chemical laboratories often face the
risk of toxic gas leakage. Therefore, chemiresistive gas sensors are extremely useful in these
work environments to address the need for hazardous gas leakage monitoring.[10]

5) Detection of food adulteration

Chemiresistive gas sensors can be utilised in detection of food adulteration,
contamination, spoilage. These sensors can be used in monitoring indicative VOCs such as
trimethyl amine (TMA), triethyl amine (TEA), formaldehyde (HCHO) for contamination and
spoilage of food. [11-13]

1.5. Working principle of chemiresistive gas sensing

Chemiresistive gas sensors based on MOS is a resistive-type device. The conductivity
of the MOS materials changes when it is exposed to target analyte gases. Chemiresistive gas
sensors detect the presence of gas and its concentration based on the change of its electrical
resistance due to chemical reaction kinetics between the sensing surface and the target gas
molecules. The gas sensing MOSs are classified into two categories: n-type and p-type,
depending on whether they exhibit an increase or decrease in resistance when exposed to
reducing or oxidizing target gases (ref. Table 1.1). Upon exposure to reducing (electron-
donating) gases such as NHz, CO, CHjs, the resistance of the MOS sensing layer with n-type
characteristics decreases (schematically shown in Fig. 1.2a). While on the other hand, upon
exposure to oxidizing (electron drawing) gases such as NO2, the resistance increases. This
behaviour is reversed in case of MOS with p-type sensing characteristics (schematically shown
in Fig. 1.2b).
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Table 1.1 Type of gas sensing response based on change in resistance/conductivity of the

materials.
Material Exposure to reducing gas | Exposure to oxidizing gas
n-type Resistance decreases Resistance increases
p-type Resistance increases Resistance decreases

Predominantly metal oxide semiconductors act as insulators in room temperature due to their
relatively wide band gap. However, donor type or acceptor type defect states exist between the
band gap of n-type and p-type MOSs, respectively. Therefore, external temperature is needed
to be applied for the activation of MOS sensors. When temperature is elevated to 100-500 °C,
the free electrons of n-type MOSs are elevated from the donor band to the conduction band,
while in p-type SMOs they move from the valence band to the acceptor band, resulting in a
decrease of resistance of the material. The gas sensing mechanism of MOS sensors comprises

of following steps:

1) Surface chemisorption of ambient oxygen molecules

2) Change of majority charge carrier concentration

3) Interaction between the target gas molecule and the ionised oxygen species on the active
sensing layer surface

4) Change of resistance due to oxidation/reduction in the MOS active sensing layer

Due to high electronegativity, the oxygen molecules in atmosphere undergo ionisation by
taking electrons available on the sensing layer and form electron depletion layer (EDL) in n-
type MOS and for p-type MOS it forms hole accumulation layer (HAL), which leads to band
bending. lonisation of these chemisorbed oxygen molecules depends on the temperature of the
sensor. At temperature below 100 °C, the chemisorbed oxygen species is 0, . At relatively
higher temperature, (100 °C-300 °C) the oxygen species is ionised as O~, and when the
temperature is higher than 300 °C, the O~ions transform into 02~. When the n-type sensor
surface is exposed to a reducing target gas, the target gas molecules react with these pre-
adsorbed ionised oxygens the electrons are re-released back to the conduction band of sensing
material, which results in decrease of resistance of the sensor. Whereas, for oxidizing gas, the
resistance of the n-type MOS increases. When the target gas is removed, the EDL reformed
back and the sensor recovers. The adsorption of the target gas molecule is physisorption,

26



making it a reversible process. The opposite situation happens in case of p-type MOS sensor.

The performance of the sensors is measured by detecting the change in conductance.[14-16]
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Fig. 1.2. Schematic illustration of change of resistance of (a) n-type MOS, (b) p-type MOS in

presence of oxygen (in air) and in presence of reducing target gas.

The important parameters for chemiresistive gas sensing characteristics are explained

as follows:

Response (S): The response of a sensor is defined as the change of resistance value (or current

value) resulting from exposure to certain concentration of the target gas. Depending on the type

of resistance change, the response value of a sensor in terms of change in resistance value can

be expressed in two different ways as given below [16,17],

(&) When the resistance of the sensor increases hugely upon exposure to a target gas, the

response is calculated as the ratio of the sensor resistance in presence of target gas

(Rgqs) and sensor resistance in presence of air (Rg;;-),

Response (S) (times) = %

1)

(b) When the resistance of the sensor decreases upon exposure to target gas the response is
defined by,
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air air

Response (S)(%) =

Sensitivity: Sensitivity of a sensor is defined by the change in response of a sensor per unit

Response

concentration of target gas as given below, Sensitivity = . Therefore, the sensor

Concentration

with high sensitivity is desired for efficient sensing.

Response/recovery time: Response time (R,..s) of a sensor is defined as the time required for
a sensor to reach 90% of its total resistance change when exposed to a particular concentration
of a target gas. Recovery time (R,..) Of a sensor is defined as the time needed for the sensor
to reach 10% of its initial state resistance value (base resistance) after the target gas
concentration is removed. A sensor having short response time is considered to be efficient as

the rapid detection and recovery to normal state is needed.

Lower limit of detection (LOD): LOD is defined by the lowest concentration of target gas
that can be detected by the sensor. A sensor is fabricated to have lowest possible detection limit

in mind.

Dynamic response range: Dynamic response rage of a sensor is defined by the range of
concentration between the lowest and highest detection limit in which the resistance change is
highly correlated with the concentration of the target gas. High dynamic response range gives
a sensor better efficiency.

Selectivity: Selectivity of a sensor is defined as the sensor’s ability to detect a particular target
gas with high sensitivity. It is very important for a sensor to be selectively able to detect target
gas among various gases. If a sensor can not distinguish between different target gas it is said

to have poor selectivity. Therefore, selectivity of a sensor needs to be high.

Reproducibility: Reproducibility of a sensor is defined as the sensor’s ability to produce data

in the similar range even after change in experimental condition.

Stability: Stability of a sensor is defined as the sensor’s ability to produce data in a similar

range after repeated and same experimental condition.
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1.6. Influencing parameters of MOS based gas sensors

In order to enhance the performance of the MOS sensors certain parameters are pivotal for
controlling the response characteristics [16,18,19],

i) Crystallographic phase:

Gas sensing mechanism of MOS is largely influenced by crystallographic phase of the MOS.
Particular phase of a MOS can me more energetically favorable for gas adsorption. Different
crystallographic phases exhibit different surface energy, that influences the reactivity of the

surface to target gas molecules.
ii) Microstructure and morphology:

Surface morphology have significant effect on gas sensing property of MOSs. Nanostructured
morphologies such as (1D, 2D structure, hierarchical structure) help in gas diffusion and
penetration through the sensor surface leading to enhanced sensitivity. Microstructural

parameters and grain size can be tailored by controlling the synthesis conditions.
iii) Surface area and porosity:

Gas sensing is a surface related phenomenon. Therefore, specific surface area of sensor surface
influences the sensitivity of MOS. A higher surface area offers larger number of active sites
for the target gas molecule adsorption. Nanostructured materials of lower dimension such as
nanowires, nanoparticles provide large surface-to-volume ratio resulting in significantly
enhances surface interaction. Porous structure helps the gas molecules to diffuse into the
sensing layer more easily. Highly porous (mesoporous, microporous) surface structured MOS
sensor provides the channel for the gas molecules to penetrate into depth of the sensing layer,

making the sensor more sensitive.
iv) Defect structure:

Defect in the crystal systems (such as vacancies, substitutional defect) play crucial role in gas
sensing activity of MOS. Defect states arise within the bandgap of the material due to lattice
miss match, ionic substitution or during synthesis of the material. Oxygen defects can trap
electrons, that can act as active sites for the gas molecule adsorption. Therefore, high

concentration of defects in the system leads to higher sensitivity of MOS.
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v) Doping:

Pristine MOS sensor materials suffer from the disadvantage of low selectivity. To overcome
this drawback addition of dopants or impurities result in better sensing mechanism of MOS.
Doping changes the band gap, and modifies the structural arrangement to improve sensing
properties. Dopants are selected based on the difference in ionic radius, valency between the
dopant and host ion. Preferential site doping can alter the electronic band structure that can be

beneficial to the sensing characteristics.
vi) Formation of heterostructure:

The electronic property of the MOS can be altered by formation of heterostructure between
two MOS. Formation of n-n type, n-p type, p-p type heterostructure configuration hugely
enhances sensitivity, selectivity and response time of the sensors. This is because, the
heterostructure formation leads to enhanced charge transfer between the constituent MOS that

favours the conductivity of the material.
vii) Sensor design and geometry:

The thickness, shape of the sensor film, distance between the electrodes and shape of the sensor
surface effects the sensing property of the MOS. By changing the layer thickness the exposed

active sensing layer can be altered, that in turn have positive influence on sensing mechanism.
viii) Humidity and temperature:

Relative humidity of sensor environment influences the sensing performance of the gas sensors.
In most cases, the surface adsorbed oxygen reacts with the water molecules causes decrease in
baseline resistance of the sensor material that can result in decreased sensitivity. The water
molecules hinder the chemisorption of the oxygen species, which leads to a smaller number of
active sites for target gas adsorption. On the other hand, the reaction kinetics between the target
gas molecule and the sensing layer is greatly controlled by the temperature. At lower
temperature, the target molecules are less likely to react with the sensor surface due to lack of
activation energy. When temperature rises to optimum value, the gas adsorption kinetics
becomes dominant because the activation energy is reached. With further increase in
temperature the desorption kinetics become faster than the adsorption kinetics, resulting in

decrease of response.

Therefore, by tuning of these parameters a better sensor characteristic can be achieved.
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1.7. Photoluminescence properties of MOS nanomaterials

According to the International Union of Pure and Applied Chemistry (IUPAC)
luminescence is defined as the spontaneous emission of radiation from a species in an
electronically or vibrationally excited state. Photoluminescence (PL) in metal oxide
semiconductors is the process by which the materials absorb photons and subsequently emit
them as light. [20] When a substance absorbs energy in any form, a portion of that energy may
be re-emitted in the form of electromagnetic radiation. This process involves two steps: first is
the excitation of the electronic system of the substance and the second step is the subsequent
emission of a photon. This whole process is known as luminescence and it is named based on
the type of excitation involved in the process. This phenomenon offers valuable insights into
the electronic and optical properties of semiconductors, offers insight into the pathways of
excited-state deactivation and it also provides a straightforward way to gather valuable
information about bulk and surface defects in the system which are vital for applications in

optoelectronics, sensors, photocatalysis, and various other fields.[21]
1.7.1. Mechanism and parameters of photoluminescence

Excitation mechanism: When a metal oxide semiconductor absorbs photons with energy
equal to or greater than its bandgap, electrons are excited from the valence band to the

conduction band, generating electron-hole pairs in the process.

Recombination mechanism: After excitation, the electrons and holes recombine and emitting
photons in the process. This is called radiative recombination in photoluminescence from

which the information about the band structure, defect and impurity states can be obtained.

Impurity levels and defect detection: Metal oxide semiconductors frequently exhibit defect-
related photoluminescence (PL). Defects such as oxygen vacancies, interstitials, anti-site
defects introduce additional localized energy levels within the bandgap. Due to presence of
defects in the system, trap states are created which effects the PL spectrum. Trap states in
nanomaterials arise from defects or surface states within the bandgap of MOS nanomaterials.
PL is a useful technique for detecting the presence of these trapped states. It reveals insights
into the distribution and density of trapped states within the bandgap.

Relationship between bandgap and PL: The intensity and wavelength of the emitted light
can be greatly influenced by the nature of band gap (direct or indirect) and the defects (intrinsic

or extrinsic) present in the nanomaterials. MOS with a direct band gap is observed to have
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stronger PL intensity than a semiconductor with indirect band gap. The indirect band gap

semiconductors need phonon interaction for radiative recombination.

Quantum efficiency: Photoluminescence efficiency of a material is determined by photons
emitted per photon absorbed (or per populated excited state). By balancing between radiative
recombination and non-radiative processes like phonon interactions, defect states, or surface
recombination the quantum efficiency can improve. PL efficiency of a semiconductor can be
improved using techniques such as surface passivation or controlled doping by minimizing

non-radiative pathways.
Temperature dependent photoluminescence:

PL intensity of semiconductors vary depending on the temperature of the material due to the
thermal excitation of states, variation in non-radiative recombination rates, change in the
efficiency of radiative recombination or variations in rate of non-radiative recombination. The
analysis of temperature dependent PL spectra is utilised to obtain information about the
activation energy of the semiconductor. By analysing the variation of PL spectra at different

temperature, material’s electronic structure,
1.7.2. Applications of photoluminescence

Luminescent materials with high colour purity in their emitted light have garnered significant

attention across various scientific fields as promising candidates.[22]

1) Optoelectronic devices: Multi-colour emission achieved by luminescence materials open
up plethora of applications in many fields such as white light emitting diode, solid state
lighting, and display devices.

2) Fluorescent probe: Fluorescent materials are generally used as indicator for the
generation of excited fluorescence at a predetermined wavelength and are widely used in
a variety of detection and labelling fields such as metal ions and pesticide residue
detection, bio molecular tracing etc. By measuring changes in fluorescence intensity
caused by environmental effects on the fluorescent probe, visual monitoring of the
detected substance is done which offers insights into the characteristics or specific
information about the environment.

3) Drug delivery activity: In recent decades, research in medicine utilizing the
luminescence opened the door for biomedical application of the nanomaterials in drug

delivery, diagnostics, and therapeutic monitoring. Luminescent materials can be tailored
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to target specific cells or tissues, such as cancerous cells, ensuring precise drug delivery
to the intended site. By monitoring of the luminescence particles several information can
be obtained on how the particles interact with the target cells or whether it reached the
intended target cells.

4) Bio imaging: Luminescent materials are essential in bioimaging because of their light-
emitting properties, allowing for non-invasive visualization of biological processes at
both the cellular and molecular levels. PL active materials provide numerous benefits in
bioimaging, such as high sensitivity, real-time tracking, and compatibility with a range of

imaging techniques.

1.8. Material synthesis and characterization techniques

Nanomaterials of specific chemical and physical properties are synthesised via to synthetic
approaches: Top-Down approach and Bottom-Up approach (the schematic representation of

the techniques is shown in Fig. 1.3). [3]

In top-down approach is a destructive approach in which bulk materials are broken down into
nanosized particles via mechanical or physical method. This approach initially starts with bulk
material and its size is reduced to desired nanostructures by applying external forces. Top-
down approach encompasses techniques such as mechanical milling, lithography, sputtering,
electro explosion, arc discharge method, laser ablation. However, these techniques lead to high

power consumption and limited size control.

Bottom-up is a constructive approach in which nanomaterials are synthesised at atomic level.
Through self-assembly or integration of atomic level particles, the larger and more complex
nanostructures are formed. Bottom-up approach encompasses techniques like, vapor
Deposition (chemical vapour deposition (CVD), liquid phase deposition, electrodeposition),

solvothermal method, sol-gel method, soft and hard templating method.[3,4]

Among the various synthesis techniques, sol-gel, solvothermal and solid-state synthesis
routs have been used in this thesis work for their speed, simplicity and cost-effectiveness. The
primary goal of these synthesis techniques is to produce MOS nanomaterials with a high

surface-area to volume ratio and crystallinity.
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Sol gel:

Sol-gel synthesis is a bottom-up approach for synthesising MOS nanomaterials. This method
is distinguished for its cost-effectiveness, simplicity, which makes it one of the most used
synthesis techniques among other physical and chemical synthesis techniques. Controlling the
stoichiometry of precursor solution, modification of compositions, maintaining a molecular
level homogeneity and size tailoring of the nanoparticles are easier via sol-gel synthesis
method. Sol-gel synthesis required a relatively lower annealing temperature that is
advantageous for controlling and maintaining the growth of the nanoparticles. “Sol” is the
precursors used (mainly inorganic metal salts such as water-soluble nitrates, chlorides or metal
organic compounds such as metal alkoxides) in synthesis. During the mixing of the precursors
a colloidal solution is formed in water (mainly used as solvent) and pH of the solution is
controlled to avoid precipitation. After reacting with water and going through hydrolysis, the
polycondensation of the precursors happens and colloidal dispersion of particles of small size
(in nm) is obtained which finally transforms into complex intermediate “gel” of corresponding
metal oxide. The unreacted components and solvent are removed by heat treatment and
crystalline nanoparticles of desired phase and morphology is achieved by optimizing the
calcination temperature and duration.[3,4]

Solvothermal:

To achieve nanocrystals and nanoparticles of uniform size and unique morphology, the
solution based colloidal synthesis methods are useful. Highly crystalline nanomorphology such
as nanospheres, nanorods, nanotubes are produced. Solvothermal technique via reaction
between the metal precursors and directing agents in the solution medium. Surfactants (surface-
active agent) or capping agents are used for stabilization, shape or size and porosity control.
For controlling the pH level of the solution inorganic or organic minerals are added to the
solution. This method highly depends on the concentration of precursor solution, pH level and
temperature of synthesis. The synthesis technique needs relatively low temperature ranging
from 120 °C to 250 °C which is above the boiling point of the solution medium in a small and
closed volume of Teflon-lined environment. The solution evaporates in the closed environment
and creates high pressure to yield highly crystalline nanocrystals with required phase. This
technique does not require the calcination step and causes minimum loss of materials during

synthesis technique.[3,4]
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Solid-state route:

Solid-state is a widely known synthesis technique for metal oxides. Nanomaterials with high
purity can be achieved via solid state technique by utilizing the chemical reaction between the
solid precursors without the requirement of any solvent. Solid precursors such as metal oxides
and salts are mixed using grinding or ball-milling technique to achieve homogeneous solid
mixture. The powders are subjected to heat treatment (calcination or annealing) at high
temperature (500 °C — 1200 °C). During this heat treatment, by controlling the temperature of
the calcination, power nanomaterials of high purity, desired morphology and particle size is
obtained via solid-state reaction between the precursors.
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Fig. 1.3. Synthesis of nanomaterials via Top-Down and Bottom-Up approach.
Characterization techniques of nanomaterials

The sensing property is greatly influenced by structural and elemental properties of the sensing
materials. The successful chemical synthesis of MOS nanoparticles is evaluated based on the
crystal phase, particle size, morphological structure, that ensures the performance of the sensor
material. The characterization techniques that are employed to evaluate different properties of

the synthesised materials in this thesis work are given as follows,
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» X-ray Diffraction (XRD)

X-ray diffraction (XRD) provides an analytical technique which is non-destructive and it offers
detailed information on the crystallinity, crystallographic phase and structure of the
nanomaterials. The information a that are obtained from XRD give us the idea about the
dimension of unit cell, grain sise, bond length and bond angle between atoms, orientation of
crystal of the synthesized materials. Working principle of XRD is based on constructive
interference of X-rays. X-ray generated by cathode ray tube is filtered to produce
monochromatic radiation. Then it is collimated to concentrate so that it is directed towards the
sample. Crystalline samples are appropriate for the study. Constructive interference is produced
due to the interaction between the incident ray and the sample satisfying Bagg’s Law. Then the
relation between the wavelength (1) of the incident radiation, the lattice spacing (d), and

diffraction angle (0) is used, given as follows,
nA = 2dsin 6 3)

The samples are scanned by arrangement of 26 angles. By random orientations of the powdered
samples, all possible diffraction directions of the lattice are captured. To identify the
composition and phase of the material, comparison of the position and the intensity of the peaks
is done with the International Centre for Diffraction Data (ICDD) pattern (which was
previously known as Powder Diffraction Standards, JCPDS). Information about the particle
size, defect and stain in the nanocrystals are obtained as they are closely related to the widths
of the diffraction lines. The broadening of the peak-widths (full width half maxima) indicate
the decrease of the size of the nanocrystals which arises as a result of the loss of long-range
order compared to the bulk. Crystallite size of the nanoparticles are estimated with Debye-

Scherrer formula given as follows,

0.9A
D= BcosO (4)

where D is the crystallite size, A is the wavelength of the source light, § indicates the full width
half at maximum (FWHM) of the peak in radians, and 0 indicates the Bragg angle. However,

amorphous materials are not suitable for Debye Scherrer formula.

» Field Emission Scanning Electron Microscopy (FESEM)

Field Emission Scanning Electron Microscopy (FESEM) is a useful instrument used for the

examination of material morphology. It utilizes a focused beam of high-energy electrons to
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capture microstructural image of the sample surface with micrograph resolution down to ~1
nm depending on the conditions of operation and type of the sample to be analysed. Basic
working principle of FESEM is that electron beams are produced by field emission to achieve
high resolution with minimum distortion in comparison with conventional SEM imaging
technique. Signals are generated containing the information about the surface of the specimen
due to the interaction between the incident beam and the atoms of the sample and the secondary
and backscattered electrons are utilised for imaging. To avoid the disruption of gas molecules
with the electron beams and the backscattered electrons the FESEM is performed in a high
vacuum space. Highly focused and coherent beam of electrons with minimal spread is produced
by a field emission gun which enables the extremely fine spatial resolution in nanometre scale
allowing the imaging of small and intricate features. This beam is operated at very low
accelerating voltages (1-5 keV) (to reduce beam-induced damaging of samples and minimise
charging effects of samples) passes through electromagnetic lens focusing sharply on the
material. Different types of secondary electrons are emitted from the material surface. A
detector detects the secondary electrons and by comparing the intensity of the secondary
electrons to the scanning primary electron beam the image of the sample surface is constructed.
Large depth of field of FESEM micrographs yields a 3D appearance of the sample surface from
which we can gain the surface topology, morphology and chemical composition of the

materials.

Energy Dispersive X-Ray (EDX)

Energy Dispersive X-Ray (EDX) Spectroscopy, an analytical technique, is used for the
identification and quantification of elements and their composition in a sample. Energy-
Dispersive X-ray is coupled with Scanning Electron Microscopy (SEM) or Transmission
Electron Microscopy (TEM) instrument and conducted on the same samples. The electron
beams are focused on the sample surface and after striking the specimen surface, the electrons
which were previously on the ground energy state, are excited to higher energy state causing
ejection from the inner-shell. This creates a vacancy or electron hole. To fill this vacancy,
electrons from outer, higher energetic shell drops down and because of the difference in the
energy between the higher and lower energy-shell, X-ray is emitted in the process as a
characteristic ray. This X-ray is detected by an energy dispersive detector and the energy of the
X-ray is measured. Unique set of X-rays with specific energy levels are produced by each
element which allows the identification of the elements in the specimen. A spectrum is

generated corresponding to specific elements. The elemental composition, relative
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concentration and chemical characteristics of the samples are obtained using the height and

area under the peaks.

Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) is an imaging technique with a high spatial
resolution which is used for studying the structural and chemical characterisation of materials
at the atomic or nanometre scale. This microscopy technique provides surface image of the
sample by transmitting electrons through an ultra-thin specimen. The principle of imaging
technique of TEM is, a high energy monochromatic electron beam (with energy between 100-
300 eV) is generated through an electron gun. The beam is focused onto a small, very thin
sample with the help of two condenser lenses. The specimen should be thin enough to allow
the electrons to transmit through it. A condenser aperture removes the high-angle electrons
before they reach the specimen material. The electron beams pass through the thin sample and
interacts with the specimen’s atoms. The electrons are elastically and inelastically scattered,
absorbed or transmitted through the sample depending on the density and composition of the
specimen. The transmitted electrons that carry the information about the internal structure of
the material are detected. The process of detection involves series of electromagnetic lenses
and the electrons focused by the lenses reach the detection fluorescent screen to form a 2D
image of the specimen. The image displays the intricate details of the sample's internal
structure, reaching atomic level resolution. The resolution of upgraded TEM instrument can
reach down to 0.1 nm, which is smaller than interatomic distance. Additionally, TEM can
conduct electron diffraction, which reveals crystallographic information about the material,
such as lattice spacing and orientation. The transmitted beam is selected by an objective
diaphragm inserted at focal plane at the back and an amplitude contrasted image is obtained.
Bragg oriented crystalline parts appear dark and parts without Bragg orientation appear bright
which is called bight field mode (BF). These bright and dark field modes are utilised for
nanometre scale imaging of specimens. Selected area electron diffraction (SAED) pattern
generates an image consisting of a pattern of dots, which is for single crystalline materials and
it generates series of rings for polycrystalline/amorphous materials. The information about
space group symmetry and crystal orientation is obtained from SAED. Utilising TEM
technique, the crystallographic information viz. shape, particle size distribution, crystallinity,
interplanar spacing, compositional information, defects, dislocations in crystals and single

crystal properties can be obtained.
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» X-ray Photoelectron Spectroscopy (XPS):

X-ray Photoelectron Spectroscopy (XPS) is an analytical technique which is surface sensitive,
used for chemical analysis and study of elemental composition, core-shell electronic structure,
oxidation states of the elements as well as the surface functionalisation, ligand exchange
interaction taking place in the nanomaterials. It is utilised in obtaining qualitative and
quantitative information of the specimen surface, thin films and coatings. The working
principle is based on photoelectric effect. A beam of X-ray (Al K, or Mg K,), with energy
sufficient enough to excite the electrons from the core-level of the atoms, is directed onto the
sample surface. After interaction between the X-ray and the atoms, core-level electrons are
emitted from the material as a result of the photoelectric effect. A detector is used to measure
the Kinetic energy of these emitted electrons ejected from the valence shell. Each element
exhibits specific peaks in the photoelectron spectra measured in the form of kinetic energy. The
binding energy of the ejected photoelectrons and the elemental composition on the surface of
the specimen is determined by subtracting the kinetic energy from the energy of the incident
X-ray (which is known). XPS is highly sensitive to surface because the electrons are emitted

from the top few nanometres of the specimen surface and escape with minimal energy loss.

» Brunauer-Emmett-Teller (BET) surface area analysis

Nanomaterials with large surface area and exhibit high surface activity with gas molecules dur
to their exposed active surface. The nanomaterials with high surface area show higher response
and optimum operating temperature for gas sensing is also reduced. The Brunauer-Emmett-
Teller (BET) surface area analysis is an analytical technique utilised for the measurement of
the specific surface area of porous nanomaterials. The surface area is measured by adsorption
of gas (typically nitrogen gas is used as adsorbate) molecules on the surface of the
nanomaterial. The adsorption can be physisorption or chemisorption. The physisorption causes
due to Van der Waals force of attraction between the nanomaterial and the adsorbate gas
molecule. Whereas, the chemisorption happens when there is a reaction between solid
nanomaterials and the gas molecule (adsorbate). The amount of gas adsorbed at different
pressure at the surface of the nanomaterial is correlated to the surface area of the material. BET
specific surface area, pore volume and pore diameter are determined by plotting the data
applying the BET model by analysis of the adsorption isotherm of the adsorbate gas.
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> Fourier transform infrared (FTIR) spectroscopy

Fourier Transform Infrared (FTIR) Spectroscopy is a vibrational spectroscopy analytical
technique utilised for the characterization of structural property such as vibrational frequency
of the organic and inorganic molecules by measuring their infrared (IR) light absorbance
pattern. In FTIR spectroscopic technique, a continuum source of IR radiation is used in a broad
range of wavelength. Using half-silvered mirror, this light is split into two. When the light is
passed though the specimen, the IR light of certain frequency is absorbed by the specimen
which causes the molecules to vibrate. Each chemical bond is identified by the absorbed
infrared radiation of characteristic frequency corresponding to its vibrational energy levels.
The Fourier transform of the transmitted light intensity is plotted as a function of wavenumber.
By comparing the positions of these peaks with known spectra (available in FTIR database)

the functional groups and the bonds and chemical compositions are identified.

» UV-visible spectroscopy

UV-visible spectroscopy is an analytic technique utilised for studying the optical and electronic
properties of the nanomaterials. The working principle of this technique is to measure the
absorbance of the of ultraviolet (UV) and visible light of the specimen. When light in ultraviolet
(200400 nm) and visible (400-700 nm) regions passes through the sample specimen it
interacts with the specimen and specific wavelengths are absorbed due to the excitation of
electrons from ground state to higher energy state. The fundamental electronic property of the
specimen (such as energy levels, dipole moment) is obtained from the absorption spectrum of
electrons. Optical band gap of the nanomaterial can be obtained from the UV-vis spectra
utilizing Tauc-plot method. For direct allowed transition, the Tauc relation is given by

following equation,

ahv = A(hv — Eg)" (5)
here, “a” represents the absorption coefficient, “hv” represents photon energy, A” is the
proportionality constant, “Eg” is the optical band gap energy of the material. “n” is the index

that depends on the type of electron transition.

» Photoluminescence (PL) spectroscopy

Photoluminescence (PL) Spectroscopy is a non-destructive optical analysis technique of the
materials which gives the information about the electronic structure of nanomaterials. When

the materials are excited by photons the emitted light is measured to provide information about
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the band gap, energy levels and defect in the materials. This technique is based on the transition
of electrons from ground state to higher energy state. It is utilised to gain information about the
energy band structure of the materials. The sample is irradiated with a light with energy greater
than the band gap of the sample which causes excitation of the electrons from valence band to
conduction band, and creates excitons in the process. As the excited electrons come back to the
lower energy states to recombine with holes, releasing energy in the form of photons. The
energy of the emitted photons corresponds to the energy difference between the electronic
states participating in the recombination process. The emitted light which is called
photoluminescence is detected to generate a spectrum. The intensity of the emitted light
(recorded as a function of wavelength at a fixed excitation wavelength) provides the
information about the electronic transition. The PL spectrum consists of several peaks that
correspond to energy levels of the emitted photons. From these peaks, information about the

band gap energy, defects, impurity levels are gathered.
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1.9. Review of literature

Chemiresistive gas sensors based on Metal oxide semiconductor (MOS) have been
widely employed because of its numerous interesting characteristics such as cost-effectiveness,
fast response, robust nature, easy maintenance, miniature size and stability [23]. The
performance of a gas sensors is affected by various characteristics such as sensitivity of the
sensor material, selectivity towards a particular gas, the sensor’s response/recovery time,
reproducibility. A sensor material is chosen keeping on the aforementioned criteria in mind.
Gas sensing mechanism is a surface reaction which is related to the surface property of the
material. Therefore, by modification of microstructure, electronic and surface properties of the
sensing material have great influence on the sensitive property of the MOS based gas sensors.
Gas sensors with reliable detection of different gas molecules have been made possible with
the help of nanotechnology. Over the last few decades, the extensively explored binary MOS
based chemiresistive-type gas sensing materials include nanostructured variants of: a)
Transition-metal oxides that include MoO3z, NiO, WO3, C0304, TiO2, Cu.0, Fe;Oszetc.[24-29],
b) non-transition metal oxides including ZnO, In203, SnO: etc. [10,14,30,31] Because of the
small energy difference between a cation with d" and d"* or d™! the transition metal oxides
can exist as different form of oxides in nature and they exhibit more sensitivity toward target
gas molecules. Binary transition metal oxides with electronic configuration d° and d*° are found
to have sensing activity. Among the non-transition metal oxides, ZnO and SnO; exhibit d°
electronic configuration and are among the widely investigated binary MOS based gas sensing
material. Owing to the advantage of high surface area, ability to preferential growth mechanism
of a crystal plane favourable to certain gas molecules, surface chemical composition, defects
on the surface and quantum effects MOS based nanomaterials exhibit exceptional gas sensing

ability that can be implemented in device application for real time monitoring [32].
1.9.1. Binary MOS-based chemiresistive gas sensors

Pure ZnO: Numerous reports have been found in literature based on ZnO nanostructure-based
gas sensors with a variety of morphologies such as nanospheres, nanosheets, nanorods,
nanowires[14,15]. Gu et al. has reported single crystalline ZnO nanowires derived by wet-
chemical reduction method for the detection of volatile organic compounds [33]. Zhao et al.
has demonstrated hydrothermal preparation of one dimensional ZnO nanorods for ethanol
detection [34]. Acharyya et al. have reported two step electro-deposition and electrochemical
etching derived ZnO nanotubes with hexagonal structure for efficient alcohol sensing [35].
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Zhou et al. have demonstrated hydrothermal synthesis process of layered flower-like ZnO
nanorods with methane sensing properties [36]. A work by Chen et al. demonstrated
Mesoporous ZnO sheets with unique nanoparticle assembly via facile synthesis method for
toxic gas NO- sensing applications [37]. Patil et al. reported simple successive ion layer
adsorption and reaction technique for the synthesis of ZnO thin film nanostructure for efficient
NO gas sensing in the concentration range of 100 ppb—200 ppm. Various reports have
delineated how the thickness of the ZnO nanostructure being close to Debye length has a great
positive influence on the sensitivity and overall performance of the sensor [38-41]. ZnO
hierarchical structure has been accomplished by Zhang et al. with 48 times enhanced sensitivity
toward acetone compared to bulk ZnO [42]. Spin coating technique grown ZnO nanoparticle
thin film has been grown by Patil et al. with NO> gas response (Rq/ Ra) of 12.3 at 200 °C [43].

Pure SnOz2: SnO- is another n-type semiconducting metal oxide gas sensing material that have
been widely explored for its gas sensing mechanism. Masuda et al. have reported
hydrothermally grown SnO. microspheres for the detection of formaldehyde (HCHO) at
operating temperature 200 °C [8]. SnO. hollow microfiber synthesised by Zou et al. via
sustainable biomass conversion procedure for TEA sensing at 270 °C [44]. Cheng et al.
fabricated hollow nanofibers of SnO- via electrospinning method for measurement of ethanol
sensing properties at 300 °C [45]. Pan et al. have reported SnO2 nanowires modified with
plasma using the enhanced oxygen vacancies concentration on the surface of the material in
favour of gas sensing [46]. Leblanc et al. have reported SnO- based sensor with NO and NO-
sensing property [47]. ZIF-8/SnO2 nanosheets have been prepared by Choi et al. via aqueous
solution process for CoH18O sensing with 2.15-fold response to 50 ppm at 100 °C employing
molecular size-based selectivity [48]. Li et al. reported hierarchical three-dimensional SnO>
nanostructures for morphology-dependent VOC sensing at 325 °C [49]. Chi et al. have worked
on mesoporous SnO: by controlling the synthesis procedure using amphiphilic graft copolymer
as a sacrificial agent and explained the porosity dependent H> gas sensing at 300 °C 10s/54s
response/ recovery time with a response of 13 toward 3% H> concentration [50]. Coral-like
structure of SnO> nanostructure synthesised via hydrothermal method has been prepared by
Yan et al. for ethanol sensing at 240 °C operating temperature with response about 25 toward
100 ppm concentration and 17s and 7s, response and recovery time [51]. Aligned epitaxial
SnO2 grown on sapphire with nanowire morphology has been reported by Wang et al. for NO>
detection [52].
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Pure In203: Yang et al. have successfully synthesised In,Oz microtubes with one-dimensional
configuration prepared via chemical conversion method for TEA detection utilizing density
gradient strategy with response value of 72.5 at 300 °C operating temperature with 12s/650s
response/recovery time [53]. Zheng et al. reported isoprene sensing of In.O3 nanoparticles at
350 °C working temperature with a response of response time in the range 2-5 s and recovery
time in the range 35-200 s [54]. A report by Shboul et al. has reported ppb level H2S detection
of In.O3 based sensor with anti-humid property with response time of 60 s and response value
55 to 200 ppb H.S [55]. Cao et al. have studied crystal phase effect on acetone sensing activity
of In2O3 flower-like nanofibers at 180 °C with response/recovery time of 1s/126s to 50 ppm
acetone [56]. Another work by Han et al. have demonstrated NO> sensing behaviour of In;O3
nano-bricks working at 50 °C with a response of 402 toward 500 ppb concentration of NO2 and
response/recovery time 114 s/49s [57]. Ou et al. have reported InO3 modified by oxygen
vacancies for low temperature detection of formaldehyde in room environment with a response

value of 150 and response time of 433 s [58].

Pure MoOs: Sui et al. have successfully fabricated with hierarchical three-dimensional flower-
like a-MoOs structure for triethylamine (TEA) detection at 250 °C [59]. a-MoOs was
synthesised via pulsed laser deposition by Bisht et al. for the purpose of NO2 sensing at
operating temperature of 100 °C and relationship between defect concentration and sensing
property has been explained [60]. Hydrothermally synthesised a-MoOz nanobelts were
reported by Mo et al. for ethanol sensing at 300 °C with response 174 to 800 ppm ethanol and
response/recovery time of 33 s/9 s [61]. 2D hexagonal MoOs was synthesised by Sakhuja et al.
for liquid exfoliation technique assisted by ultrasonication technique for NH3 sensing with
response of 42% to 5 ppm gas concentration at room temperature with response time 1-5 min
[62]. Mo atom exposed MoOz microporous nanoflowers were reported by Li et al. for H2S
sensing ability 7.2 times higher than the MoO3 nanosheets [63]. MoOs nanorods for the TEA

sensing was reported by He et al. with 4 s and 2 min response and recovery time [64].

Pure NiO: Yu et al. reported net-like NiO architectures grown via hydrothermal synthesis
technique which exhibited response value of 45% to 200 ppm ethanol at 300 °C working
temperature [65]. Zhang et have reported nanoneedle-assembled hierarchical nanoflowers
structure of NiO for ethanol sensing with response value 55 at 300 °C operating temperature
and response/recovery time 1.7s/2.2s [66]. A work by Miao et al. demonstrated ethanol sensing
activity of NiO flake-flower architectures synthesised via hydrothermal rout which exhibited

response value 23.7 toward 400 ppm ethanol with response/recovery time of 10s/5s while
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operating at 300 °C [67]. Yang et al. have demonstrated benzaldehyde sensing activity of
engineered NiO nanostructure with response value of 160% to 100 ppm at working temperature
300 °C with response/recovery time 31.0s/30.9s [68]. Du et al. have reported H»S sensing
activity of NiO nanoparticles with sensitivity of 8.5 working at 150 °C temperature [69]. Zhang
et al. have reported their work on nanosheet layers of NiO synthesised via hydrothermal
technique for room temperature sensing activity toward NO, with 10s response time and

explained the effect of gran boundaries on the gas sensing characteristics of NiO [70].

Pure WOs3: WO3 with hollow microsphere structure grown via hydrothermal route mediated
by glucose has been reported by Majhi et al. for detection of NO2 in 0.5-2.5 ppm concentration
range [25]. WOs has gained recognition as an efficient ammonia gas sensor at an ultra-low
concentration with ~350% response to 60 ppm NHs activated by surface modification with
MWCNT [71]. Monreal at al reported their work on WQO3 based NOz sensor synthesised via

direct laser interfering patterning with the sensing ability of low ppm concentration [72].

Pure Co3Oa: Vetter et al. have reported CO gas sensing capability of nanostructured Coz04 at
low ppm concentration at 200 °C [29]. Yoon et al. developed p-type Co304 nanofibers via
ultrasonication assisted method to demonstrate sensing activity toward CoHsOH at 310 °C [73].
Wen et al. have fabricated Rhombic Co3O4 nanorod using thermal conversion method for
detection of ethanol at 160 °C [74]. Shen et al. have reported formation mechanism of urchin-
like C0304 and utilized product morphology for the enhancement of volatile organic sensing
property [75]. A work by Sun et al. have reported monodisperse structure of CozO4 nanocubes
synthesised by microwave assisted route to demonstrated responses to xylene and ethanol gas
[76]. Choi et al. have reported Co0304 nanostructures prepared via solvothermal reaction
method and fabricated C2HsOH sensor at 300 °C utilizing the less agglomerated structure of
the material [77]. Deng et al reported mesoporous Coz04 nanosheets structure for p-type VOC

sensor synthesised via chemical co-precipitation method for VOC sensing [78].

Pure TiO2: Chen et al. have reported nanoporous TiO2 prepared via hydrothermal technique
for acetone sensing with response of 25.97 for 500 ppm acetone and response/recovery time of
13s/8 s [79]. Pozos et al. have reported their work on spray pyrolysis derived TiO thin films
for CO detection with response value of 300 to 300 ppm CO at 350 °C [80]. Navale et al. have
reported hydrothermally grown TiO2 nanoparticles operating at 270 °C temperature with
response/recovery time of 10s/9s and response value of 15.24 to 1000 ppm acetone [81]. Li et

al. have reported room temperature sensing activity of mesoporous TiO> hollow microspheres
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with response of 40 to 5 ppm formaldehyde with 40s/50s response/recovery time [82].
Tshabalala et al. reported TiO2 nanorods room temperature sensing activity toward CH4 with
45s/33s response/recovery time [83]. Zhao et al. have reported in situ growth technique derived
TiO2 nanorod arrays for room temperature detection of NHz with response value of 23% to 20
ppm NHs [84]. Zhou et al. have reported rutile phase TiO2 with H2 sensing performance of
2s/40s response/recovery time [85]. Zhu et al. have reported TiO2 nanowires for NO2 gas
detection with fast response/recovery times 10s/19s to 100 ppm NO- at room temperature [86].
Ge et al. have reported their work on TiO2 nanosheets of hierarchical structure for acetone
detection at 400 °C temperature with response value of 134.40 and 14s/20s response/recovery
times [87]. Zhang et al. have reported TiO2 based hydrogen sensors implementing surface
detect enhanced sensing mechanism with response value of 75% to 500 ppm H: and
response/recovery time of 3s/10s [88].

Pure Fe203: Wu et al. have reported a-Fe2O3 nano-ellipsoids-based H2S sensor synthesised
via hydrothermal technique with response value of 80 to 5 ppm H>S with response/recovery
time of 0.8s/2.2s while operating at 260 °C [89]. Chuong et al. demonstrated synthesis of a-
Fe>O3 nanoparticles via hydrothermal technique for CO sensing with response value 22.5 for
100 ppm concentration at 300 °C [90]. Zheng et al. reported hollow a-
Fe>Os microspheroids prepared via hydrothermal synthesis technique for acetone detection
with response of 68.5 to 100 ppm acetone and response/recovery time 8s/5s at 260 °C operating
temperature [91]. Wang et al. have reported porous a-Fe2Os nanorods for ethanol sensing
activity with response ~130 for 500 ppm ethanol concentration [92]. Huang et al. reported a-
Fe>Os nanoparticles with porous structure for room temperature detection of H.S gas with
response 38.4 to 100 ppm concentration [93].

Pure Cu20/CuO: Zhang et al. have reported Cu.O and CuO nanospheres prepared via
kinetically controlled synthesis technique for alcohol sensing at 210 °C operating temperature
with 30s response time [94]. Umar et al. demonstrated ethanol sensing property of CuO
nanoplates which exhibited 176% response towards 100 ppm ethanol concentration at 250 °C
operating temperature [95]. Wang et al. have reported sol-gel derived CuO nanoparticles with
ethanol, methanol and acetone sensing activity [96]. Wan et al. have reported morphology and
particle size dependant alcohol gas sensing activity of Cu.O nanospheres with response 3.8

toward 800 ppm gas concentration operating at 200 °C temperature [97].
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1.9.2. Different doping on MOS-based chemiresistive gas sensors

Adding suitable dopants to the host matrix has proven to be an efficient way to achieve
improved gas sensing property. Noble metals such as Ag and Au, transition metals such as Cu,
Ni, Co have been used to enhance the sensing capabilities of ZnO, as reported in the literature.
Incorporation of noble metal in ZnO have given rise to electric effect in favour of the contact
resistance [98]. Ag was used as a dopant by Hamid et al. to enhance the by facile sol—gel
Pechini route for enhanced ethanol sensing of 32.5 (Ra/Rg) to 50 ppm concentration of ethanol
at 325 °C operating temperature [99]. Au doped plasmonic ZnO has been explored for its
multifunctional property at RT as UV photo generator and NO sensing activity by Gorurla et
al. [98]. Wang et al. have demonstrated the effect of Ag content and calcination temperature
on the H2S sensing ability of Fe,O3 [100]. By controlling the amount of Ni with ZnO nanorods
the kinetic process of H>S adsorption and desorption has been improved at 200 °C as reported
by Modaberi et al. [101]. Zou et al. reported hydrothermally grown ZnO nanorods decorated
with dopant Co to enhance the NOz sensing performance at 210 °C [102]. Vuong et al.
developed ZnO hierarchical nanostructures decorated with CuO synthesised by wet chemical
method to enhance H»S sensing activity at 200 °C working temperature [103]. Varudkar et al.
have fabricated NHs sensor based on Al doped ZnO nanoparticles via a facile co-precipitation
technique [104]. Zhou et al. have explained improved ethanol sensing mechanism of Cr-doped
ZnO nanorods due to adsorption of larger number of oxygen molecules on (001) surface
enabled through doping [105]. Sub ppm CO gas sensing has been reported by Choi et al. by
networked ZnO nanowires functionalised by Pd which showed room temperature sensing
activity due to synergetic effect of chemical and electronic sensitization [106] Gunter el al.
reported Si-doped a-MoOs synthesised via flames followed by direct deposition and annealing
method for the detection of NH3 at 450 °C operating temperature [107]. CO sensing at 240 °C
temperature has been demonstrated by Bhardwaj et al. with Cu doped SnO2 nanostructures
synthesised via wet chemical method [108]. Xu et al. have successfully fabricated SnO> thin
films decorated with Pt single atoms for detection of triethylamine (TEA) detection at 200 °C
utilizing Pt as a catalyst for the spillover activation of oxygen and oxygen vacancies on the
surface [109]. Song et al. have reported porous a-Fe>Os nanorods decorated with gold
decahedrons prepared via one-pot polyol reaction method to sense trimethylamine (TMA) at
40 °C [110]. Suematsu et al. have fabricated SnO. nanoparticles by controlled particle
aggregation method for toluene sensing at 300 °C utilizing catalytic and electrical sensitization

effects generated through Pd doping [111]. Kwak et al. reported Th doped SnO: yolk—shell
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spheres for reliable acetone gas detection [6]. M0oOz nanobelts modified by Au nanoparticles
prepared by hydrothermal method have been reported by Fu et al. for 1-butylamine sensing
activity at 240 °C operating temperature with response of 300 toward 100 ppm gas
concentration with response time 8-31 s and recovery times of 11-749 s [112]. Cr was doped
in a-MoO3 nanorods by Li et al. for the detection of triethylamine with a response of 150.25 to
100 ppm TEA and response/recovery time of 7 s and 80 s [62]. Bai et al. have reported co-
doping of In.O nanocomposite with Ag and Tb for ppb level Hz sensor at 160 °C which
exhibited 4 times enhancement in sensing activity after doping [113]. Kim et al. have reported
Sn-Doped NiO microspheres with multiroom structure for xylene detection with response ~60

toward 1 ppm xylene and 179 s response time while operating at 300 °C [114].
1.9.3. Heterostructure based chemiresistive gas sensors:

Heterostructure and composites formation has been proven to be efficient approach for the
improvement of binary metal oxides based chemiresistive gas sensors [115]. MOS based
heterostructures can be helpful in modulating carrier transport mechanism at the interface of
two semiconductors which leads to change in resistance utilizing the difference in their working
functions [116]. Katoch et al. fabricated SnO2-ZnO composite nanofibers via electrospinning
technique to achieve H. gas sensing at 300 °C operating temperature utilizing the metallization
effect between the nanograins of SnO2 and ZnO [117]. Ju et al. reported wet chemical method
derived ZnO-rGO-Au core-shell nanohybrids for trimethylamine (TMA) sensing at 40 °C
utilizing  Schottky contact between Au-SnOz2and n-n heterojunction  between
Zn0O/Sn0O; fabricated via pulsed laser deposition (PLD) and DC-sputtering method [118]. p-
CuO/n-ZnO hollow nanofibers were designed by Han et al via combination of electrospinning
and atomic layer deposition method to detect H»S at 250 °C [119]. ZnO/polyaniline
nanocomposite has been fabricated by Li et al. utilizing morphology effect and p/n junction
effect for NHs sensing at RT [120]. 3D ZnO/In203 n-n heterostructures fabricated by Zhang et
al. thermal conversion method for sensitive ethanol detection at 240 °C [71]. Kim et al. reported
protein templated RuO: functionalised WO3 nanofibers prepared by electrospinning method to
detect acetone in human exhaled breath for diagnosis of diabetes at 350 °C [7]. Hu et al reported
flower-like MoOz@WO3 composite microstructure grown via hydrothermal and impregnation
method for H,S sensing at temperature 250 °C with 2s/5s response recovery time [121]. Gao et
al. demonstrated H,S sensing performance of MoOs/Fe2(M00Q4)s yolk/shell nanostructure at
320 °C synthesised via facile hydrothermal method [122]. Yual et al. demonstrated the
synthesis and preparation of WOs@SnO> core shell nanosheets heterostructure with tunable
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shell thickness of SnO. for NHz sensing at 200 °C [123]. Bi et al. have reported NiO-
In.O3 heterojunction nanospheres grown via hydrothermal technique for the detection of toxic
NO:2 gas [124]. Mesoporous WO3—-SnO> nanocomposite prepared via nanocasting technique
for the detection of amine at 200 °C temperature has been reported by Tomer et al. [11]. Ju et
al. have fabricated p-n heterojunction of NiO/SnO- hollow sphere which was synthesised via
template assisted hydrothermal method for the detection of TEA at 220 °C [12]. Xu et al. have
reported to form n-n type heterojunction interface of SnO2/TiO2 nanosheet structure for TEA
detection at 320 °C operating temperature [125]. Gup et al. have reported electrospinning
followed by calcination method-prepared Al.O3s/a-Fe,O3 composite nanofibers which
exhibited TEA sensing at 250 °C [126]. Shi et al. have explored a metal organic framework
(MOF) derived method of synthesis of Cos04/In,Oz3 hollow microtubes TEA at 250 °C
temperature utilizing effects of electronic, chemical and structural property [13]. Liu et al. have
proposed designing method of a-Fe>Os/a-MoOs Nanostructure utilizing seed-layer-assisted
growth technology followed by hydrothermal method to demonstrate TEA sensing activity
[126]. Arafat et al. have reported the construction of core-shell TiO2-Al>O3 nanostructures
fabricated by thermal oxidation method for H.S, CH30OH and C>HsOH sensing [127]. Ling et
al. reported SnO2/WQO3 heterojunction for the measurement of its NO2 sensitivity [128].
NiO@SnO. Hierarchical Nanostructures have been grown via in situ growth assisted chemical
deposition technique on ceramic microchips for detection of H>S with 23-fold and 17-fold
increment in response compared to NiO and SnOa, respectively [129]. Yuan et al. have
successfully grown CeO> Nanodot-Decorated WOz nanowires heterostructure for ppm level
acetone gas sensing with response of 1.31 toward 0.5 ppm and response/ recovery time of 34s/
68s implementing abundant oxygen vacancies on the surface of sensing material [130]. Hu et
al. have demonstrated fabrication of 1n2Os hollow spheres with CeO»-loading for hydrogen
detection at 160 °C with response enhancement of 3 times compared to pristine In,O3 with
response/recovery time of 1s/9s [131]. Mei et al. have reported their work on hierarchical
heterostructure of a-Fe>Os/Ti02 exhibiting response value of 40.4 toward 500 ppm ethanol and
response/recovery time of 37s/46s [132].

1.9.4. Ferrite based chemiresistive gas sensors

Only few of the ferrite materials have been explored for their gas sensing ability in the
past. Some of the reports in ferrite-based chemiresistive gas sensors include spinel ferrites with
structure MFe204 (M=Zn, Ni Co, Cu, Mg) which showed reliable gas sensing activity to
various target gas molecules [133]. Ethanol, acetone, HCHO, H.S sensing property has been
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observed in ZnFe;O4 structure [18,19,134,135]. NiFe204 nanostructure was reported to exhibit
VOC sensing property with high response value and demonstrated how the gas adsorption
property can be affected by the microstructure of the sensing material [136]. A report by Zhang
et al. delineated porous NiFe2O4 nanorods with high surface area exhibited toluene sensing
activity at 200 °C operating temperature with 59.64-fold response and lower detection limit of
1 ppm [137]. Several reports have been found on enhanced acetone sensing characteristics of
NiFe2O4 nanostructure with different morphologies down to ppm level concentration
[137,138]. Solvothermal technique-grown CoFe;O4 with porous nanospheres morphology,
which showed acetone sensing property with 3s/185s of response/recovery time as reported by
Yang et al. [139]. Porous hierarchical CuFe204 was found to exhibit LPG sensing activity at
room temperature [140]. Several reports were found LPG sensing activity of MgFe2O4
nanoparticles, prepared via wet-chemical method [141,142].

Multiferroic materials, which exhibit both ferroelectric and ferromagnetic properties,
have garnered significant attention due to their broad range of applications in information
storage, photovoltaics, and sensors. Perovskite ferrites have emerged as a field of novel
opportunities for the flourishment of gas sensing technology. Owing to their excellent chemical
stability, tunable bandgap, the perovskite ferrites such as MFeO3 (M=Bi, La) are gaining
acknowledgement as reliable gas sensing material. Noteworthy characteristics include
Perovskite structure with general formula ABOs exhibit high adsorption coefficient and
improved charge transport capability which is beneficial for higher gas sensing response [143].
Consequently, perovskite ferrites demonstrate excellent electronic and ionic conductivity, as
well as increased stability at comparatively lower operating temperatures and rapid
response/recovery kinetics. There are some woks on gas sensing ability of LaFeOs. 50 ppb
detection limit has been achieved with honeycomblike LaFeOs film for ethanol sensing. [144]
Ag doped LaFeOz has been reported for formalin and methanol sensing with high
response.[145,146]

Bismuth ferrite (BiFeO3z), with a rhombohedral crystal structure, is a multiferroic lead-
free material, which exhibit long-range antiferromagnetism (with Tn = 643 K) and strong
ferroelectricity (with Tc = 1103 K). It is widely known as the only single-phase perovskite
which exhibits room temperature multiferroicity. Due to the migration of electron pairs along
the [111] direction of the [FeOs] octahedron, BiFeO3 (BFO) exhibits spontaneous polarization
and distinct electronic properties, making it valuable for use in sensor and electronic devices.

Although BiFeOs is well-known for its multiferroic properties, its ability to sense low ppm
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concentrations of volatile organic compounds, as well as a detailed understanding of the

sensing mechanism on its surface, remains underexplored. [147-149]

Barium hexaferrite (BaFe12O19) with hexagonal crystal structure is a well-known
magnetic material with high performance permanent magnetism. Due to its high Curie
temperature and large magneto-crystalline anisotropy, BaFe12019 exhibits large magnetisation
along with excellent chemical stability.[150] Even though BaFe12O19 has been studied in the
past for applications related to its magnetic property such as magnetic disk and video recording,

microwave devices, but there are no such reports on exploration of its gas sensing property.

There are only few reports on the multiferroic and magnetic ferrite materials for their
gas sensing activity. Therefore, the unexplored ferrite materials are chosen for the exploration

of MOS based novel gas sensing materials.
1.9.5. Scheelite nanomaterials for solid state lighting

Light sources of new generation has expanded its area of application toward efficient
solid-state lighting, 3D display systems, backlights, fluorescent sensors etc. [151] Scheelite
type lanthanide double molybdates with general formula ALn(M0O4), (A= alkali metal ions,
Ln= rare earth ions) with Csn symmetry and space group 141/a have gained significant research
interest due to their chemical stability, long life and emission in long wavelength range. Diverse
application fields of these Scheelite-type molybdates include solid state lighting, display
devices, fluorescent probes, thermographic phosphors, photocatalytic activity, gas sensor,
anode for lithium-ion batteries and nano-electronic devices.[152] Owing to the scheelite type
structure’s ability to accommodate different types of rare earth (RE) activator ions for
achieving efficient photoluminescence property, this class of materials has been widely studied
and applied in various areas such as white light emitting diodes, fingerprint detection, bio

imaging, environmental lighting and medical treatment.[153]

In the past years, rare earth doped sodium double molybdates NaLn(MoOa). have
gained recognition as exceptional luminescent material owing to their favourable optical
properties. The key characteristics of the scheelite structure is its tetrahedral coordination and
inherent symmetry which furnishes a stable host lattice for doping with lanthanide ions. Charge
transfer from oxygen metal to molybdate phosphors leads to broad adsorption band in the rear-
UV region [154]. Various reports can be found in literature where the luminescence properties
have been studied for the scheelite type tetragonal double molybdate structures by varying

synthesis technique, surfactant, morphology and dopant. Interesting optical properties have
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been observed due to compositional variability, rare earth doping of NaLn(MoQO4)., based
nanophosphors. Th* doped double molybdate structure NaLai-xThx(MoOa)2 has been studied
by Wang et al. for its photoluminescence property.[155] Eu®* activated NaTh(MoOa),
microcrystals have been synthesized by Zhou et al. and various morphologies have been
achieved by controlling the crystal growth environment. Efficient electron transfer mechanism
indicated that the phosphors are potential candidate for multicolour lighting. [156] Morozov et
al. have studied the effect of various synthesis routs on the structural formation and
photoluminescence property of KTb(MoO4)2 and explained the effect of K™ ion conductivity
on its green phosphor property. [151] Another study by Morozov et al. have explained the
influence of A-cations ordering on luminescence property of different polymorphs of
KEu(Mo0Os)2 and the relationship between its structure and optical property has been
delineated.[157] Hua et al. have demonstrated citric acid assisted preparation of trivalent
samarium (Sm®") and terbium (Tb%*) ion co-doped NalLa(MoOa), phosphors which emitted
warm light and the emission colour could be tuned by changing the dopant concentration.[158]
Moura et al. have studied the phonon properties of NaCe(Mo0Qa4). structure and the temperature
depended Raman spectroscopy study revealed the mechanism of phase change upon change in
temperature.[159] A study by Xu el al. demonstrated synthesis and NaEu(MoQa4)2 with unique
micro-rugby like morphology with photoluminescence property which exhibited great
potential to be applied in light emitting diode.[160] Li et al. have demonstrated the controlled
synthesis mechanism and the effect of rare earth ion radius on formation of NaLn(MoOQa4)2
micro-crystals. The down-conversion photoluminescence property of NaLn(Mo0Oa)2 has been
delineated.[161] Perera et al. have reported synthesis mechanism of different rare earth ion
doped NaRE(MoOQs). for its photoluminescence property depending on is compositional
complexity.[162] Another study has shown the property of KLn(MoO4). phosphor for optical
thermometry.[163] Jiang et al. demonstrated the effect on photoluminescence property of
NaY (MoOs), due to Mn** doping. [164]

There are only few works in the literature to study the detailed structural property of
NaTb(Mo0s)2 and the effect of the structural disorder on its optical property. Moreover, there
is hardly any report on its multifunctional application. Therefore, NaTb(MoOa4). has been
chosen for photoluminescence application along with the support of density functional theory

calculation, the band structure formation of the nanomaterial is demonstrated in this thesis.
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1.10. Objective of the work

As the literature review indicates, binary metal oxide semiconductors-based sensors
face various drawbacks like selectivity issue, as they often detect all similar types of interfering
gases. Binary metal oxides-based sensors generally suffer from lack of selectivity because of
their reaction mechanism. A selective sensor should be capable of distinguishing a specific
gas within a mixture and should respond exclusively to that particular gas for the sensor's
practical use. Major bottleneck of binary metal oxide semiconductors-based sensors is slow
response and long recovery time which makes it hard for these sensors to have real time
monitoring capability. Another challenge these sensors encounter is their inability to detect
target gases at ppb-level concentrations. As a result, in recent times, new materials as
alternatives of basic binary metal oxides are needed to expand the area of gas sensing materials.
The current literature lacks the extensive study on non-invasive disease detection by means of
exhaled breath analysis. Sensors solely focused on detection of biomarker gases in exhaled

breath can open up new direction in health monitoring and pre-diagnosis of disease.

From literature review, it is evident that ferrite-based sensors are among the most
unexplored areas in the field of sensing applications. No report has been found to demonstrate
hexaferrite structure for gas sensing ability. Therefore, for expanding the regime of ferrite-
based gas sensors BaFe12O19, Which is a widely known magnetic material which exhibits
magnetism in room temperature, could be novel ferrite based stable sensing material. The
microstructure, surface defect of the BaFe12O19 can be tuned in favour of larger gas adsorption
rate. Another ferrite material, BiFeOs with perovskite structure is well known for its
multiferroic activity and has diverse application in data storage media, and its visible light
absorption ability has proven its efficiency in photovoltaic and catalytic application areas. Even
though they are proved to have great surface activity, yet these materials are unexplored in the
field of gas sensing. Therefore, this study has taken these unconventional MOSs sensors as area
of study. For the study of optical properties, there are adequate number of reports in literature
on the study of photoluminescence property of MOS, but few have paid attention to in depth
study of structural property and electronic band structure. There is still lack in the in-depth
study of relationship between the electronic property and the photoluminescence activity with
the support of theoretical study. This thesis aims to achieve a clear understanding between the
crystal structure of the nanomaterial with the photoluminescence property with experimental

study supported by theoretical (DFT) calculations.
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The major objective of this work is to conduct an in-depth investigation into the metal
oxide semiconductor nanomaterials-based gas sensors and also, study of optical properties of
semiconductor metal oxide nanomaterials. The goal of the thesis is to understand the
underlying mechanisms and the relationship between the structural and elemental properties of
MOS nanomaterials and gas sensing behaviour. In line with this focus, the specific objectives

of this work are:

e To explore novel materials such as hexaferrite, perovskite ferrite nanomaterials for their
gas sensing ability.

e Toexplore effect of doping, surface electronic states of ferrites nanomaterials to enhance
the response value towards gases.

e To enhance the adsorption ability, selectivity and response time of the sensor materials.

e To fabricate prototype sensors suitable for exhaled breath analysis.

e To enhance charge transfer mechanism of sensor materials and gas detection ability of
the sensors by forming heterostructures with other oxides.

e To improvise the sensor for real-time application in environmental monitoring.

e To investigate optical property of semiconductor metal oxide nanomaterials.

e Todevelop advanced nanomaterials that can efficiently integrate multiple functions and
adapt to different field of applications viz. gas sensing and photoluminescence.

e The understanding of role of surface electronic states, defects, structural disorder in the
system that affects the gas/material reaction as well as photoluminescence property.

e To establish a more generalised method of achieving desired properties by modulation
of key parameters of material.
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1.11. Thesis outline

This thesis comprises of seven distinct chapters demonstrating the background of
research, the research findings and the overall conclusion of this thesis.

Chapter 1 is the introductory chapter containing the background and motivation of the
thesis work. Metal oxide semiconductor nanomaterials-based gas sensors are holding
significant role in modern world due to their utility in environmental protection, pollution
detection, healthcare and workplace safety by detection of toxic gases/VOCs in ambient.
Among the various gas sensing technigues available, MOS based chemiresistive gas sensors
offer cost-effective, stable and easy to operate detection systems. In this chapter, the
mechanism and parameters of chemoreceptive gas sensing technique is described. This chapter
contains state of the art of existing MOS based gas sensors and their drawbacks. The literature
review highlights the importance of choosing the appropriate material with active sensing layer,
as it greatly impacts the sensitivity and selectivity of gas or VOC detection. For optical study,
the mechanism of photoluminescence and extensive literature study on photoluminescent
materials have been conducted. Synthesis and characterisation techniques used for the prepared
materials have been described. Lastly, in this chapter, the objective of the thesis has been

delineated and a brief description of thesis outline is given.

In Chapter 2, fabrication of a highly sensitive, selective and stable ammonia sensor
has been delineated based on novel sensing material, barium hexaferrite (BaFe12019), for the
detection of trace ammonia vapor, the breath biomarker for renal diseases. Barium hexaferrite
(BaFe12019) nanoparticles has been synthesized through a simple solid-state reaction method.
The prepared nanopowder and sensor film has been systematically characterized using
techniques such as X-ray diffraction (XRD), field effect scanning electron microscopy
(FESEM), transmission electron microscopy (TEM), energy dispersive X-ray spectra (EDX),
X-ray photoelectron spectroscopy (XPS), Brunauer-Emmett-Teller (BET), and I-V
measurements. The fabricated sensor exhibited p-type sensing behaviour and demonstrated the
ability to detect ammonia at concentrations as low as 0.2 ppm with sensitivity of ~1.46 folds.
Further, the sensor has shown remarkable response of ~2.34 folds towards 1 ppm ammonia.
The sensor was unresponsive to similar concentrations of other major interfering breath
volatiles, such as acetone, ethanol, and saturated moisture. Also, the sensor exhibited fast

response (~2.88s) and recovery (~39.4s) times ensuring real time breath analysis. Finally, long
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term stability of the sensor for more than three months rendered it suitable for commercial

applications.

In Chapter 3, the effect of doping on ammonia sensing property of barium hexaferrite
(BaFe12019) has been delineated. Barium hexaferrite (BaFe12019) is an unexplored metal-oxide
semiconductor with regard to ammonia (NHz) gas sensing. Herein, we have achieved
substantial enhancement in response towards NHs by virtue of Zn doping in BaFe12019,
synthesized via facile solid-state route. The improved p-type response (Rgas/Rair) of Zn-doped
BaFe12O19 towards 1 ppm NHz was 7.36 at 250 °C which was ~300% higher than pure
BaFe12019. Moreover, fast response/recovery time (2.66s/35.25s), good selectivity and long-
term stability (100 days) towards NHz3 has been achieved when Zn was incorporated. The lower
limit of detection of Zn doped BaFe1.O19 was estimated ~150 ppb, that exceedingly favours
lower concentration range of NH3 detection. Extensive study on enhanced sensing behaviour
of Zn-doped BaFe12019 samples has resulted in the findings that, the modulation of Fe?*/Fe®*
ratio, oxygen vacancies (as confirmed from X-ray photoelectron spectroscopy (XPS) study)
and improved oxygen adsorbing ability have substantial effect on sensing mechanism. Also,
the improvement in sensing activity has been validated through quenching of
photoluminescence (PL) spectra in favour of electron-hole separation. The usefulness of
developed Zn-doped BaFe12019-based sensor for environmental air-quality surveillance and
individualized health monitoring can be concluded through the sensor's notable resolution in
detection of wide range (150 ppb - 100 ppm) of ammonia concentration. Additionally,
simulated breath test validated the practical application potential of the sensor as breath

analyser.

In Chapter 4, another unconventional gas sensing material bismuth ferrite (BiFeO3)
has been studied. Pure and Sn-doped bismuth ferrite (BFO) nanoparticles has been synthesized
via facile sol-gel technique. Structural and morphological analysis of the nanoparticles have
been systematically carried out by using X-ray powder diffraction, field emission scanning
electron microscopy, transmission electron microscopy, energy-dispersive X-ray spectroscopy,
Fourier transform infrared spectroscopy, photoluminescence spectroscopy and Brunauer—
Emmett-Teller techniques. The gas sensing properties of the sensors based on prepared
nanoparticles towards formaldehyde in the temperature range from 200°C to 400°C revealed
that the doping of Sn enhances the formaldehyde sensing performance of BFO nanoparticles
by ~4 folds. Prepared sensors demonstrate p-type sensing behaviour and high selectivity

towards formaldehyde. It has been observed that the sensor based on 1.5% wt Sn doped BFO

56



nanoparticles exhibited maximum sensing response of 3.05 (R¢/Ra) to 1ppm formaldehyde.
Prepared sensors were ultra-fast (response/recovery time of 2.71s/25.22s) and very stable
having low detection limit of 100ppb. The enhancement of formaldehyde sensing property due
to Sn-doping is a combined effect of variation of charge carriers due to valency mismatch and
enhanced oxygen defects as confirmed from X-ray photoelectron spectroscopy study. The
excellent sensing characteristics suggest that Sn-doped BFO nanoparticles could be a potential
candidate for the detection of trace formaldehyde gas towards the monitoring of both indoor

and outdoor environmental air quality.

In Chapter 5, modification of electronic properties of semiconductors by formation of
heterostructure is key strategy to enhance surface activity of materials. In this chapter, the
modification of sensing property of a well-known binary metal oxide semiconductor (MoO3)
has been carried out through formation of heterostructure with BiFeOs. Rapid development of
industries has led to emission of toxic gases and provoked the need of monitoring of toxic
gasses in environment. A Type II heterojunction has been proposed for a-MoOz/BiFeO3
composites to explore its enhanced H.S gas response. The optimized o-MoOz/BiFeO3
heterojunction, exhibited remarkable H>S sensing performance (~98% to 100 ppm H.S at 210
°C, with rapid response/recovery time of 4.7s/14s). Modification of band edges by formation
of heterojunction with wide bandgap, a-MoOs and narrow bandgap, BiFeOs and tuned oxygen
defects have synergetic effect on its enhanced performance. Photoelectrochemical study has
been performed to understand the charge transfer mechanism in the heterostructure interface.
A potential gradient at the interface of two semiconductors generates a built-in-electric field
facilitating charge transfer as reflected in lower Rt value, reduces the charge recombination
felicitating gas sensing behaviour. Moreover, presence of oxygen defect creates myriads of
active sites for H.S adsorption which significantly enhanced response value. This study
provides a route for designing bandgap-engineered a-MoOz3/BiFeOs-heteostructure with

enriched oxygen defects to address the need for environmental air quality monitoring.

In Chapter 6, NaTb(MOa)2 nanoparticles have been explored for its optical property.
The effect of oxygen vacancies on band structure of NaTh(MOs). nanoparticles has been
studied and it revealed that by tuning of oxygen vacancy (Vo) and introducing disorder in the
system induced green emission in the system. Presence of Vo in NaTb(MOs)2 leads to
formation of new energy states within the forbidden gap, induces disorder in the system and
modifies the bond lengths. The oxygen vacancies are created in the system during controlled

synthesis by using ethylenediaminetetraacetic acid (EDTA) which regulates the nucleation and
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growth of NaTb(MOa4). nanomaterials and created deformation near Tb3* ions. Moreover, gas
sensing measurement of NaTb(MOa), revealed that NaTb(MOs), can detect toxic gas
formaldehyde with excellent sensitivity and resolution. The trapped electrons in Vo serve as
active sites for adsorption of atmospheric oxygen felicitating the gas sensing response of
NaTb(MOa4).. Ab initio calculation based on density functional theory (DFT) was utilised to
visualise the energy band structure of the nanomaterials and calculate the adsorption energy of
formaldehyde gas molecule. Therefore, this study can give a new insight to the fabrication and

engineering of nanomaterials which exhibits multifunctionality driven by oxygen vacancies.

Chapter 7 is the conclusive chapter of the thesis which contains the summarization of
the key findings of the research work. The excellent gas characteristics of the novel- MOS
based chemiresistive gas sensors based on BaFe12019 and BiFeOgz are briefly described. The
formation of heterojunction with MoOas/BiFeOs for superior gas sensing mechanism has been
delineated. The findings of the optical as well as the gas sensing characteristics of NaTh(MQa4):
nanomaterials have been described. Afterwards, the future direction of the work has been
discussed to further highlight the prospect of this thesis work.
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CHAPTER 2

Novel Barium Hexaferrite based Highly Selective and Stable
Trace Ammonia Sensor for Detection of Renal Disease by Exhaled

Breath Analysis
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2.1. Introduction

Recently, exhaled breath analysis for the detection of disease and monitoring
human health has become a rapidly growing field owing to the major advances in the analytical
tools, and the advent of nanotechnology [1-6]. It offers non-invasive, point of care, cost-
effective, real time, qualitative/quantitative, and painless diagnosis. Exhaled breath comprises
of more than 1000 gases and volatile organic compounds (VOCs) some of which have been
detected as breath biomarkers of different diseases. Ammonia is the breath biomarker of kidney
malfunction /renal diseases [7,8]. The average exhaled breath ammonia concentration for an
otherwise healthy human being is around 250ppb [9]. However, this concentration escalates
with the inception of renal/kidney related diseases and may increase up to 4880ppb in end stage
renal disease (ESRD) [10].

Different analytical techniques, viz. Gas Chromatography-Mass Spectrometry
(GC-MS), Proton Transfer Reaction-Mass Spectrometry (PTR-MS), Selected mass flow tube
mass spectrometry (SIFT-MS) have been successfully employed to correlate various diseases
with Dbreath biomarker concentrations [11-16]. However, these techniques are costly,
cumbersome, and require trained operators and pathological laboratory visitations. Therefore,
researchers are progressively taking recourse to chemoresistive sensors owing to their small
size, low cost, ruggedness, low power consumption and maintenance requirements etc. We
have enlisted some of the salient and most encouraging results from the existing literature
reports in Table 2.1. It seems that a-molybdenum oxide (a-M00O3), and tungsten oxide (WOs3)
are the most suitable candidates for developing sensors for trace ammonia detection. However,
a commercial sensor/device is yet to hit the market and this opens up the window for

investigating into other chemoresistive oxides.

Barium Hexaferrite (BaFe12019) is one of the most well-studied permanent magnetic materials
owing to its high saturation magnetization, large coercivity, good chemical stability, and large
magneto-crystalline anisotropy [32-34]. It has a hexagonal crystal structure (space group: P63/
mmc) [35-36] and finds multitudes of applications in microwave devices, electromagnetic
wave absorbers, high density magnetic recording media, phase shifter applications etc. [37-39].
However, there is no report on barium hexaferrite based chemoresistive ammonia sensor until

now.

In this paper we report for the first time, barium hexaferrite based highly sensitive

and selective trace ammonia sensor. Barium hexaferrite nanoparticles were prepared by a facile
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solid-state reaction route. The as prepared nanopowders were characterized by multiple
sophisticated techniques, viz. X-ray diffraction (XRD), field emission scanning electron
microscopy (FESEM), transmission electron microscopy (TEM), energy dispersive X-ray
(EDX), X-ray photoelectron spectroscopy (XPS), and BET surface analysis. The as prepared
nanopowders were used to prepare a thick film, chemoresistive, Taguchi type sensor by

employing a customized drop coating set up. The sensor shows excellent p-type response

towards low-ppm ammonia. Further, it exhibits negligible cross-sensitivity, fast response and

recovery times, and long-term stability. Owing to the excellent sensing performance, long-term

stability, and repeatability this sensor is a promising candidate for the detection of kidney

malfunction /renal diseases from exhaled breath analysis.

Table 2.1 Detection of trace NH3 by chemoresistive sensors.

Nanomaterial Morphology Lowest Concentration
of NH3 Detected
Spin coated MoO3 NA 50ppb [17]
a- MoOs Nanosheets 500ppb [18]
a- MoOs lon beam deposited 3ppm [19]
a- MoOs Nanoribbons 280ppt [20]
Si doped a- M0Os Needle like morphology 400ppb [10]
2wt% Cr doped WOs3 Mesoporous nanoparticle 5ppm [21]

rGO/ WO3 nanocomposite

Porous nanosheets with

nano-spherical WOs

1.14ppm [22]

gas sensor

SnO2 nano-shell 5ppm [23]
ZnO/MoS; Self-assembled 500ppb [24]
WO3 Nanowire 1500ppm [25]
Pure & Cr and Pt doped WOs3 Macroporous 6.2ppm [26]
W18049 Nanowire 100ppb [27]
Polypyrrole -WO3 composite Nanofiber 1ppm [28]
PANI/WO3 composite NA 10ppm [29]
rGO/WS; heterojunction NA 10 ppm [30]
Flexible graphene based wearable NA ppt level [31]
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2.2. Experimental Section

2.2.1. Materials

Barium (I1) carbonate (BaCO3z, Mw =197.34 g/mol, Merck Millipore), Iron(111) oxide
(Fe203, Mw = 159.69 g/mol, <50nm particle size by BET analysis, Sigma-Aldrich), Isopropyl
alcohol (C3HsO, Mw = 60.1 g/mol, E-merck), acetone (C3sHsO, Mw = 58.08g/mol, E-merck)
were used as procured without further purification. Conducting gold paste (Ted-Pella),
nichrome wire, Platinum wire, and custom-made plastic sensor cases were used in different

processes involved in the synthesis and fabrication of the sensor module.
2.2.2. Synthesis of Barium Hexaferrite nanopowder

BaFe12019 nanopowders were prepared by a solid-state reaction route. 9.59 Fe.O3, and 2g of
BaCOz were ground with acetone in an agate mortar-pestle for 1h to achieve a homogeneous
mixture. The mixture was pre-fired at 600 °C for 1h to achieve a precursor compound which
was further pestled with acetone in an agate mortar-pestle for 30 mins to achieve fineness. The
fine powders were calcined at 1000 °C for 2h. The as prepared nanopowders were used for
further characterization and sensing studies. The synthesis process is schematically illustrated

in Fig. 2.1 for more clarity.
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Fig. 2.1. Schematic illustration of the synthesis process of BaFe12019 nanopowder.
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2.2.3. Fabrication on Barium Hexaferrite nanopowder based sensor

Taguchi type sensor module was fabricated using the as prepared BaFe12019 nano-
powders. Firstly, a 3.5 mm long sensor substrate was cut from a long, hollow, and cylindrical
a-alumina tube (Imm outer diameter, and 0.5mm inner diameter). The substrate was cleaned
sequentially with hydrochloric acid (35%, E-Merck), DI water and, acetone and dried
thereafter. Then, the substrate was electroded. Conducting gold paste was applied on its two
ends and Pt wire as lead wires were connected to these electrodes. The electrodes were then
cured at 900 °C for 1h. The distance between two electrodes was kept as 3mm. The substrate
thus prepared was hooked to a drop coater (ref. Fig. 2.2c) which can rotate the sensor around
its axis at an rpm of 10. Meanwhile, 0.5g of the as prepared BaFe12019 nanopowder was pestled
with IPA into an agate mortar until drop coating consistency was achieved (ref. Fig. 2.2(c-d)).
Thereafter, SuL of the paste was dropped onto the rotating a-alumina substrate. The rotating
motion uniformly coats the drop onto the substrate surface (ref. Fig. 2.2d). Then a nichrome
wire (resistance 24Q) was inserted into the hollow core of the sensor (ref. Fig. 2.2e) and the
sensor was mounted on a six-pin plastic socket by spot-welding the Pt electrode leads and the
heater to these six pins (ref. Fig. 2.2f). Finally, a plastic cap with double mesh (200 mesh each)
was push-fitted on this socket (ref. Fig. 2.2h). This sensor module ((ref. Fig. 2.2h) was used for

all the sensor measurements.
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Fig. 2.2. Schematic illustration of the step by step fabrication of BaFe12O19 nanopowder based

Taguchi type chemoresistive sensor: (a) Addition and pestling of BaFe12O19 nanopowder with
IPA in an agate mortar pestle, (b) Pipetting out SuL of the nanopowder paste, (¢) Hooking the
electroded sensor substrate to the motor of a custom-made drop coater, (d) Drop coating, (e)
Insertion of heating coil, (f) Spot-welding the sensor into a socket, (g) Mounting the sensor
cap, and (h) Complete sensor module.

2.2.4. Preparation of trace ammonia vapor and sensor measurement setup

After several measurements it was confirmed that the resistance of the as prepared BaFe12019
sensor changes in response to trace ammonia gas in a repeatable fashion. Trace ammonia gas
of different concentrations, viz. 100 ppm, 50 ppm, 10 ppm, 1 ppm, 0.5 ppm, and 0.2 ppm were
prepared by desiccator dilution method. A high concentration of ammonia gas was prepared in
a large desiccator. Small volumes of high concentration ammonia gas were syringed out of it
and syringed into different smaller desiccators. Thereafter, we waited for 24h to allow
homogeneous mixing of the ammonia gas inside the desiccators. Thus, different lower
concentrations of ammonia gas, ranging from 0.2 ppm-100 ppm are prepared. The desiccator

dilution technique is governed by eg. (1) given as following,
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V1XC1= Vy X Cy (1)

where V;is the volume of the mother desiccator, C; is the concentration of ammonia gas in the
mother desiccator, v, is the volume of the small desiccator, and c, is the concentration of

ammonia gas in the small desiccator.

The as prepared sensor was mounted on a sensor base which connects the heating coil to a DC
voltage source (Agilent make, E3630A) and the electrodes to a digital multimeter (34461A,
Agilent make). Different DC voltages were applied across the heating coil to heat up the sensor
to various elevated temperatures. The multimeter measures the resistance of the sensor and the
change of it. The sensor was allowed to achieve a stable base resistance before data recording
at a particular temperature. A data logging software allied to the multimeter records the change
in resistance of the sensor and a graphical user interface allows the visualization of the change.

A schematic illustration of the measurement set up is shown in Fig. 2.3.
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Fig. 2.3. Schematic representation of the BaFe12019 Sensor-based trace ammonia measurement

setup
2.2.5. Characterization

X-ray diffraction (XRD), Field emission scanning electron microscopy (FESEM),
Transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and
Brunauer-Emmett—Teller (BET) surface area studies were conducted to have an insight into
the microstructure and chemical composition of the sensing material. X-ray diffraction pattern
(XRD) was recorded from 10 to 90 (26/deg) at a step of 0.05° by using a PANanalytical make
diffractometer (X pert pro) fitted with Cu-K, target (wavelength ~ 1.5418A) and nickel filter.
FESEM was conducted using a Carl Zeiss make Supra 35 VP microscope. 50mg BaFe12019
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nanopowder was dispersed in acetone by a Rivotek make ultrasonic bath (250W) and 500 pL
of the dispersed powder was drop coated on a 3mm x 3mm biological grade glass slide to
prepare sample for FESEM. 10 mg BaFe12019 nanopowder was dispersed in acetone and 100
uL of the dispersed powder was drop coated on a Ted-Pella make carbon coated copper grid
(300mesh) to perform TEM and HRTEM studies. TEM and HRTEM micrographs were
recorded by a Tecnai G2 30 ST (FEI) electron microscope operating at 300kV. Energy
dispersive X-ray (EDX) study was conducted using the same instrument. XPS study was
conducted by a PHI 5000 Versa Probe Il scanning XPS microprobe (ULVAC-PHI, U.S) with
monochromatic AlKa (hv= 1486.6 eV) radiations with a beam size of 100pm and resolution
of about 0.7 eV. BET study (NovaWin, Quantachrome Instruments) was conducted to
determine the specific surface area of the nanopowder. Thermal imaging of the sensor surface
was performed by a Fluke Ti27 infrared camera to determine the accurate operating
temperature. Current-Voltage (I-V) measurements were conducted by an Agilent B2901A
precision source/measure unit to investigate into the ohmic nature of the prepared sensor. An
Agilent 34461A digital multimeter was used to measure the sensitivity of the sensor in terms

of change in resistance of the functional material in response to various analytes.

2.3. Results and Discussion

2.3.1. Structural Characterization

Intensity (a.u.)

'2l0'2'5'3'0 3I5 4l0'4l5'5'0'5'5'BID'GIS'TlO'T'S'SO
20 (degrees)

Fig. 2.4. XRD pattern of BaFe12O19 nanopowder.
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The X-ray diffraction pattern of prepared BaFe1.O19 nanopowder is shown in Fig. 2.4.
It is clear from the XRD pattern that there are several peaks at various 26 values. All the peaks
match well with the standard data of BaFe12019 (JCPDS-Card no. 39-1433). No extra peak for
any impurity was observed. This suggests that the as synthesized material is phase pure
BaFe12O19. The average crystallite size was calculated to be 53.05 nm using the Debye

Scherer’s formula given by,

k4
- [cosO

)

where D is crystallite size, k is shape factor, A is X-ray wavelength (here, 1.54A), B is the
FWHM (full width at half maxima), and 0 is the Bragg angle. The sharp and narrow peaks

indicate high degree of crystallinity in the as synthesized nanopowder.

Fig. 2.5. (a) FESEM image, and (b) EDX study of BaFe12O19 nanopowder.

FESEM study was conducted to determine the particle size and morphology of the as prepared
BaFe12019 nanoparticles. Fig. 2.5a shows a typical micrograph at a magnification of 50,000. It
appears that the particles are almost spherical in shape and the particle size is in the range of
100-500nm. However, due to agglomeration it is rather difficult to accurately determine the
particle size and morphology from this image. Further, the contrast between the particles and
the background is appreciable suggesting that the particles are dense in nature. Fig. 2.5b shows
the EDX spectrum of the as prepared nanopowder. It clearly shows the presence of Ba, Fe, and
O as should be present in barium hexaferrite. The presence of C is attributed to a conducting
carbon thin film that was sputtered on the oxide film to avoid charging while carrying out
FESEM and peaks of Ca, Mg, Na, and Si originate from the glass slide on which the oxide film
was coated for conducting FESEM and EDX.
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To have further insight into the microstructure of the BaFe12O19 nanopowders TEM study was
conducted. A typical TEM image is shown in Fig. 2.6a. A marked image of Fig. 2.6a is
presented in Fig. 2.6b for the facile understanding of the particle size and morphology. It is
clearly observed from Fig. 2.6b that the particles are ovoid in shape and the particle size ranges
from 200nm to 500nm. This result corroborates the observations of FESEM study. Fig. 2.6¢
shows a typical HRTEM image in which a set of parallel crystalline planes are clearly visible.
This signifies that the nanoparticles are well crystalline. From the calculations of interplanar
distance this plane has been detected as (218) of BaFe12019. The inset of Fig. 2.6¢ shows the
selected area diffraction (SAED) pattern of the particle. Large white dots are visible therein
signifying highly crystalline nature. Therefore, both HRTEM study, and SAED pattern indicate
the growth of highly crystalline BaFe;2O19 nanoparticles. Fig. 2.6d shows the reduced FFT
pattern of the HRTEM image in Fig. 2.6¢. Presence of three different crystalline planes, viz.
(218), (205), and (102) has been observed therein. This further corroborates the crystalline

nature of the as prepared BaFe12019 nanopowders.

(a) (b)

Fig. 2.6. (a) TEM image, (b) Marked TEM image, (c) HRTEM image (inset shows SAED
pattern), and (d) Reduced FFT pattern of BaFe12O19 Nnanopowder.
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XPS study of the BaFe12019 nanopowders was conducted to determine the ionic states of Ba,
Fe, and O. Fig. 2.7a shows the survey scan spectra of the material and reveals the presence of
the peaks corresponding to Fe 3s, C 1s, O 1s, Fe 2p, Ba 3d, and O KLL. O KLL is an auger
peak. When a photoelectron is emitted from the K shell of an oxygen atom/ion a hole is
generated. This hole can be filled up by an electron from the L shell resulting into a release of
energy which can further knock out an L shell electron. This auger electron is responsible for
the O KLL peak in the XPS spectrum. Adventitious carbon that occurs due to the exposure of
the sample to the atmosphere, leads to the generation of C1S peak at ~284.8 eV [40]. Fig. 2.7b
shows the XPS spectra of Ba 3d. It was deconvoluted using Gaussian function with sufficient
accuracy to yield two peaks at binding energies 778.9eV and 793.84eV which can be attributed
to Ba 3ds2 and Ba 3dasy, respectively [41]. These two peaks are typical of BaO suggesting the
presence of Ba®* in the sample. Fig. 2.7c shows the XPS spectra of Fe 2p. This was also
deconvoluted using Gaussian function and fitted with two peaks centered at 710.5eV and
723.9eV which correspond to Fe 2pas, and Fe 2p1s, respectively. Further, a satellite peak is
present at 718eV which along with the other two peaks indicate the presence of Fe®* state [42].
The O1s peak centered at 529.3eV (ref. Fig. 2.7d) confirms the presence of O%. In summary,
XPS study (ref. Fig. 2.7(a-d)) of the BaFe1,019 nanopowder suggests the presence of Ba?*, Fe3*,
and O%.
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Fig. 2.7. XPS spectra of (a) survey scan, (b) Ba 3d, (c) Fe 2p, and (d) O 1s of BaFe12019
nanopowder

It is essential for a gas sensor to have a high specific surface area in order to exhibit high
sensitivity. High surface area ensures that effective sites of adsorption for the target analyte
molecules is also high and this in turn increases sensitivity. BET surface area study of the
BaFe12019 nanopowders were conducted in order to investigate into the specific surface area of
the sensor. Fig. 2.8 shows the Langmuir isotherm plot for the sample. The curve is sufficiently
linear and therefore could be fitted linearly with high accuracy (Adjacent R?= 0.99931). The
slope and Y-axis intercept derived from the linear fitting are 1583 g* and 3.8 g2, respectively.

The BET specific surface area is calculated by the following equation,

SgeT = —— (3)

V(A+Da

where, N is Avogadro’s number, s is adsorption cross-section of the adsorbing species (here
nitrogen), V is molar volume of the adsorbate gas, A is the slope of the fitted straight line, | is

the Y-intercept of the fitted straight line, and a is the mass of the adsorbent (here the

nanopowder sample). Putting the requisite values in eq. (3), we have Sget = 5.16 m?/g. This is
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an appreciable specific surface area indeed and suggests that the sensor should have highs

sensitivity in general.
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Fig. 2.8. Langmuir isotherm plot of BaFe12019 nanopowder

2.3.2. Electrical Characterization

A chemoresistive gas sensor should have ohmic properties, i.e. the current flowing through the
sensor should always be directly proportional to the voltage applied across it. Current-voltage
(1-V) measurements at four different operating temperatures, viz. 270 °C, 300 °C, 350 °C, and
400 °C were conducted to investigate whether or not the BaFe12019 sensor shows ohmic
properties. The corresponding I-V plots (ref. Fig. 2.9) delineates that for all the four
temperatures the current vs voltage curve remained perfectly linear. This suggests that the
sensor indeed exhibits ohmic properties at elevated operating temperatures. Also, the slopes of
the lines corresponding to different temperatures increased with increasing temperature,
suggesting decrease in resistance of the sensor with increase in temperature. This is

characteristic of a semiconductor metal oxide based chemoresistive sensor.
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Fig. 2.9. I-V plots of barium hexaferrite sensor at 270 °C, 300 °C, 350 °C, and 400 °C.
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2.3.3. Sensitivity Study

Different DC voltages were applied across the heating coil inside the sensor to generate these
operating temperatures. Thermal imaging of the sensor surface was conducted to determine the
accurate temperature. Fig. 2.10(a-i) show the thermal images of the sensor surface when
different voltages ranging from 1.5V-5.5V were applied across the heating coil. It is observed

that the surface temperature of the sensor varies from ~70 °C to 390 °C.
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Fig. 2.10. Thermal images of barium hexaferrite sensor surface at (a) 1.5V, (b) 2V, (c) 2.5V,
(d) 3V, (e) 3.5V, (f) 4V, (g) 4.5V, (h) 5V, (i) 5.5V.

It is of utmost importance that the operating temperature of a chemoresistive gas sensor is
optimized carefully. The as prepared barium hexaferrite sensor showed a p-type response
towards ammonia vapor at different operating temperatures ranging from 260 °C to 400 °C.
The sensitivity, S of the sensor at a particular operating temperature is given by,

S:M (4)

Rair

where Ry, is the resistance of the sensor when exposed to ammonia gas and R, is the

resistance of the sensor in air. Fig. 2.11 shows the sensitivity of the sensor towards 1ppm
ammonia at different operating temperatures ranging from 260 °C to 400 °C. It is observed that

maximum sensitivity is obtained at 306 °C. Below this temperature the number of conduction
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band electrons at the sensor surface available for trapping by the atmospheric oxygen is low
for an appreciable sensitivity. However, above this temperature the desorption rate of the target
analyte supersedes the adsorption rate of it resulting in reduction in sensitivity. Therefore, 306
°C (4.5V across the heating coil, ref. Fig. 2.10) is the optimum operating temperature for the

Sensor.
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Fig. 2.11. Operating temperature vs Sensitivity plot of the barium hexaferrite sensor

Fig. 2.12a shows the sensor response to 0.2ppm to 100ppm ammonia gas at an operating
temperature of 306 °C. It is observed that the sensor response almost saturates at 10ppm and
completely saturates at 50ppm. There is virtually no difference in the sensor response to 50ppm
and 100 ppm ammonia gas. This might be attributed to the saturation of the active sensing sites
on the sensor surface beyond 50ppm of ammonia gas [43]. The sensitivity to 0.2ppm ammonia
is 1.46 folds, which is appreciably high. Such high sensitivity might be attributed to the high
surface area of the sensor (5.16 m?/g) (ref. Fig. 2.8) as it ensures the presence of myriads of
active sites at the sensor surface. As a greater number of ammonia molecules are oxidized,

change in resistance increases, thereby increasing the sensitivity.

Alongside high sensitivity complete and fast recovery of the sensor is also important. That
would ensure that the sensor can be used to test multiple samples in real time. This necessitates
that the target analyte (here ammonia vapor) should be physisorbed and not chemisorbed on
the sensor surface. To determine the nature of interaction between the ammonia gas molecules
and the sensor surface, Freundlich absorption isotherm model has been employed [44].

Freundlich absorption isotherm equation is given by,
S= aCh (5)

or, logS = loga + B logC (6)
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where S is sensitivity, a is the proportionality constant, C is the concentration of ammonia
vapor, and B is the exponent [45]. The value of B determines the nature/strength of interaction
between the adsorbent (sensor surface) and the adsorbed species (ammonia vapor). The log-
log plot of S vs C was fitted by two straight lines with reasonable accuracy (R? values for the
blue line and the red line are 0.90 and 0.97, respectively) (ref. Fig. 2.12b). The B values for the
blue and the red line derived from the fitting were estimated to be 0.29 and 0.035, respectively.
Since, both these [ values are less than 1, it is evident that the interaction of ammonia molecules
with the sensor surface is weak and physisorption is taking place [46]. Therefore, a complete
and reasonably fast recovery may be expected. Also, the linear fitting of the experimental data
ensures reversible gas sensing ability [45, 47]. Further, it is observed from Fig. 2.12b that the
slope of the blue line is much higher than the red line. This indicates that the ammonia
molecules interact relatively strongly with the sensor surface at lower vapor concentrations
(<1ppm). However, this strength of interaction decreases by 1 order of magnitude at higher
ammonia concentrations (=10ppm). This observation corroborates our previous assumption

that the sensor surface gets saturated at higher concentrations of ammonia (>2.18ppm).
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Fig. 2.12. (a) Response (S) of the barium hexaferrite sensor to different trace concentrations
(C) of ammonia ranging from 0.2ppm to 100ppm, and (b) fitting of log(S) vs log(C)
experimental data using Freundlich absorption isotherm equation with linear regression at 306
(0]

C.

85



Fig. 2.13 shows the dynamic response curve of the sensor to various trace concentrations of
ammonia vapor ranging from 0.2 ppm to 1 ppm. The sensor exhibited response of 1.46, 1.74,
and 2.34 folds to 0.2 ppm, 0.5 ppm, and 1 ppm ammonia gas, respectively at 306 °C. Clearly,
the resolution (difference) in sensitivity towards trace concentrations of ammonia is excellent.
It might be recalled that the concentration of ammonia in healthy human breath is 250 ppb and
in case of renal diseases it escalates. Therefore, good resolution in sensitivity around the 200
ppb concentration is essential and it is from this point of view that the result shown in Fig. 2.13
is important. Further, to test the repeatability of the sensor three consecutive measurements

were taken at each concentration of ammonia, viz. to 0.2 ppm, 0.5 ppm, and 1 ppm.
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Fig. 2.13. Dynamic response curve of the barium hexaferrite sensor to various trace

concentrations of ammonia viz. 0.2 ppm, 0.5 ppm, and 1 ppm at 306 °C.

From Fig. 2.13 it can be clearly seen that the three response peaks corresponding to each
concentration match well. This confirms repeatability of the sensor. Further, the sensor exhibits
fast response and recovery time, rendering it suitable for real time application. Fig. 2.14 shows
the transient conductance curve of barium hexaferrite sensor for 1ppm ammonia vapor at 306
°C. The conduction transient has two parts, viz. response, and recovery. To determine the
response and recovery times the conduction transient was fitted by single-site Langmuir
adsorption model [48-50]. Accordingly, the transient conductance (G(t)) of the sensor for the

response process at a constant temperature (306 °C) and at a particular instant t is given by,

-t

G(t) = Go(t) + GyeTresponse @)

where, Go(t) is the base conductance, and Tresponse IS the response time. Similarly, the transient

conductance G'(t) for the recovery process at 306 °C is given by,
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6'(6) = Gy(D) + G (1— ey ) )

where, Gg(t) is the conductance at the end of the response process, and Trecovery IS the recovery
time of the sensor. The response and recovery times (tresponse aNd Trecovery) Obtained by fitting
the transient conductance curve by eq. (7) and eq. (8) are ~2.88s and ~39.4s, respectively. Such
fast response is attributed to high surface area (ref. Fig. 2.8) and elevated operating
temperature. Due to high surface area ample number of active sites are present at the sensor
surface. Therefore, the molecules of the target analyte (ammonia) do not have to compete with
each other for interacting with the surface. Further, the elevated operating temperature boosts
the kinetics of reaction between the gas molecules and the surface adsorbed oxygen species.
Collectively, the response time is reduced. The fast recovery time however is attributed only
to the elevated surface temperature which ensures fast desorption of the reaction products from
the surface. Further, it may be recollected that the Freundlich adsorption isotherm modelling
of the sensor response (ref. Fig. 2.12b) predicted a complete and fast recovery. This is exactly
what has been observed here.
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Fig. 2.14. Fitting of transient conductance curve of barium hexaferrite sensor for 1lppm

ammonia vapor at 306 °C using single-site Langmuir adsorption model

The performance study of a sensor is incomplete without the discussion of cross-sensitivity to
other gases than the target analyte. The choice of interfering gases while measuring cross-
sensitivity should be based on the final application intended for the sensor. The targeted
application of this sensor is detection of kidney malfunction/ renal diseases by exhaled breath
analysis. Therefore, cross-sensitivity towards other major interfering exhaled breath gases and
volatiles should be measured. Hence, we have chosen 1ppm acetone vapor, 1ppm ethanol

vapor, and saturated moisture vapor. These concentrations have been chosen according to their
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average concentrations in healthy human breath. Fig. 2.15 shows the cross-sensitivity plot of
the sensor. It is observed that as compared to the response of the sensor towards 1ppm
ammonia, the sensitivity towards 1ppm acetone vapor, 1ppm ethanol vapor, and saturated
moisture vapor are negligible. This shows the excellent selectivity of the sensor towards trace

ammonia.

The ammonia molecules and the other interfering molecules react with the surface adsorbed
oxygen species and the energy of the reactions is provided by the surface of the sensor.
Evidently, different energy is required for different molecules. At the optimized operating
temperature of 306 °C, the polycrystalline barium hexaferrite nanoparticles at the sensor
surface possess a particular energy. According to quantum mechanics, the reaction requiring
energy closest to this surface energy will be preferred. Plausibly, the energy requirement for
the degradation of ammonia molecules by the surface adsorbed oxygen species matches best
with the surface energy of the sensor at 306 °C. This could be the prime reason for the observed
selectivity. Secondly, the ammonia molecules can access most of the active sites at the surface
and at the surface pores owing to its small size. Acetone and ethanol molecules are larger in
size, hence the active sites available to those are lesser. This can be another plausible reason
for the selectivity of the sensor towards ammonia. Water molecules do not absorb well on
surfaces having temperature more than 100 °C and that explains the reason for inferior humidity
sensitivity of the sensor at 306 °C.
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Fig. 2.15. Cross-sensitivity plot of barium hexaferrite sensor towards other major breath
volatiles at 306 °C.

Fig. 2.16 shows the stability plot of the sensor for 3months (90 days). It is observed that the
sensitivity of the sensor towards 1ppm ammonia remains virtually same over this period of

time. Such appreciable stability further bolsters its suitability for plausible commercial use.
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Fig. 2.16. Long-term stability graph of the barium hexaferrite sensor.
2.3.4. Sensing Mechanism

Having discussed about the excellent sensing behavior of the barium hexaferrite sensor
towards trace ammonia, it is only ordinate that a plausible sensing mechanism now be
proposed. When the temperature of the sensor is stabilized at 306 °C some of the electrons
trapped in the donor type defect bands generated during the synthesis and consequent annealing
of the sensor, jump to the conduction band of the material. The conductivity of the sensor
increases as a result. The ambient atmosphere is fraught with myriads of oxygen which traps
the conduction electrons at the sensor surface owing to its high electron affinity. As a result,
an electron depletion layer (EDL) is developed at the sensor surface, thereby increasing the
resistance of the sensor. Eventually, the sensor attains steady state resistance which is termed
as the base resistance of the sensor or resistance in air (Ra, ref. eq. (4)). It may be recollected
from eq. (4) that all the sensitivity calculations are conducted on the basis of this base

resistance.

When ammonia gas molecules are injected onto the sensor surface, they are oxidized by the
surface adsorbed negatively charged oxygen species (O%). Taking cue from the existing

literature [51,52] the interaction can be summarized as follows,
2NH; + 70%~ = 2NO, + 3H,0 + 14e~ (9)

It is well known that NO2 has a very high electron affinity. Therefore, the NO> molecules
produced by the oxidation of ammonia molecules trap some electrons from the conduction
band of the electron and get adsorbed on the sensor surface (ref. Fig. 2.17 (STEP-1)). Therefore,
the resistance of the sensor starts to increase (ref. Fig. 2.13).
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As a greater number of ammonia molecules are oxidized at the sensor surface increasing
number of NO2 molecules are formed and gradually adsorb at the sensor surface trapping more
conduction electrons from the sensor surface thereby, progressively increasing the resistance
of the sensor (ref. Fig. 2.13). However, the NO> molecules have to compete with the
atmospheric oxygen molecules to have a share of the conduction electrons and to get adsorbed
at the senor surface. At this stage ammonia is continually oxidized at sensor surface generating
fresh NO2 molecules and therefore, the local concentration of NO2 molecules in the close
proximity of the sensor surface surpasses the oxygen molecule concentration there. These
triggers preferred adsorption of NO2 molecules over oxygen molecules on the sensor surface.
Even then, the oxidation of the ammonia molecules is a comparatively faster process.
Therefore, the rate of generation of NO2 molecules is faster than the rate of its adsorption at
the sensor surface. This leads to the accumulation of NO2 molecules near the sensor surface
(ref. Fig. 2.17(STEP-2)).

Eventually, a considerable number of NO> molecules accumulate near the sensor surface,
thereby creating a cloud/multilayer of NO2 molecules there. Any ammonia molecule that is
now injected onto the sensor head cannot directly interact with the sensor surface. It has to pass
through the NO2 multilayer. Incidentally, NO2 is an oxidizing gas. Therefore, it oxidizes the

ammonia molecules passing thorough it as follows,
NH; + NO, - NO, + H,0 (10

These NOx molecules gradually get oxidized to NO. as they percolate through the NO-
multilayer (ref. Fig. 2.17(STEP-3)). Meanwhile adsorption of NO> molecules on the sensor
surface continues resulting in further increase in resistance until there are no more active
surface state to access. When the ammonia flow on the sensor head is stopped, the NO2
molecules accumulated near the surface are desorbed first. Then the surface adsorbed NO:
molecules desorb from the sensor surface leaving the electrons that they trapped to the
conduction band. This is the recovery phase where the resistance of the sensor decreases again
until the base resistance is reached (ref. Fig. 2.17(STEP-4)).
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Fig. 2.17. Schematic illustration of the ammonia sensing mechanism of barium hexaferrite

Sensor.

2.4. Conclusion

In summary, we have achieved trace ammonia sensing capability with high
sensitivity and selectivity using barium hexaferrite nanoparticles (BaFe12O19) synthesized by a
facile solid-state route. The developed sensor is p-type in nature and showed high sensitivity
to different trace concentrations of ammonia vapor, viz. ~2.34 folds to 1 ppm ammonia vapor,
and ~1.46 folds to 0.2ppm ammonia. It also exhibited fast response (2.88s) and recovery times
(39.4s) along with negligible cross-sensitivities towards other major interfering breath
volatiles, viz. acetone, ethanol, and saturated moisture vapor. Such excellent sensing properties
were attributed to high specific surface area, optimized operating temperature, and small size
of ammonia molecule. In totality the superior sensing properties of the prepared sensor towards
trace ammonia makes it a promising candidate for the detection of renal diseases by exhaled

breath analysis.
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CHAPTER 3

Enhanced ammonia sensing performance of barium hexaferrite

enabled through Zn doping: Mechanistic study considering

modulation of Fe**/Fe®* ratio and oxygen vacancy

= NH; sensing mechanism
.
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3.1.Introduction

Rapid development of industries has resulted in wide usage of ammonia (NHz), a toxic gas,
in production of fertilizers, refrigerants, textile and food industries etc. [1,2]. According to the
report of occupational safety and health administration (OSHA), threshold limit of exposure
concentration of NHs for human being is 25 ppm within 8 h and 35 ppm within 15 mins.
Prolonged exposure to NHs, can cause irritation of skin, eyes, lung swelling, dyspnea and even
cancer [3-6]. On the other hand, NHs in human exhaled breath is acknowledged as the key
breath-biomarker for impaired kidney function. Elevated level in exhaled breath is the
indicative of hepatic dysfunction, halitosis and bacterial infection by Heliobactor pylori [7-9].
In exhaled-breath of healthy individuals, NH3 concentration varies from 50-1500 ppb [10].
Whereas, in patients with end stage renal disease (ESRD) exhaled NH3 level rises to ~5 ppm.
Breath analysis could play key role in early detection of disease by recognizing abnormal
pattern of exhaled NHs. Therefore, selective monitoring of ammonia in patients has become a
necessity for real-time heath monitoring [11-13]. Various methods viz. gas chromatography
mass spectroscopy (GC—-MS), selected ion flow tube mass spectrometry (SIFT-MS) and
photoacoustic laser spectroscopy (LPAS) have been employed to detect NH3z gas. However,
these systems are bulky, confined in laboratory facility and require experienced manpower that
makes them impractical for daily use [14-17]. Thus, metal oxide semiconductors (MOSSs)
based chemiresistive sensors have gained attention for its low-cost operating system, feasibility
and durability [18]. Several MOSs viz, SnO2, ZnO, NiO, Co304, WO3, CuO have been reported
for gas detection [19-25]. These materials have several drawbacks such as low selectivity,
effect of humidity and inability to detect low concentration of gas. Hence, demand for

alternative materials for MOS based chemiresistive gas sensing is rising.

Ferrites have gained recognition for their extensive applications in magnetic materials,
photocatalytic activity for degradation of dyes, water splitting for hydrogen generation, water
purification etc. M-type barium hexaferrite (BaFe12019) is new in sensing field with hardly any
detailed report on its NH3 sensing behaviour [26]. Amidst effective strategies, doping with
suitable metals is identified as fruitful way to enhance stability and gas response of the sensing
materials. Wang et al. synthesized Zn-doped NiO sensor with by hydrothermal controllable
route for enhanced ammonia sensing [27]. Yang et al. prepared Zn doped MoO3 nanobelts for
effective improvement of ethanol response [28]. Hemalatha et al. have reported Zn doping in

CuO plays key role in enhancement of acetone sensing [29]. Even though there are reports of
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Zn doping to enhance magnetic properties in ferrite materials [30], substitution of Fe3* with
Zn?* was seldom used as an approach to influence oxygen defects in BaFe12019 to enhance gas

sensing property.

In this work, we are reporting ammonia sensing property of solid-state route-derived
Zn doped BaFe12019 samples. Zn was used as strategic dopant in the BaFe12O19 to alter
Fe?*/Fe®" ratio and modulate the oxygen defects. The substitution of Fe** by Zn?* proves to be
beneficial in improving NHsz sensing performance and effectively reducing operating
temperature of the host material. NH3 response, response/recovery time and selectivity of the
as-prepared sensors (BZ3) was observed to be improved after doping and proved to be superior
than previously reported ferrite based NHs sensors. Table 3.1 displays the comparison data of
NHs sensing properties of different MOS based sensors in reports. The mechanism behind
improved gas response has been discussed and confirmed with subsequent X-ray photoelectron
spectroscopy (XPS) analysis. The sensor has been employed to detect wide range of NHs
concentration, which opens up its application in human exhaled breath analysis for health
monitoring and trace NHz detection in ambient to ensure quality of life.

Table 3.1 Comparison of ammonia sensing performance between Zn doped barium hexaferrite

base sensor and other ammonia sensors reported in literature.

Material Oper | tresponse | trecovery | LOwer Response Ref.

ating | (s) (s) detectio | /Conc. (ppm)

temp. n limit

(°C)
Zn0O 250 3-15s 5-14s - 80%/ 3 ppm [31]
SnS/CQD RT 7s 103s 100 ppb | 5.72/ 10 ppm [32]
SnO2@MoS2 25 6s 121s 8.6/ 100 ppm [33]
TiO, RT 30.3s 31.0s 0.1 ppm | ~7.8/5ppm [34]
NiO-PANI RT 149s 257s - 43%/ 10 ppm [35]
TizCoTx/V205/CuWO4 | RT 10s 5s 0.3ppm | 6.4/ 5 ppm [36]
Ce-TiO2 25 25s 272s 140 ppb | 23.99/ 20 ppm [37]
rGO/WOs3 RT 18s 24s 1.14 ppm | 8.03/ 40 ppm [38]
BaFe12019 300 2.88s 39.40s | 0.2ppm |2.34/1ppm [26]
Zn-BaFe12019 250 2.66s 35.25s | 150 ppb | 7.36/ 1 ppm Curi{ent

wor

For p-type gas sensors response S= Rgas/Rair, FOr n-type gas sensors response, S%= ((Rair-
Rgas)/Rair)*loo
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3.2.Experimental section

3.2.1. Materials and reagents

Barium carbonate (BaCO3), iron (I1) oxide (Fe20z3), zinc nitrate hexahydrate (Zn(NOz)2.6H20),

acetone (C3HgO) were purchased from Merck India and used without further purification.
3.2.2. Synthesis of Zn dopped BaFe12019 samples

Pure and Zn-doped BaFe12019 was synthesized by solid state route. BaCOs and Fe>O3z of molar
ratio 1:6 were mixed well in a mortar pestle using acetone for 1 hr. until both the powders were
homogeneously mixed. Zn(NOz)2.6H.O was added to the mixture to prepare Zn (wWt%=1%,
2%, 3%, 4%) doped BaFe12019 Samples. After grinding thoroughly for 1 hr, the powder was
pre-heated in a furnace at 600 °C temperature for 1 hr to achieve a precursor compound which
is then pestled again with acetone for about half an hour. Finally, the mixture is calcined at
1000 °C for 1 hr. The as-synthesized Zn (Wt%=0%, 1%, 2%, 3%, 4%) doped BaFe12019
samples were labelled as BZ0, BZ1, BZ2, BZ3, BZ4. The samples were dark brown in colour

and were taken for further characterization. The synthesis procedure is illustrated in Fig. 3.1.

Fe,0; Acetone BaCO; Zn(NO3),"6H,0
\ .O. Y / /
0% ) u]

a g9

045 .

89 Grinded
69

precursor
Pestling Pestling
)))))‘ )))))‘ X
1h 1h

" Calcined &
- -((((( Preheating

1 h at 1000°C Intermediate at 600°C
compound

Fig. 3.1. Schematic diagram of solid-state synthesis of Zn-doped BaFe1201s.
3.2.3. Characterization of materials

Crystallographic structure of as-prepared materials was conducted using X-ray diffraction
(XRD) instrument (X’pert Pro MPD XRD PANanalytical diffractometer) with nickel filtered
Cu-Kg radiation (A=0.15404nm). The morphology of the samples was examined using field-
emission scanning electron microscopy (FESEM) (Carl Zeiss make Supra 35 VP microscope)
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operated with an accelerating voltage of 10 kV and high-resolution transmission electron
microscopy (HRTEM) (Tecnai G? 30ST (FEI) operating at 300kV. For elemental
characterization of as-prepared samples, energy dispersive X-ray spectroscopy (EDS) equipped
with FESEM was used. To understand chemical state, X-ray photoelectron spectroscopy (XPS)
was conducted (PHI 5000 Versa Probe Il scanning XPS microprobe ULVAC-PHI, U.S) with
monochromatic AlKa (hv=1486.6 eV) source and C 1s peak at 284.6 eV was used as an internal
standard. The optical band gap of the materials was measured using UV-vis-NIR spectrometer
(Shimadzu, UV-3600). Room temperature photoluminescence (PL) spectra was performed
using Horiba FluoroMax-4 spectrometer. The current-voltage characteristics of the materials
were measured using Agilent source meter B2901A. Agilent 34461A digital multimeter was
used for the gas sensing measurements. For measurement of relative humidity (%RH) Bombay
engineering company made relative humidity indicator (model: 2D/RH-100C) was used.

3.2.4. Fabrication of prototype chemiresistive sensor

The gas sensors were fabricated by drop-coating slurry paste of as-prepared samples on a
Taguchi type cylindrical a-alumina substrates. Pt wires were attached as electrodes on each
side of the sensor modules with conducting gold paste [26]. After coating, the sensor substrates
were dried in a furnace overnight at 120 °C for removal of solvent. Ni-Cr wire was inserted
inside the hollow tube to use as a heating element. Following the same fabrication method
identical sensors (namely BZ0, BZ1, BZ2, BZ3, BZ4) were developed comprising of pure and
1%, 2%, 3% and 4% Zn-doped BaFe12O19 samples, respectively, for their gas sensing

performance comparison. The gas sensing set up is given in Fig. 3.2.
3.2.5. Gas preparation procedure

NHz gas sensing measurement in this work was performed by using commercially available
nitrogen balanced dry NHs gas cylinders. For the particular ppm concentration of gas flow,
Alicat made mass flow controller (MFC) meter was used to dilute the gas using N2 gas mixture.
Similarly, cross-sensing response of the sensors was checked using gas cylinders of acetone,
formaldehyde, CO2, CO, NO2, NO, SO, H>S of 100 ppm concentration balanced in nitrogen.
For preparation of ethanol, benzene, toluene, isopropyl alcohol of required concentration, we

have used desiccator dilution method. The dilution formula used as following eq. (1),

_ VXMXC
T 22.4xdXp

x 1076 (1)
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U refers to the injected volume of the liquid (ul), V is volume of the test chamber (ml), M is
liquid molecular weight (g), C is liquid-vapor concentration (ppm), d is liquid specific gravity

(g/cm?®) and p is the purity of the gas liquid.

3.2.6. Study of effect of relative humidity on gas sensing property

The influence of relative humidity (at 27 °C) on the response of the BZ3 sensor at optimum
working temperature of the sensor 250 °C was conducted in an indigenously developed
measurement chamber using a lower portion of a glass desiccator and air-tight lid. Different
background atmosphere were created containing specific relative humidity (%RH) at 27 °C in
normal atmospheric pressure inside a sealed chamber. The chamber was covered by an air-tight
lid using vacuum grease. Saturated aqueous solutions of different inorganic salts, to generate
various %RH inside the desiccator, were kept at the bottom of the desiccator and covered by
air-tight lid. The total chamber was kept untouched for few hours to set the desired relative
humidity percentage. A commercially available humidity measuring meter (Model: 2D/RH-
100C) was placed inside the chamber. Study of response of BZ3 sensor at different relative
humidity (%RH) was carried out keeping the prepared sensor at its optimum working
temperature (250 °C). The sensor was placed on a base that delivered DC voltage to set the
sensor's working temperature. The multimeter, which measured the sensor's transient
resistance, was attached to additional electrodes. The humidity-controlled sensing setup is

shown schematically in Fig. 3.2 given below for better clarity.

Multimeter «—— Gas flow
l controller
— =
5]
. )
(=]
AlS - =
™ “ a 27°C z
N A 50 %RH
< - “ -
L; e e e e = s S T r—
' , £= umidity
1 39V (@6 N q [ 53
(Emmmice S s meter
T — @ 3
DC Voltage Source Closed measurement -
chamber “A—H,0

Fig. 3.2. Schematic diagram of gas measurement set up.
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3.3.Results and discussion

3.3.1. Crystallographic structure and morphological analysis
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Fig. 3.3. (&) XRD spectra of pure BaFe;2O19 and Zn-doped BaFei2O19 samples, (b)
correspondingly magnified XRD patterns.

Fig. 3.3a shows the X-ray diffraction (XRD) pattern of as-prepared samples. Analysis
with Expert High Score Plus software (ICDD card number 00-007-0276) reveals that all the
prepared materials have well-formed hexagonal BaFe12O19 crystal structure with P63/mmc
space group. The absence of any impurity phase indicates the formation of pure M-phase
BaFe12019. A gradual shift of XRD peaks towards higher 26 is observed with increase in Zn
doping concentration up to 3% wt. The magnified view of two highest intensity peaks (107)
and (114) is shown in Fig. 3.3b. The shifting of the peaks to higher 26 is indicative of lattice
contraction attributed to larger ionic radii of Zn?* (0.74A) compared to that of Fe®* (0.64A)
[39]. Increase in Full Width at Half Maxima (FWHM) with increase in doping concentration
indicate that Zn?* has been included in the BaFe12019 matrix by replacing Fe®" ions. Average
crystallite size of as-prepared materials Debye-Scherrer formula (equation (1)) are ~49 nm, 39
nm, 35 nm, 33 nm and 31 nm for pure and 1%, 2%, 3% and 4% Zn doped BaFe12Oxs,

respectively.

KA
= Geosg e (1)

Where, D represents crystallites size, K is shape factor (0.89), A is the wavelength of the X-ray
source (here, 0.15406nm), 8 is FWHM for the diffraction angle 26, and 6 is the Bragg angle
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[26]. Lattice parameters (a,c) and unit cell volume (V) of the as-prepared samples were

calculated using the eq.(2-4) following equations [40-42],

nil = Zdhkl sin 0 (2)
1 4 (h?+hk+k? 12

Z." 3 ()t (3)

V = 0.866a%c (4)

Where dyy,; refers to spacing between (114) and (107) planes, h,k and 1 are Miller’s indices,
A=1.5406 A, “n” is an integer, 0 is the angle of incidence. The values of lattice parameters of
pure and Zn doped BaFe12019 as calculated from XRD data are shown in Table 3.2. It is evident
that both lattice parameters “a” and “c” have decreased monotonously with increase in Zn
doping concentration. This is attributed to the substitution of smaller sized Fe* (0.64 A) ions
with larger sized Zn?*(0.74 A). The volume of unit cell also decreased accordingly up to BZ3.
This observation indicates the substitution of Fe with Zn [43,44]. However, for BZ4 it increased
again, which indicates that for higher Zn doping concentration, rather than replacing the Fe3*
ions, Zn%* ions are taking interstitial positions in the lattice.

Table 3.2 Lattice parameter related to prepared samples:

Sample a (A) c(A) V(A3) cla

BZ0 5.8741 23.1431 691.5560 3.9398
BZ1 5.8640 23.1031 687.9804 3.9398
BZ2 5.8638 23.1005 687.8560 3.9395
BZ3 5.8334 22.9944 677.6363 3.9418
BZ4 5.8775 23.1610 692.8973 3.9406
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Fig. 3.4. FESEM micrographs of (a) pure BaFe12019, (b) 1%, (c) 2%, (d) 3% and (e) 4% Zn
doped BaFe12019 samples, (f) EDS spectroscopy of BZ3.

The microstructures of the as-prepared samples were examined using FESEM. The Fig.
3.4(a-e) displays the FESEM micrograph corresponding to BZ0, BZ1, BZ2, BZ3 and BZ4
samples, respectively. The images reveal the existence of agglomerated non-uniform structure.
While Zn concentration goes to 3% (BZ3), the hexagonal platelet like morphology started to
appear but not much prominent due to agglomeration. Fig. 3.4f represents the energy dispersive
X-ray spectroscopy (EDS) of BZ3 which confirms the presence of Ba, Fe, O and Zn in the

sample.
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500 nm ‘

Fig. 3.5. TEM images of BZ3, (a) 1000 nm, (b) 500 nm, (c) High resolution-TEM image of
BZ3.

To further explore the morphology of BZ3 sample transmission electron microscopy
(TEM) studies were conducted (Fig. 3.5). In Fig. 3.5 (a-b), at both 500 nm and 100 nm,
agglomerated particles of hexagonal platelet-like shape were observed, which matched well
with the FESEM image of the BZ3 sample. High resolution transmission electron micrograph
(HRTEM) (Fig. 3.5c) shows the lattice fringes of BZ3 to be 0.265 nm corresponding to the
(114) lattice plane of hexagonal BaFe12019 crystal structure. Fig. 3.6(a-s) displays elemental
mapping of the prepared samples. It is evident that, Ba, Fe, O are present in all samples. Zn is
present in all doped samples (BZ1, BZ3, BZ4). It is clear from the elemental mapping that all

the elements in the as-synthesised samples are distributed homogeneously.
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Fig. 3.6. Elemental distribution mapping images of samples: (b,f,k,p) Ba element, (c,g,1,q) Fe
element, (d,h,m,r) O element in BZ0, BZ1, BZ3 and BZ4, respectively, (i,n,s) Zn element in
BZ1, BZ3 and BZ4, respectively.
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3.3.2. Chemical state and surface area analyses
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Fig. 3.7. (a) XPS wide scan spectra of all (BZ0, BZ1, BZ3, BZ4) samples, respectively. High

resolution XPS spectra of (b) Ba 3d (c) Zn 2p of the BZ0, BZ1, BZ3, BZ4 samples.
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Table 3.3 XPS analysis of Fe 2p peaks of BZ, BZ1, BZ3 and BZA4.

Samples Fe species Binding Percentage of | Fe?*/Fe3*
energy (eV) | area
BZ0 Fe 2pan Fe?* 710.1 18.81 0.6294
Fed* 711.9 24.67
Fe 2p1 Fe?* 723.6 10.20
Fe3* 725.7 21.43
BZ1 Fe 2psi2 Fe?* 710.1 20.05 0.6779
Fed* 711.9 25.74
Fe 2p1 Fe? 723.7 9.76
Fed* 725.8 18.24
BZ3 Fe 2psi2 Fe?* 709.7 21.92 0.8750
Fe3* 711.8 24.39
Fe 2p1 Fe?* 723.3 11.00
Fed* 725.5 13.23
BZ4 Fe 2pan Fe?* 709.9 20.50 0.7446
Fe3* 711.7 24.12
Fe 2p1 Fe?* 723.4 9.30
Fe3* 725.3 15.90

XPS study was performed to detect the surface composition of prepared samples. Fig.
3.7a shows the survey scan spectra of BZ0, BZ1, BZ3 and BZ4 samples revealing peaks of Ba
3d, Fe 2p, O 1s in all samples and peaks of Zn 2p in doped samples. To calibrate the binding
energy the adventitious carbon peak located at 284.8 eV was used as reference. Fig. 3.7(b-c)
shows the narrow-scan spectra of Ba 3d and Zn 2p of the samples. Two doublet peaks centred
at~779.3 eV and ~794.6 eV indicates the presence of Ba 3ds;> and Ba 3dz/. peaks, respectively,
which conforms 2+ oxidation state of Ba in all samples [45]. In narrow-scan spectra of Zn 2p
(Fig.3.7b), peaks at ~1021.3 eV and ~1044.4 eV correspond to Zn 2pz» and Zn 2pip,
respectively, which confirmed the Zn?* oxidation state in all doped samples [46]. Characteristic
peaks of core level Fe 2p spectra of all samples is represented in Fig. 3.8a. The major peaks
located at ~710.0 eV and ~723.6 eV correspond to Fe 2ps2 and Fe 2p12 doublets. Existence of
two satellite peaks at ~718.2 eV and at ~732.6 eV confirmed the presence of Fe3* oxidation

state [47]. The asymmetric Fe 2p peaks were fitted with gaussian peaks with Shirley
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background. The major Fe 2ps> peak was deconvoluted into two subpeaks at ~710.1 eV and
~711.9 eV, related to Fe?* and Fe" state, respectively. Similarly, major Fe 2p1, peak was
deconvoluted into two subpeaks at ~723.6 eV and ~725.7 eV which corresponds to Fe?* and
Fe3* state, respectively [48]. Details of fitting of Fe 2p peaks are given in Table 3.3. Fig. 3.8b
shows narrow scan core level spectra of O 1s of the samples. The asymmetric O 1s peaks were
fitted with three gaussian subpeaks corresponding to three oxygen species on the surface,
namely: lattice oxygen (OL) peak (~529.2 eV) ascribed to the O% ions in the metal oxides;
defect oxygen (Op) peak (~529.9 eV) attributed to the O? ions in the oxygen deficient regions
caused by oxygen interstitials; and chemisorbed oxygen (Oc) peak (~530.80 eV) corresponds
to the chemisorbed or dissociated oxygen species (O°) on the surface of the materials [49]. The
summary of O 1s XPS analysis of samples are presented in Table 3.4. Specific surface area of
the samples was obtained using Brunauer-Emmett-Teller (BET) method. BET plots of all the
samples are given in Fig. 3.9, which indicate that specific surface area has increased slightly

after incorporation of Zn.
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Fig. 3.8. High resolution core level deconvoluted spectra of (a) Fe 2p (b) O 1s of the BZ0, BZ1,
BZ3, BZ4 samples.

109



Table 3.4 Analysis of XPS results of O 1s and Fe 2p peaks of BZ, BZ1, BZ3 and BZ4.

Samples Oxygen species Binding energy of | Percentage of oxygen
oxygen species | species
(eV)
BZ0 OL 529.2 51.75
Opb 529.9 26.14
Oc 530.8 22.09
BZ1 OL 529.3 35.92
Opb 529.7 33.34
Oc 530.8 30.72
BZ3 OL 528.2 26.55
Opb 529.3 37.53
Oc 530.6 35.92
BZ4 OL 529.1 49.84
Opb 529.8 26.25
Oc 530.9 23.90
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Fig. 3.9. Linear fitting of Brunauer—-Emmett-Teller (BET) surface area analysis plot of BZO0,
BZ1, BZ2, BZ3 and BZ4, respectively.
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3.3.3. Optical properties

The bandgap (Eg) of the samples was measured by Tauc plot using UV-vis spectroscopy
at room temperature. The relation between absorption coefficient (o) and the incident photon

energy (hv) in a direct-band semiconductor can be written as,
ahv = C(hv — E5)/? (5)

Fig. 3.10(a-e) displays the Tauc plots of all samples and the corresponding bandgap values (Eg)
are given in bar diagram, Fig. 3.11a. As ZnO (E¢~3.33 eV) is doped in barium hexaferrite
having narrow bandgap (E¢~1.35 eV), the bandgap of the doped materials increased gradually
with increasing Zn doping concentration. Moreover, after Zn doping decrease in crystallite size
was observed (as calculated from XRD spectra of samples). The crystallite size and band gap
energy have inverse relationship due to quantum confinement effect. This decrease in

crystallite size can also contribute to increase in bandgap energy.[50-52].
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Fig. 3.10. Tauc plot of the as-synthesized (a) BZO0, (b) BZ1, (c) BZ2, (d) BZ3 and (¢) BZ4
samples, respectively.

To understand charge separation efficiency, photoluminescence (PL) spectra of the
materials were measured at room temperature as presented in Fig. 3.11b. It shows normalized
PL emission peaks of the materials at excitation wavelength, A=350 nm. All the samples

showed PL emission peak at wavelength region from 400-450 nm. Significant quenching of
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PL emission intensity was observed in doped samples compared to BZ0. Among all the doped
samples BZ3 showed lowest PL emission peak intensity, which is ascribed to better charge
separation achieved by Zn doping [46]. Due to rapid recombination of photocharges pure
sample BZ0 showed highest PL intensity. On the other hand, lower PL intensity of Zn doped
samples is attributed to increased carrier density induced by decrease of recombination centres

and increase in charge transfer efficiency [53,54].
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Fig. 3.11. (a) Room temperature PL spectra of samples at A=350 nm. (b) Bandgap energy

values of all samples.
3.3.4. Gas sensing properties for ammonia

Gas response of MOS is tested by measuring the change in conductivity of the material
while exposing it to target gas. Here ammonia gas cylinder balanced in air was used as target
gas. Dynamic response of the as-prepared sensors to different concentration of ammonia

revealed p-type semiconductor behaviour where the response (S) is calculated using the

R
formula § = 2%

, Where R, and Ry, represent resistance of the sensor in air and in the

awr

presence of target gas, respectively. As gas response of MOS depends on their operating
temperature, estimation of optimum operating temperature of the sensors was performed by
exposing the sensors to 1 ppm NHz in the operating temperature range from 200- 400 °C (Fig.
3.12a). All the curves showed “increase-maximum-decrease” trend of response with increase
in operating temperature. At low operating temperature, target gas can not react with adsorbed
oxygen on the surface because of low activation energy. After reaching maximum response,
with further increase in operating temperature the gas response decreased as carrier
concentration on the surface of the material saturates [55,56]. The optimum operating
temperature of BZ0, BZ1, BZ2, BZ3, BZ4 were 310 °C, 250 °C, 250 °C, 250°C and 210 °C,
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respectively. All the Zn-doped materials had lower optimum temperature than that of pure
material. This indicates that, doping BaFe12019 With Zn provides positive catalytic effect on
adsorption of NHs. Fig. 3.12b shows change of Rair of all the sensors with operating
temperature. With increasing operating temperature Rair values of all sensors have gradually
decreased. As the prepared sensing materials are all semiconducting in nature, at lower
operating temperature lower number of charge carriers are available for conduction, hence Rair
is high at low operating temperature for all samples. Increasing operating temperature leads to
increase in number of majority charge carrier concentration. Gradual decrease in Rair with
increasing operating temperature is the indicative of the improved conductivity of the samples

which delineates semiconducting nature of this active sensing material [57].
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Fig. 3.12. (a) Response of all sensors to 1 ppm NH3 at 200-400 °C operating temperature, (b)

The base resistance (Rair) values of the sensors in air as a function of operating temperature in
the range 200-400 °C.

Fig. 3.13a displays the response of all sensors to 1-100 ppm NHjs at their respective optimum
operating temperatures which clearly indicates the response of doped samples are higher than
the pure one. The response of BZ3 for 100 ppm ammonia was S= 32.62 which is ~7 times
higher than BZ0 (S= 4.8). Moreover, sensor BZ3 tend to saturate beyond 100 ppm of NH3

concentration, whereas other sensors saturated much lower NH3 concentration.

The relationship between the response (S) and NH3 concentration (C) can be expressed using
Freundlich adsorption isotherm equation as follows [58],

S= aCF (6)

Or,
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log($) = log(a) + B log (C) (7)

Where, C represents the concentration of NHs (in ppm), S represents the response of the sensor
to NHs, « is proportionality constant, £ is the exponent [52,59]. The fitting with linear
regression of the log (S) vs log (C) based on obtained response data of BZ0 and BZ3 sensors
are displayed in Fig. 3.13b. The correlation coefficient (R?) for BZ3 is 0.97 which indicates
strong linear dependence between sensor response and NHz concentration. The values of 3, as
obtained from the slope of the fittings, are 0.37 and 0.21 for BZ3 and BZ0, respectively,
indicating the adsorption process of NHz on the surface is physisorption (8 < 1) [60]. Based
on the fitting (Fig. 3.13Db), theoretical limit of detection (LOD) of BZ3 is 150 ppb with S=1.4
whereas that of BZ0 sensor was 600 ppb. Zn-doping can deliver excellent sensing performance
even at very low NHs concentration. Fig. 3.13(c-d) represents real-time dynamic resistance
curve of BZ3 to NHz concentration range from 0.25-10 ppm and from 25-100ppm at 250 °C,
respectively. Linear scale version of dynamic response-recovery curve (0.25-100ppm) is
displayed in the Fig. 3.13c. The sensor’s response-recovery curve to 0.5 ppm, 1 ppm, 2 ppm, 5
ppm NHz for three consecutive measurements is shown in Fig. 3.13e. Inset shows linear scale
on y-axis version of the figure. It is clear that, the BZ3 sensor exhibits outstanding resolution

in detecting different concentrations of NHs.

114



(b)

4 @ Experimental data BZ0
@ Experimental data BZ3
Linear fitting BZ3

5
g'r'n Linear fitting BZ0 Y
g y=0.37511x+0.83809
o R?=0.96786
o
I
c
(o] ]
2 &
[
14 y=0.21831x+0.27742
R2=0.98125
04 T T T T T 0.2 T T T T T T
0 20 40 60 80 100 0.5 0.0 0.5 1.0 1.5 2.0
Concentration (ppm) log (C)
g 'y 9 100ppm d
=° 10° 5 50ppm
ok © @
c
— 2. 10ppm —
9, Ei 5ppm @]
g S @
Time (s) 2ppm
g g
"Jl' 0.5ppm "l;l' 108 E
‘0 0.25ppm )
U108 1]
10 @
[ ———]
T T . T T 107 T T T T
0 200 400 600 800 1000 0 100 200 300 400 500
Time (s) Time (s)
-
= (&
10° s, ©)
= 5.
P &
g ° CT ‘;si- 200 28 -prm
-E 1ppm
0 0.5ppm
N
o 10° 4
0 500 1000 1500 2000
Time (s)

Fig. 3.13. (a) The response of all the sensors to 1-100 ppm NH3 at their corresponding optimum
operating temperatures; (b) Fitting of experimental data of sensing response of BZ0 and BZ3
sensors to NHs (1-100ppm) using Freundlich isotherm equation; Real time dynamic response-
recovery curves of BZ3 sensor at 250 °C for NHz in the concentration range (c) 0.25-10ppm
with log scale on y-axis (inset with linear scale) and (d) from 25-100ppm in log scale; (e)
Response transient curves of BZ3 sensor for repeated cycles towards 0.5 ppm, 1 ppm, 2 ppm,

5 ppm NH3 at 250 °C with log scale on y-axis (inset with linear scale).
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Current-voltage (I-V) characteristics of the fabricated sensor was measured. Fig. 3.14a
represents current vs voltage graph of BZ3 measured by varying the applied volage from -40
V to +40 V for different operating temperatures of the sensor (200°C, 250 °C, 300°C, 350°C
and 400 °C). It was observed that current and applied voltage maintains ohmic law implying
ohmic contact has been formed. The sensor showed similar behaviour for all the operating
temperatures which indicates that the sensor is able to perform well in the given temperature
range. |-V measurements suggest that the material is semiconducting in nature as the
conductivity of the sample increases with temperature. The current-voltage (I-V)
characteristics under various concentrations of NHs gas has been measured to validate the p-
type chemiresistive sensing performance of BZ3 sensor as shown in Fig. 3.14b. It is clearly
visible from the I-V curve that as concentration of ammonia increases resistance of the sensor

increases which exactly matches with the sensing data.
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Fig. 3.14. (a) Current-voltage (I-V) characteristics of BZ3 sensor at operating temperatures 200
°C, 250 °C, 300 °C, 350 °C and 400 °C, respectively. (b) Current-voltage (I-V) characteristics

of BZ3 sensor in presence of different concentration of NHs at operating temperature 250 °C.

Multiexponential transient conductance model is employed to calculate transient
response and recovery times of BZ3 sensor at 250 °C (ref. Fig. 3.15a). According to the
Langmuir adsorption model the response transient conductance G (t) and the recovery transient

conductance G (t) at a constant temperature can be expressed as follows [49],
G(t) = GO + Gl [exp(_t/Tresponse)] (8)

Gl(t) = GOl + Gll [1 - exp(_t/Trecovery)] (9)
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Here, G, is conductance in presence of air, also known as base conductance, T,¢sponse IS the

time constant of NH3z adsorption, GO' is conductance at stable response value and T,¢copery IS
the time constant of NH3 desorption. Response/recovery time for 1 ppm NHz at 250 °C are 2.66
s/35.25 s indicating rapid adsorption and desorption process. Fig. 3.15b represents short-term
stability of BZ3 sensor tested for 1 ppm NHz3 for nine consecutive response-recovery cycles,
which showed excellent repeatability in response data. Also, the long-term stability (Fig. 3.15b)
of BZ3 was tested against 1 ppm NHz for 100 days. The deviation in long-term stability data
is insignificant (<2%), which indicates the sensor’s suitability for practical application.
Selectivity of the as-fabricated sensors was tested against various relevant interfering gasses
i.e. acetone, ethanol, formaldehyde, benzene, toluene, isopropyl alcohol, CO,, CO, NO2, NO,
S0O,, H2S, that are present in human exhaled breath and outdoor air. As shown in the Fig. 3.15c,
all the Zn doped sensors showed highest response to 1ppm ammonia compared to the other
gases. These results reveal that reveal among all other sensors BZ3 sensor showed enhanced
selectivity to NHs which makes the sensor applicable for both breath analysing and

environment monitoring.

To observe the influence of humidity on the sensing property of BZ3, the sensing performance
was tested under different relative humidity ranging from 30%-98% RH (at 27 °C) while the
sensor was kept at 250 °C operating temperature as shown in Fig. 3.15d. It was observed that
variation of base resistance (Rair) with increase in RH % is negligible which is presented in Fig.
3.15d. The response of the sensor has increased by <3% with increase in RH from 30% to
98%. This result may be attributed to the promotion of reaction of NHz molecules with the
sensor surface in the due to the abundance of high relative humidity in the environment [61].
The sensing result showed effect of humidity is very low on sensing performance of BZ3

Sensor.
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Fig. 3.15. (a) Fitting of conductance transient for response and recovery of BZ3 sensor to 1
ppm NHs at 250 °C; (b) Cyclic response and recovery curves and long-term stability of the
BZ3 sensor for 100 days to 1 ppm NHs at 250 °C; (c) The response of all sensors to different
gases showing selectivity of the sensors at their corresponding optimum operating
temperatures, (d) Response and Rair values of BZ3 sensor to 1 ppm NHz at different RH % (at
27 °C) at operating temperature 250 °C.

3.3.5. Simulation of breath analysis

To investigate the performance of Zn-BaFe12O19 based sensor as a breath analyzer,
simulated breath study was performed. Healthy human exhaled breaths were collected and
required amount of ammonia vapor was mixed with it using desiccator dilution method to
prepare simulated breath with different concentrations of NHz (0.5 ppm, 1 ppm, 1.5 ppm, 3
ppm), separately. Real time simulated breath study was conducted using healthy breath and
simulated breath containing different ammonia concentration. Fig. 3.16 shows response

recovery curve of BZ3 sensor to the simulated breath samples. The sensor’s response to healthy
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human breath (H.B.) was 4.04 which could be due to the presence of 0.25 ppm NHs in healthy
breath. The sensor showed 5.61, 7.53, 887, 11.85 response towards simulated breath with 0.5
ppm, 1 ppm, 1.5 ppm, 3 ppm additional NH3, respectively. The data shows that the sensor can
distinguish between different simulated breaths and detect low ppm concentrations of NHz in

exhaled breath, making the BZ3 sensor a suitable choice for breath analysis.
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Fig. 3.16. Sensing responses of BZ3 sensor prototype to healthy exhaled breath and simulated

exhaled breath mixed with different NHs concentrations at 250 °C.
3.3.6. Mechanism of NHs sensing

Gas sensing is a surface phenomenon where interaction takes place between the target gas
and the exposed surface of the sensing material. Mechanism of gas sensing of BaFe12019, which
showed a typical p-type semiconductor sensing behaviour, can be explained by oxygen
adsorption theory. When sensor surface is exposed to air, the oxygen molecules from
atmosphere gets adsorbed on the surface and converted to different ions i.e. 0,7, 20~, 02~
depending upon temperature by capturing electrons from the conduction band of the material
[47,62]. Accordingly, a hole accumulation layer (HAL) will be created at the surface of
BaFe12019 whose thickness will depend on the adsorption capability of the material. Since
operating temperature of BZ3 is 250 °C oxygen mainly exist in the form of O0~. When the
material is exposed to NHs it reacts with the adsorbed oxygen species and gives the previously
captured electrons back to the conduction band. That in turn decreases the hole concentration
and causes thinning of HAL (eq.10.1-10.2). In this process, the resistance of the sensor

increases which is measured as response of the sensor. When NH3 glass flow is removed, the
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atmospheric oxygen gets re-adsorbed on the sensor surface and NHz is desorbed from the
sensor surface and HAL is restored which results in complete recovery of the sensor. The

corresponding reaction with ammonia is given by following equation [63,64],

4NH;(ads) + 100~ (ads) —» 4N0O,(ads) + 6H,0(ads) + 10e~ (10.1)

e~ + h™ - recombination (10.2)

The enhancement of NH3 sensing properties of by Zn doping in BaFe12019, may be influenced
by the following factors. Firstly, substitution of Zn having valence state 2+ can lead to

following defect reactions,

BaFeq13019

In0 — Zng, + h° (11.2)

aFe 13019

B
2200 + 09— 2Znjpe + V§' + 20,1 (11.2)

It suggests that Zn doping in BaFe12O19 can create hole or oxygen vacancies [65]. The Rair
values of the sensors when measured at 250 °C are 156 MQ, 86 MQ, 52 MQ, 29 MQ, 8.5 MQ
for BZ0, BZ1, BZ2, BZ3 and BZ4, respectively, indicating the conductivity of the materials
have increased after doping with Zn. Therefore, it can be inferred that substitution of Zn in Fe
site results in occurrence of the firstly mentioned process (eq. 11.1). The excess holes (h*) will
contribute to the majority charge carrier concentration which increased with increase in Zn

doping concentration. This will enhance the p-type sensing behaviour of the material.

Secondly, intensity of PL emission spectra reflects the charge separation efficiency of electron-
holes in semiconductors. Lower PL emission intensity means higher charge separation
efficiency, therefore more electrons will be available in conduction band, which benefits the
ionization of atmospheric oxygen and gas sensing. As displayed in Fig. 3.11b pure sample BZ0
showed highest PL emission peak and BZ3 showed lowest emission peak. This indicates BZ3
has higher electron-hole separation which helps to improve sensing behaviour. Moreover,
oxygen vacancies generated during the substitution process of Fe with Zn have improved
charge transfer and reduces bulk recombination. This in turn improved the charge separation
efficiency of the Zn doped samples [66,67]. This corroborated with XPS O1s spectra analysis.
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Fig. 3.17. (a) Change in Fe?*/Fe*" ratio and corresponding response of BZ0, BZ1, BZ3 and
BZ4; (b) Variation of concentration of oxygen species on the surface of BZ0, BZ1, BZ2, BZ3
and BZ4.

Thirdly, Fe?* ion content increased from 29.01% in BZO0 to 32.92% in BZ3 (ref. Table 3.3).
Therefore, it may be concluded that substitution of Fe with Zn facilitates coexistence of Fe?*
and Fe3* in the Zn doped BaFe12019 samples. BZ3 exhibited highest Fe?* content among the
doped samples. The increase-maximum-decrease trend of the Fe?*/Fe3* ratio with increasing
Zn doping exactly reflects the trajectory of the enhanced response of the corresponding
samples, as shown in Fig. 3.17a. To maintain the charge neutrality during the ionic substitution
process (ref. equation 11.2), Fe?* ion content rises and contributes to the formation of increased
oxygen vacancy content on the surface which plays an important role in enhancement of gas
response [65,68—71]. It was observed, the percentage of lattice oxygen (OL) is lowest for BZ3
(ref. Table 3.4). Additionally, with increase in Zn doping concentration the percentage of Op
and Oc showed increase-maximum-decrease trend, and maximum value was reached for BZ3
sample (Fig. 3.17b), which exhibited best NHs sensing property among all the samples. The
lattice oxygen species (OL) can not react with any target analytes and the target gas molecules
interact with defect oxygen sites and chemisorbed oxygen species on the surface as they act as
active sites for sensing. Therefore, with increase in the surface chemisorbed oxygen species the
gas sensing response of the materials also increases. This study establishes a correlation of the
material's improved ammonia sensing ability with the coexistence of Fe?* and Fe®* states and
increased oxygen vacancy concentration. However, BZ4 exhibited lower concentration of Op
and Oc. Also, as conferred from calculation of lattice parameter (ref. Table 3.2) that, for higher
doping concentration in BZ4, Zn?* ions are taking interstitial positions in the lattice. Therefore,

Fe2* content decreased in BZ4 compared to BZ3, which is responsible for lower sensing
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performance of BZ4. The gas sensing mechanism of Zn doped BaFe12019 is represented in Fig.
3.18. The highly selective nature of Zn doped BaFei12O19 Samples toward ammonia may
explained in terms of bond dissociation energy. The bond dissociation energy of N-H (391
kJ/mol) in ammonia is lower than that of O-H (458.8 kJ/mol) in ethanol, and C=0 (798.9
kJ/mol) in acetone and HCHO. The reaction activity of ammonia with Zn doped BaFe12019 is
higher as it is easier to dissociate ammonia molecules due to its lower dissociation energy
[62,72].

(a) In air (b) In NH,

Atmospheric O,

“» — 0, @— Oxygenions
Sl — Zn-BaFe,,0,

HAL

Fig. 3.18. Schematic diagram of sensing mechanism of Zn doped BaFe12019 based sensor (a,c)
in air and (b,d) in NHa.

3.4.Conclusion

In summary, we have demonstrated that, ammonia sensing performance of BaFe12019 can
be improved significantly by doping with Zn. 3% Zn-doped BaFe1,019-based sensor exhibited
greater selectivity toward ammonia with negligible effect of humidity, enhanced response
(Rgas/Rair =7.36) towards 1 ppm NHz at 250 °C, lower detection limit of 150 ppb, fast
response/recovery times 2.66s/35.25s. Enhanced response was attributed to the modulation of
the surface oxygen defect and active gas-adsorption sites by introducing Zn?* in the system in
place of Fe**, as validated from XPS analysis. This work is significant for fabrication of
ammonia sensor that can be used in health monitoring and prevention of workplace hazard by

environmental surveillance.
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CHAPTER 4

Beneficial effect of Sn doping on bismuth ferrite nanoparticle-
based sensor for enhanced and highly selective detection of trace

formaldehyde
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4.1. Introduction

Among various air pollutants formaldehyde (HCHO) is very common due to its wide
usage in chemical production, wooden and plastic furniture, adhesives, flooring materials,
coating and insulating materials, cosmetics and rubber production etc. [1,2]. Long term
exposure to formaldehyde at concentration 0.4-1.0 ppm can cause serious health problems such
as mucosal inflammation, throat pain, vomiting, nausea, pulmonary edema, bronchospasm,
encephaloma and so on, commonly referred as sick building syndrome [3]. Exposure to higher
concentration of formaldehyde (above 3ppm) can damage immune system and the central
nervous system [4,5]. Moreover, exposure to concentration above 6ppm can even cause
nasopharyngeal and myeloid leukemia and pulmonary damage [6,7]. Due to its high toxicity,
formaldehyde has been categorized as a potent carcinogenic agent [8,9]. Therefore, it has
become a necessity to develop high performance, stable and very selective formaldehyde

sensors to monitor indoor and outdoor air quality.

Chemiresistive gas sensors are known to be one of the most cost effective and low
maintenance ways for the detection of formaldehyde concentration in air. Numerous efforts
have been made over the past several years to find formaldehyde detecting material suitable
for practical application. Various metal oxide semiconductor-based sensors have been reported
in literature viz. SnO> [10,11], NiO [12], ZnO [13], In2O3 [14] to detect formaldehyde in indoor
environments. Several approaches such as, changing the morphology [15,16], developing
heterojunctions [17,18], loading with noble metal as catalysts [19], extrinsic doping with
suitable metals [20-24] have been made to achieve better sensitivity and selectivity of the metal
oxide semiconductor (MOS) formaldehyde sensors. Among these approaches, doping with
suitable metal oxide in the MOS structure demonstrated plausible results. Study revealed that,
doping NiO with Sn can improve HCHO sensing performance by electron compensation

mechanism [4].

In the recent years, trinary metal oxides have emerged as excellent gas sensors owing
to their excellent stability and reliability in gas sensing properties compared to conventional
binary metal oxide gas sensors [25]. BiFeOs (BFO) is a well-known multiferroic perovskite
ferrite which has gained increasing attention due to its application in different areas such as
memory, spintronics and magnetoelectronic sensor devices [26]. However, despite its
multifunctional use in different fields, gas sensing properties of BFO has not been explored

widely. BFO exhibits p-type semiconducting properties with a bandgap 2.2-2.8 eV. Of late,
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due to its tunable bandgap, excellent thermal stability and transport property, BFO has emerged
as very promising gas sensing material. As of now, BFO has been investigated for its

reasonably high response to various gases viz. CO, acetone, ethanol, LPG, SO, etc. [27-31].

Surface electronic state modification by means of doping is known to be an effective
approach in improving gas sensing properties and selectivity of metal oxides. For example,
significant increase in ethanol sensing capability has been observed by doping BFO with
barium [32]. Another work by Waghmare et al. also demonstrated Hz and NO2 sensing property
of W doped BFO nanocrystalline thin films [33]. Sn is a widely known dopant with a strong
proficiency in activating and catalysing surface reaction process of gas sensing materials and
consequently improving its performance. Sn doping approach has been adopted in various
reports in order to modify different gas (viz. TMA, Xxylene, ethanol, hydrogen) sensing
properties of metal oxide nanomaterials. The reports demonstrate that, a great enhancement in
xylene sensing property have been observed upon modifying the structure of NiO with Sn
dopant [34,35]. Therefore, we have undertaken our investigation of effect of Sn doping on
formaldehyde sensing properties of BFO nanoparticles. A comparison of formaldehyde sensing
performance of different sensing materials as reported in literature is listed in Table 4.1. On
the basis of literature survey, we have found out that although there are many formaldehyde
sensors reported in literature the greatest challenge for the sensors for monitoring indoor air
quality is their slow response/recovery time [11, 15-23, 36-45]. Long-time stability
measurement of the sensors for over six months is rarely studied [11, 15-18, 20, 23, 41,43].
Most of the sensors are unable to detect formaldehyde gas concentration down to the range of
ppb [36-39,42-43]. Achieving good selectivity against relevant interfering volatile organic
compounds (VOCs) present in indoor air which act as hinderance to the sensor while detecting
HCHO is still a problem [11, 21].

In the present work, we are reporting the effect of doping the Fe-site of BFO with Sn
on its gas sensing property, using formaldehyde as target gas. The pure BFO and Sn-doped
BFO nanoparticles were synthesised via facile sol-gel technique with an aim to investigate its
formaldehyde sensing properties. Compared to pure BFO nanoparticles-based sensor, we were
able to achieve much higher response, rapid response/recovery time and good selectivity to
sub-ppm level concentration of formaldehyde, with very low interference from VOCs viz,
ammonia, ethanol, acetone, methanol, benzene, toluene and xylene. Influence of different
concentration of Sn doping on sensing property has been studied. The enhanced formaldehyde

sensing property of the as-synthesized Sn doped BFO nanoparticles-based sensors was
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explained by doping induced modification of surface electronic states and hole concentration

in accumulation layer.

Table 4.1 Comparison of formaldehyde gas sensing performance of sensors based of

different materials.

Material Operati | Response | Recovery | Lower Response Ref
ng temp. | time time detection (Rg/Ra)
°O) limit

SnO» 200 2.5s 52s _ 13 (20 ppm) | [10]

SnO» 230 53s 60s Ippm 2.5 (Ippm) | [11]

Co304/CoFex04 | 139 4s Os 300 ppb | 12.7 (10 [15]
ppm)

C0304~Zn0O 220 6s 9s _ ~5.1 (100 [16]
ppm)

NiO-SnO, 100 44s Ts 0.5ppm 2.4 (0.5ppm) | [17]

SnO2/NiO 230 107s 10s Ippm 3.072 [18]
(5ppm)

Ag-LaFeOs3 70 65s 60s Ippm 25(1ppm) [19]

Y-doped SnO> 180 8s 25s Ippm 18 (50 ppm) | [20]

Zn-doped NiO 200 9min 13min 74ppb ~140 (1.4 [21]
ppm)

Y-ZnO 300 4s 6s _ 65.7 (50 [22]
ppm)

CdO activated 200 Smin _ Ippm 10 (1 ppm) | [23]

Sn-ZnO

In20O3 230 100s 70s _ 80 (100 [36]
ppm)

Zn-LaFeO; 250 100s 100s 100ppm | 38 (100ppm) | [37]

La-Bi-Fe-O 100 Ss 30s Sppm 23.3(50ppm) | [38]

C0304 170 46s 98s 10ppm 12 (100ppm) | [39]

a-FexOs3 300 63s 395s 50ppb 5.2 (Ippm) | [40]

Ag@Pt@ZnO 280 162s 225s 3.5 ppb 0.262 [41]

nanowires (240ppb)

Ca-ZnO 250 _ _ Ippm 5.28 (5ppm) | [42]

ZIF-8/MWCNT | RT 12s _ 438 ppm | 3.08 [43]
(100ppm)

LaFeOs 120 >5min >5min 50ppb 1.35 (1ppm) | [44]

BiFeO; 240 20s 14s 2ppm 3.1 (25ppm) | [45]

Sn-BiFeO3 280 2.71s 25.22s 100ppb 3.05(1ppm) | Current

work
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4.2. Experimental section

4.2.1. Materials and reagents

Bismuth nitrate pentahydrate (Bi(NO3)3.5H20), iron (I11) nitrate nonahydrate nonahydrate
(Fe(NO3)3.9H20), tin (1V) chloride pentahydrate (SnCls.5H20), tartaric acid (C4HsOs), nitric
acid were purchased from Merck India. The chemicals were used as received without further

purification for the synthesis.
4.2.2. Synthesis of Sn dopped bismuth ferrite nanoparticles

Pure and 1%, 1.5%, 2% Sn-doped BFO nanoparticles were synthesized via sol-gel
technique. Stoichiometric amount of bismuth nitrate pentahydrate (Bi(NO3)3-5H20), iron
nitrate nonahydrate (Fe(NO3)3-9H20), tin chloride pentahydrate (SnCls-5H.0)) were dissolved
in double distilled water individually in separate beaker. Few drops of nitric acid were added
to the bismuth nitrate solution. The precursor solution (sol) was prepared by mixing the above
three solutions followed by stirring at 80 °C for one hour. Equimolar tartaric acid dissolved in
distilled water was added to the mixture and stirred continuously to form a complete
homogeneous solution. Then the sol was placed on a hot plate at 120 °C and stirred vigorously
for 6h to form a viscous gel. The gel was then placed in an oven at 100 °C overnight to dry
completely. Finally, the dried gel was ground well followed by calcination at 600 °C for 2 h in

air in an oven. The schematic diagram of the synthesis process is presented in Fig.4.1 for clarity.

Fe(NO,);-9H20
+5nCl,5H,0 Bi(NO;);5H20  cu.0,

Sn doped BFO
nanopartilces
0” calcined at
'7 r 600°C, 2h

Dried at
Stirred at Stirred at 100°C
80 ’C, 1h 120 C, 6h Viscousge[ overnight o
- — =) ;
B o

Fig. 4.1. Schematic diagram of Sn doped BFO nanoparticles synthesis process.
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4.2.3. Characterization of materials

To study the crystal structure and phase composition of the synthesized powder, X-ray
diffraction (XRD) patterns were recorded with an X’pert Pro MPD XRD PANanalytical
diffractometer using nickel filtered Cu-K, radiation (A=0.15404nm). The surface morphologies
of the samples were examined by using field-emission scanning electron microscopy (FESEM)
(Carl Zeiss make Supra 35 VP microscope) operated at 10 kV accelerating voltage. Further
investigation on particle size and lattice fringe was done using Tecnai G? 30ST (FEI)
transmission electron microscope (TEM) and high-resolution transmission electron
microscopy (HRTEM) operating at 300kV. Elemental characterisation was done with Energy
Dispersive X-ray Spectroscopy (EDS) equipped with TEM. UV-Vis-NIR spectrometer
(Shimadzu, UV-3600) was used to measure the optical band gap of the prepared material.
Specific surface area of the samples was measured using Brunauer-Emmett-Teller (BET)
surface area analysing technique (NovaWin, Quantachrome Instruments). Pore size
distribution was evaluated using Barrett-Joyner—Halenda (BJH) method. For X-ray
photoelectron spectroscopy (XPS) study of the material PHI 5000 Versa Probe 11 scanning XPS
microprobe (ULVAC-PHI, U.S) with monochromatic AlKa (hv=1486.6 e¢V) radiations with a
beam size of 100 um was used. The current voltage (I-V) characteristics at room temperature
was studied using an Agilent source meter B2901A. Presence of different functional bonds in
the sample was investigated with Fourier Transform Infrared Spectroscopy (FTIR) (Nicolet
380 FTIR spectrometer). To record Photoluminescence (PL) spectra a fluorescence
spectrophotometer (PL, F-7000, Japan) was used. Gas sensing study was performed using
Agilent 34461A digital multimeter.

4.2.4. Fabrication of chemiresistive sensor module and gas measurement setup

Taguchi-type gas sensor module was used for sensing study. Cylindrical a-alumina hollow
tubes of length 3.5 mm,1 mm outer diameter, and 0.5 mm inner diameter, with gold electrodes,
were used as substrates to fabricate the sensor modules. Pt-wires were attached to the substrate
with conducting gold paste as electrodes to make the electrical contact. 0.2g of as-synthesized
material was mixed with isopropyl alcohol and grinded in a mortar and pestle to form a
homogeneous slurry paste. When the slurry achieved required consistency, the slurry paste was
then deposited drop wise on to the tube substrate to form a thick layer of sensing film. The Ni-
Cralloy coil was inserted into the tube substrate to use it as a heater for controlling the operating

temperature of the sensor by applying voltage across it. The substrate was then dried in a
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furnace at 100-C for 6h to remove the residual organic compounds and solvent. Then the coated
substrate was mounted on a six-pin module having double mesh on top (200 mesh each).
Following the same procedure, identical sensor modules have been fabricated using prepared
nanoparticles (denoted as pure BFO, 1% Sn-BFO, 1.5% Sn-BFO, 2% Sn-BFO) for the ideal

comparative study.

Different concentrations of VOCs for gas sensing property measurement were obtained by
evaporating the calculated volume of test gas liquids using the formula given in eq. (1) as

follows,

_ VXMXC
T 22.4%xdxp

x 107° (1)

U refers to the injected volume of the liquid (ul), V is volume of the test chamber (ml), M is
liquid molecular weight (g), C is liquid-vapor concentration (ppm), d is liquid specific gravity
(g/cm?®) and p is the purity of the gas liquid [46]. The obtained gas was purged through prepared
sensors connected to a Keysight multimeter (34470A) through the base. The variation in sensor

resistance was monitored with the multimeter interfaced with data logger software.

4.3. Results and discussion

4.3.1. Crystallographic structure and morphological analysis

# Bi,Fe O —— 2% Sn doped BFO —
(a) B'2 F“o:jB' o |——1.5% Sn doped BFO (b) —ﬁg"fsg:?:;ec?;‘:o
* Bi,y,Fe0,y/Bi,0; | —1% Sn doped BFO "
[——Pure BFO — ;ﬁ:;ggped BFO
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Fig. 4.2. (a) XRD spectra of pure, 1% Sn doped, 1.5% Sn doped, 2% Sn doped BFO

nanoparticles, and (b) correspondingly magnified patterns around 26=32°.

The identification of crystal structure and crystal phase of the pure BFO and 1%, 1.5%,

2% Sn doped BFO nanoparticles were carried out using XRD technique and the observed
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patterns are shown in Fig. 4.2a. All the diffraction peaks of pure BFO corresponding to various
planes (hkl) are indexed to be rhombohedral BiFeOz with space group R3c (in accordance with
JCPDS card no. 01-071-2494), indicating that highly pure crystalline phase was obtained. With
low level of Sn doping namely, 1%, 1.5% samples, the diffraction patterns matched well with
pure BFO, and no additional peaks belonging to secondary phases or any other impurities were
observed, which demonstrates well incorporation of Sn dopant in BFO host. It can be observed
that though the crystallographic structure does not change for 1%, 1.5% Sn doped samples yet,
the intensity of the peaks is decreasing and FWHM is increasing with increasing Sn content.
However, with further increase in Sn content, in 2% Sn doped sample, apart from the main
BiFeOs peaks, few minor peaks belonging to secondary phases BixFe4Og and BizsFeOoq are
visible in the 26 range between 25° and 30°. Average crystallite size for pure and doped BFO
nanoparticles was calculated from Debye-Scherrer formula (eg. (2)) using two highest peaks
of the XRD spectra.

KA
b= Bcos6 (2)

Where, D is crystallites size, K is shape factor (0.89), A is the wavelength of the X-ray source
(here, 0.15406nm), B is full width of the diffraction peak at half maximum for the diffraction
angle 26 (FWHM), and 6 is the Bragg angle. The values of the average crystallite size of pure
BFO and (1%, 1.5%, 2%) Sn-BFO were found to be 33.38nm, 30.04nm, 21.19nm, 22.06nm,
respectively. This indicates that Sn substitution could influence grain growth. It is observed
that the average crystallite size decreases with the Sn doping concentration, that may be
attributed to insertion of Sn** ions (0.69A) at B-site (Fe%*, 0.64A) of BFO having a slight
difference in their radii. In pure BFO peaks corresponding to (104) and (110) are clearly
separated. The relative intensity of (012) peak is observed to decrease with increase of Sn
doping. Furthermore, for the doped samples it can be seen that, in the vicinity of 26 around
32°, doublet diffraction peaks corresponding to (104) and (110) merged to a single broad peak
and shifted towards higher 20 value with increasing Sn concentration (shown in Fig. 4.2b), as

a result of substitution of Fe** (0.64A) ion by Sn** (0.69A) having a larger ionic radius [47].
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Fig. 4.3. FESEM image of (a) pure BFO, (b) 1% Sn-doped BFO, (c) 1.5% Sn-doped BFO, and
(d) 2% Sn-doped BFO nanoparticles; () FESEM cross section of the 1.5% Sn-BFO sensor
shows that the thickness of the sensing film is ~95.1um; and (f) FESEM image of the selected
mapping area and the corresponding EDX colour mapping of (g) O, (h) Fe, (i) Bi, (j) Sn of
1.5% Sn-BFO sensor confirms the uniformity of doping.

Surface microstructure of the prepared samples was evaluated using FESEM. Fig. 4.3
(a-d) displays FESEM images of pure and Sn doped BFO nanoparticles. It is evident from the
micrographs that the particles of pure BFO (Fig. 4.3a) are agglomerated and shape of
nanoparticles is irregular and non-uniform. With 1.5% Sn doping (Fig. 4.3c), BFO nanoparticle
appears to be more porous in structure and less agglomerated among all the samples. Fig. 4.3e
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displays the SEM cross-section image of the 1.5% Sn-BFO sensor. It can be observed from the
image that the thickness of the sensing film is ~95.1um (as calculated by using Imagel

software). The elemental composition of the sensing film based on 1.5% Sn-BFO is examined

from Energy Dispersive X-Ray Spectroscopy (EDX) using FESEM. The EDX colour mapping
of 1.5% Sn-BFO thick film sensor, displayed in Fig. 4.3(f-j), indicates that the Sn is distributed

uniformly in the sample.

XN Experimental data
___Fitted data

Count (%)

0 10 20 20
Energy (keV)

Fig. 4.4. (a) TEM image, (b) High resolution-TEM image, (c) SAED pattern, (d) EDS spectra,

and (e) Particle size distribution profile of 1.5% Sn-doped bismuth ferrite nanoparticles.

TEM study of the 1.5% Sn-doped BFO nanoparticles was carried out for further observation
on microstructure and size distribution. Fig. 4.4a shows the TEM image of the 1.5% Sn doped
BFO nanoparticles. HRTEM image of the sample presented in Fig.4.4b which delineates clear
lattice fringes suggesting good crystallinity of the sample. Interplanar spacing of the lattice
plane, calculated from the image, was found to be 0.395nm which matched well with the (012)
lattice plane of pure BFO (card no. 01-071-2494). The selected area electron diffraction
(SAED) pattern of the sample is presented in Fig. 4.4c in which diffraction rings corresponding

to different lattice planes are visible clearly and indexed. This further signifies high degree of
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crystallinity of the 1.5% Sn doped BFO nanoparticles. Energy dispersive spectroscopy (EDS)
was conducted to confirm the elemental composition of the sample (Fig. 4.4d). All the elements
Bi, Sn, Fe, O are detected in the EDS spectra confirming the purity of the as-prepared sample.
The peak of C appears due to the carbon-grid used during TEM experiment. From the particle
size distribution profile, shown in Fig. 4.4e, the average particle size is found to be 38nm which

corroborates the results of XRD study.

4.3.2. Chemical state and surface area analyses
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Fig. 4.5. (a) XPS wide scan spectra for pure and 1.5% Sn-doped BFO nanoparticles,
respectively. High resolution XPS of (b) Bi 4f and (c) Fe 2p for pure and 1.5% Sn-doped BFO
nanoparticles, respectively. (d) Sn 3d of the 1.5% Sn doped BFO nanoparticles. (e)-(f) O 1s
core-level XPS spectra for different samples along with fitted peaks and calculated relative

percentage of different oxygen sites.
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Further study on the valence state and the effect of Sn doping on surface composition
of the as-synthesized BFO nanoparticles was conducted using X-ray photoelectron
spectroscopy (XPS). Fig. 4.5a represents survey scan spectra of pure and 1.5% Sn doped BFO
nanoparticles which reveals the presence of the peaks corresponding to Fe 2p, Bi 4p, O 1s, Bi
4d, C 1s and Bi 4f. All the raw data of XPS were calibrated with respect to carbon (C) peak
located at 284.8 eV. Presence of Sn 3d peak in 1.5% BFO XPS wide scan spectra reveals the
presence of Sn in the 1.5% Sn doped sample. In Fig. 4.5(b-e) the high resolution XPS spectra
of pure and 1.5% Sn doped BFO nanoparticles in the binding energy region of Bi 4f (b), Fe 2p
(c), Sn 3d (d), O 1s (e-f) are displayed. In Bi 4f spectra doublet peaks observed at 158.0 eV
/158.6 eV and 163.3 eV/163.9 eV can be assigned to the binding energies of Bi 4f; and Bi
4fsp, respectively for both pure BFO and 1.5% Sn-BFO (represented in Fig. 4.5b). This clearly
indicates the presence of Bi* in the samples [48]. The spin orbit splitting energy is 5.3 eV for
both of the samples, this is in well agreement with the previous reports [49]. Fig. 4.5c represents
the high-resolution spectra of Fe 2p of pure BFO and 1.5% Sn-BFO samples. Two major peaks
located at binding energy 709.4 eV/710.0 eV and 723.3 eV/723.7 eV correspond to Fe 2ps;
and Fe 2pu2, respectively. The presence of satellite peak around 717.5 eV indicates that the
element Fe was in Fe3* valence state in the samples [50]. Fe 2p peak shift of 1.5% Sn-BFO
sample towards the higher binding energy by ~0.5 eV implies that Sn doping induces
interaction between Fe and Sn. Fig. 4.5d displays the XPS spectra of Sn 3d region of 1.5% Sn
doped BFO sample. The peaks observed at 485.8 and 494.2 eV correspond to the Sn 3ds/2 and
Sn 3dap, respectively. The distance between these two peaks is ~ 8.4 eV, that corresponds to
the 3d binding energy of Sn (1V) ions, indicating that Sn is present in the sample in Sn** form
[35]. Thus, XPS results are in well agreement with the EDS result obtained from TEM.

Fig. 4.5(e-f) display the O 1s core-level XPS spectra for pure BFO and 1.5% Sn doped BFO
nanoparticles, respectively. The asymmetric O 1s spectra were fitted with Gaussian peaks and
it is observed that all O 1s spectra comprised three symmetrical peaks. This indicates that there
are three oxygen species present on the surface of the prepared materials; namely lattice oxygen
(OvL: ~529.3 eV), oxygen deficient sites (Op: ~530.1 eV) and surface chemisorbed oxygen (Oc:
~531.8 eV), respectively. The lattice oxygen peak around 529.0 eV can be attributed to the
presence of O% ions in the metal oxides. The Op peak around 530.0 eV can be attributed to the
oxygen deficient regions which arises due to loss of oxygen in the sample. The Oc peak in the
vicinity of 532.0 eV is due to the chemisorbed oxygen species (O) at the surface of the metal

oxide [35]. The relative lattice oxygen sites (Or) percentages are 65.68% and 51.66%, the
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oxygen deficient sites (Op) percentages are 31.98% and 41.09%, and the chemisorbed oxygen
(Oc) percentages are 2.38 % and 7.28 % in the pure BFO and 1.5% Sn-BFO, respectively
(Table 4.3). The formation of oxygen vacancy defect-sites may be attributed to the substitution
of Sn** in the Fe3* site of BiFeOs as result of maintaining the charge neutrality of the material.
The effect of distribution of oxygen species on the sensing property of the material is discussed

later in this report.

The porous structure and the surface area of the materials were measured by N2 adsorption-
desorption isotherms using Brunauer-Emmett-Teller (BET) method. The N adsorption-
desorption isotherms of all the samples are displayed in Fig. 4.6(a-d). Pore volume of the
samples are calculated using Barrett-Joyner-Halenda (BJH) pore size distribution plot. The
pore size distribution curves of all samples are displayed in Fig. 4.6(a-d) (inset). BET surface
area, pore volume and average pore diameter of the samples are summarized in Table 4.2.
Observations reveal that the surface area of BFO has increased after doping with Sn. As shown
in Table 4.2, 1.5% Sn-BFO has largest surface area (10.02 m?/g), pore volume (0.1044 cm®/g)
and pore diameter (64.43 nm) among all the samples. Compared to the other samples this
increase in surface area and pore size of 1.5% Sn-BFO contribute to the enhanced
formaldehyde sensing performance by providing more adsorption-desorption sites for the gas
molecules. However, the decrease in surface area of 2% Sn-BFO is significant which will lead
to its lower sensing performance compared to 1.5% Sn-BFO.

Table 4.2 BET surface area, pore volume (V) and average pore diameter (D) analysis of
the samples.

Sample BET surface area | Pore volume | Average pore
(m?/g) (cm?/g) diameter (nm)

Pure-BFO 2.06 0.0087 53.32

1% Sn-BFO 8.87 0.1042 53.30

1.5% Sn-BFO 10.02 0.1044 64.43

2% Sn-BFO 4.00 0.0350 38.59
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Fig. 4.6. N2 adsorption-desorption isotherms and corresponding BJH pore size distribution
curve (inset) of (a) Pure-BFO, (b) 1% Sn-BFO, (c) 1.5% Sn-BFO and (d) 2% Sn-BFO.

4.3.3. FTIR spectra analysis and band gap measurement

Room temperature FTIR band was recorded in the range of 400-4000 cm™ in the
transmittance mode to investigate the presence of characteristic functional groups and bonds
in the synthesized samples. Fig.4.7 displays the FTIR spectra of pure, 1% Sn-doped, 1.5% Sn-
doped and 2% Sn-doped BFO nanoparticles. The presence of metal-oxygen bands was
observed in the range 400-600cm™. Strong adsorption peaks were observed at ~555cm™ and
~435cmt for all samples. The band ~555cm™ corresponds to the characteristic stretching
vibration of Fe-O bonds confirming the presence of FeOs octahedron and the band near
~435cm™ ascribes to the Bi-O bonds confirming the presence of BiOg octahedral structure in
the samples [51]. The band appearing at 1634cm™ is attributed to C=0 vibrations. The band
near 1076cm™ is due to the vibration of carbonate groups [52]. The broad bands in the range
from 3000-3600cm™ arose from anti-symmetric and symmetric stretching of H.O and O-H
bond groups originating from condensed ambient water [53]. No significant shift of absorption

bands is observed due to Sn doping.
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Fig. 4.7. FTIR spectra of pure BFO, and 1%, 1.5%, 2% Sn-doped BFO nanoparticles.

The effect of Sn doping on the optical absorption of BFO was also investigated by using
UV-vis spectroscopy at room temperature. Fig. 4.8a displays the absorbance curves of pure
and all Sn doped BFO nanoparticles. The absorption band edge of pure BFO nanoparticles was
detected at around 607nm. Band gap for all the samples have been estimated from UV-vis
spectra. The bandgaps of pure BFO, Sn doped BFO samples are presented in the form of bar
diagram Fig. 4.8b. The pure BFO sample had bandgap of 2.04 eV and it increased after doping
with Sn. The bandgap was observed to be maximum (2.21 eV) for the 1.5% Sn-doped sample.
It shows that the bandgaps initially increase with Sn doping and then decreases after showing
maxima at 1.5 % Sn sample. Similar trend was observed in previous reports where doping BFO
with Sn increases the bandgap with increase in doping concentration [54]. The increase in
bandgap with doping concentration of Sn can be ascribed to decreasing crystallite size of the
particles of pure, 1% and 1.5% Sn doped BFO. Therefore, the results of UV spectroscopy

analysis corroborate well with the results of FESEM and XRD analysis.
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Fig. 4.8. (a) UV-vis absorption spectra of pure, 1%, 1.5%, 2% Sn-doped BFO nanoparticles,
and (b) Estimated band gap values of the prepared pure and Sn doped BFO nanoparticles.

4.3.4. Electrical properties

Current-voltage (I-V) characteristics of 1.5% Sn BFO sensor was measured at different
operating temperature viz. 260 °C, 280 °C, 300 °C, 350 °C by varying applied voltage from -
40V to +40V in normal ambient (Fig. 4.9). It is evident from the linear relationship between
the measured current and applied voltage that, ohmic-type contact was formed between the
sensing material layer and the gold electrodes. No asymmetry was observed in forward and
reverse voltage regions. It can be observed from the slopes of the curves that the conductivity
of the material increased with increase in operating temperature that confirms the
semiconducting behaviour of the material. The sensor was stable at all operating temperature

indicating that the sensor can perform well at elevated temperature.
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Fig. 4.9. Current-voltage characteristics of 1.5% Sn doped BFO nanoparticles at different
operating temperatures.
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4.3.5. Gas sensing properties

Semiconductor metal oxide based chemiresistive gas sensing is majorly a kinetically driven
series of oxidation and reduction process in which an optimum operating temperature will lead
to maximum rate of reaction. The gas sensing characteristics of pure BFO and (1%, 1.5%, 2%)
Sn doped BFO nanoparticles-based sensors were measured by exposing the sensors to fixed
concentration of target analyte (formaldehyde) while varying the operating temperature from
200 °C to 400 °C. When the sensors were exposed to formaldehyde (HCHO) vapour, the
electrical resistance of the sensors increased which demonstrates that the samples possess p-
type semiconducting property. The response of the fabricated sensor devices was calculated as
a ratio of the resistance of the sensor in gaseous environment (Rgas) to that in the air (Rair) using
the following relation,

R as
§=4=
Rair

Fig. 4.10a represents variation in sensing response of all four sensors as a function of operating
temperature in presence of 1ppm HCHO gas. It was observed that the response of all the sensors
increased with the increase in temperature and reached a maximum value at temperature 280
°C. Response started to decrease on further increase in temperature. Further, all the doped
samples delineate higher response than the pristine and achieved maximum for 1.5% Sn-BFO
nanoparticles-based sensor. Sensing response for 2% Sn-BFO sensor was comparatively lower
than that of 1.5% Sn-BFO. This may be due to the agglomerated nature of 2% Sn-BFO
nanoparticles as observed from FESEM (Fig. 4.3d). Based on the aforementioned results, 1.5%

Sn-BFO sensor was selected for further study at 280 °C operating temperature.

Fig. 4.10b shows dynamic response curves of 1.5% Sn-BFO sensor to various concentrations
of HCHO (viz. 0.1, 0.2, 0.5ppm) at 280 °C operating temperature. From Fig. 4.10b it is very
clear that the sensor exhibited completely reversible response, excellent reproducibility and
good resolution for multiple repeated cycles to different concentrations of HCHO. Prepared
sensor can detect HCHO up to 100 ppb with good response (S=1.44), which indicates the
capability of sensor for monitoring sub ppm concentration of formaldehyde for the monitoring
of indoor air quality. Moreover, the stability of the sensor was evaluated by exposing the sensor
to 1ppm formaldehyde and continuously turning the gas on and off creating periodic cycles of
exposure as shown in Fig. 4.10c. The sensor showed excellent stability towards lppm
formaldehyde for eight consecutive cycles with a deviation of +0.02 in sensitivity (S=Rg/Ra),

which is really insignificant Fig.4.10d. To further evaluate the sensing performance of 1.5%
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Sn-BFO sensor, it was exposed to different concentration of HCHO. The response for various
concentration of HCHO at operating temperature 280 °C is presented in Fig. 4.11a. The
enhancement in response of 1.5% Sn BFO sensor is attributed to increased absorption
efficiency of the material surface corresponding to increased surface area and porous structure

of the surface (as shown in Fig. 4.6¢).
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Fig. 4.10. (a) Variation in sensing response of pure BFO, 1% Sn-BFO, 1.5% Sn-BFO, 2% Sn-
BFO nanoparticles-based sensors as a function of temperature in presence of 1ppm HCHO; (b)
Real-time response transient curve of 1.5% Sn-BFO sensor for repeated cycles towards
0.1ppm, 0.2ppm, 0.5ppm HCHO at operating temperature of 280 °C; (c) Stable response of
1.5% Sn-BFO sensor towards 1ppm formaldehyde at 280 °C operating temperature for eight
consecutive cycles and (b) Stability in the sensitivity data of 1.5% Sn-BFO sensor for eight

cycles.
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A comparison between sensing response of pure BFO and 1.5% Sn-BFO nanoparticles
as a function of formaldehyde concentration is displayed in Fig. 4.11b. Upon exposure to 1ppm
HCHO, the response magnitude of 1.5% Sn-BFO sensor was 3.05, that is 1.6 times greater than
that of pure BFO sensor (which was 1.88). In presence of 100ppm HCHO, 1.5% Sn-BFO
exhibited response 12.13 which is 2.4 times higher than that of pure BFO sensor (S=5.05). By
comparing the response curves, it can be concluded that the 1.5% Sn doping on BFO
nanoparticles improved the sensing activity of the material greatly. Moreover, the sensing
response of Sn-BFO was observed to increase considerably with increase of HCHO

concentration and did not saturate even when it was exposed to 100ppm of HCHO.
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Fig. 4.11. (a) Dynamic response of 1.5% Sn-BFO to different concentrations of HCHO at 280
°C temperature, and (b) Comparison between the sensitivities of pure BFO and 1.5% Sn-BFO

sensors to different HCHO concentrations at 280 °C temperature.

To estimate the transient response of the sensor, multi-exponential model of transient
conductance is applied [25,28,55]. The transient conductance model considers the adsorption
(decrease of conductance) and desorption (increase of conductance) phases of sensor response.

The model is described mathematically as follows,

G(t) =Gy + Gy [exp(—t/rresponse)] ......................... 4)

Here, G, is base conductance, G(t) is the transient conductance of the sensor at a constant

temperature, T,.sponse 1S the time constant of adsorption of HCHO.

Same model was used for the recovery process of the sensor,

G) =Gy + G, [1— exp(—t/rrecovery)] ......................... (5)
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GO' is conductance at stable response value, G (t) is transient conductance during recovery of
the sensor at a constant temperature, T,ecovery 1S the time constant of desorption of HCHO.
From the fitting (shown in Fig. 4.12a), the response and recovery time is obtained as
Tresponse=2-11S aNd Tyecopery=25.22s for 1ppm HCHO at 280 °C. This confirms rapid
interaction between HCHO and negatively charged oxygen species on the surface of the
material. Response time taken by the sensor to 1ppm HCHO gas is relatively smaller compared
to previous reports on HCHO sensors (Table 4.1).

The linear fitting of log (response) vs log (HCHO concentration) using Freundlich adsorption
isotherm model is shown in Fig. 4.12b Freundlich adsorption isotherm equation is given in eq.
(6) and (7) as follows,

S = aCFf (6)
The equation can be rewritten as follows,

log($) = log(a) + B log (C) (7)

here S is the response, «a is the proportionality factor, g is the power law exponent and C is the
concentration of formaldehyde (ppm) [28]. The fitting of response vs HCHO concentration
with non-linear regression is shown inset of Fig. 4.12b. The correlation coefficient (R?) is found
to be 0.9917 for linear regression and 0.988 for non-linear regression. The fitting has greater
R? value in linear regression. This demonstrates that, the response of the sensor increases
linearly with increase in HCHO concentration and relationship between the response of the
sensor and the concentration of formaldehyde is strongly correlated. The value of the
correlation coefficient R? confirms the validity of the Freundlich isotherm for all concentrations
of HCHO at temperature 280 °C. The value of B calculated from the gradient of slope is 0.29.
It is known from previous literature that, the value of B<1 indicates that the adsorption is
dominated by physisorption [56]. The linear dependency between log(S) and log(C) implies

reversible gas sensing mechanism.
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Fig. 4.12. (a) Fitting of conductance transient for response and recovery of 1.5% Sn-BFO
sensor to 1 ppm HCHO at 280 °C using single-site Langmuir adsorption model; and (b) Fitting
of experimental data of dynamic sensing response of 1.5% Sn-BFO sensor towards different
concentration of HCHO (0.5-100ppm) at 280 °C using Freundlich isotherm equation with liner

and non-liner (shown in inset) regression.

Selectivity is an important criterion for the evaluation of performance of a gas sensor. In order
to verify the potential practical application of the sensor, the selectivity of the Sn-BFO based
sensor was evaluated against different analytes such as ethanol, acetone, ammonia, benzene,
toluene and xylene. These VOCs are the indoor gases that are produced by alcoholic beverages,
cleaning products, leather products, furniture, paints and decorating materials etc. The sensor
accomplished high selectivity against the aforementioned gases at 280 °C operating
temperature. The very important factor influencing the selectivity of the sensor is bond
dissociation energy of the target analytes. When the bond dissociation energy of the main
functional groups in the target analyte is less, it promotes the reaction between the gas
molecules and the adsorbed oxygen at the surface of the sensing material. The bond
dissociation energy of formaldehyde is 364 kJ/mol which is comparatively lower than that of
the other interfering analytes such as ethanol (458 kJ/mol), methanol (439 kJ/mol), acetone
(393 kJ/mol), ammonia (435 kJ/mol), benzene (431 kJ/mol) and toluene (368 kJ/mol) [57,58].
Therefore, during the adsorption at the surface of the sensing material, formaldehyde is easily
broken which leads to highest response of the sensor amongst the other potential interfering
gases. It is known from previous studies that humidity affects electrical response of sensors.
Therefore, the sensor’s response to saturated moisture at 280 °C was measured to be 1.11 that

shows the sensor is almost insensitive to moisture. Long term stability test under repeated
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cycles were also performed for quite a long time (600 days) for checking the practical
applicability of the sensor. Fig. 4.13b depicts that, no significant decrease in sensing
performance was observed within first 300days. However, slight decreasing tendency was
observed while measurement was conducted after 500 days. Altogether, the sensor exhibited

remarkably stable response over long period of time.
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Fig. 4.13. (a) Comparison in the response of pure BFO and 1.5% Sn-BFO sensors to relevant
test VOCs of concentration 1ppm and saturated moisture at 280 °C; and (b) Stability of 1.5%
Sn-BFO sensor response to 1ppm HCHO at 280 °C within 600 days.

4.3.6. Performance comparison to other chemiresistive formaldehyde gas sensors

A comparison of formaldehyde gas sensing performance of as synthesized Sn doped BFO
nanoparticle-based sensor with recently reported sensors are listed in Table 4.1. By comparing
the sensing performance of formaldehyde sensors based on different sensing materials
represented in Table 4.1, it is observed that the formaldehyde sensor based on BFO doped with
Sn reported in this work exhibits excellent sensing properties along with most rapid
response/recovery time (2.71s/25.22s) among all the other reported formaldehyde sensors
listed in Table 4.1. Lower limit of detection of our sensor is 100 ppb which is remarkably
superior to that of other p-type chemiresistive sensors as well. Even though there are a few ppb
level sensors reported in literature [21,40,41,44], Sn-BFO sensor reported in this work has
comparatively faster response/recovery time. Moreover, the sensor in our work produced long-
term stable response data for the longest period of time (600 days) which is hardly seen in any
other formaldehyde sensors reported in literature. In brief, notable stability for repetitive

measurement, reproducibility of sensing data and impressive selectivity of the sensor for wide
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range of interfering gases (viz. ethanol, methanol, ammonia, acetone, toluene, benzene, xylene)
shown in our work makes Sn doped BFO nanoparticles a very promising formaldehyde sensing

material for indoor air quality monitoring.
4.3.7. Mechanism of gas sensing

The gas sensing mechanism of semiconductor metal oxides is explained by interaction
between the target gas molecules with the adsorbed oxygen species on the surface of the
material. The surface interaction results in variation of charge carrier concentration of the
semiconductor, that in turn causes change of conductance (or resistance) of the sensor. This
interaction mechanism is greatly affected by the temperature of the material surface. When the
sensor surface is exposed to air, at lower temperature (<100 °C) oxygen from the atmosphere
gets physisorbed on the surface of the material and transforms into 0, by transferring holes
to the valence band of the p-type semiconductor. When the temperature is relatively higher
(100 °C -300 °C), the oxygen gets chemisorbed and transforms into O~. This chemisorbed
oxygen species O~ is more stable and reactive to different gases. When temperature is more
than 300 °C, the O~ ions transform into 02?~. The oxygen adsorption process creates a hole
accumulation layer on the semiconductor surface resulting in upward bending of the energy
band near the surface. The adsorption process in described in the following eq. (8.1-8.4)
[8,59,60],

0,(gas) > 0,(ads) (8.1)
0,(ads) + e~ = 0, (ads) (< 100 °C) (8.2)
0, (ads) + e~ - 207 (ads) (100°C—300°C)  (8.3)
0~(ads) + e~ - 02 (ads) (> 300°C) (8.4)

HCHO is known to be a reducing agent. As BFO is a p-type semiconductor, the majority charge
transporters are holes. When the sensor surface is exposed to HCHO concentration at
temperature 280 °C, reaction between HCHO and surface adsorbed O ~occurs and electrons are
generated in the process (eq. 9.2). These electrons then recombine with the holes resulting in
decrease conductivity of BFO. Therefore, increase in sensor resistance is observed that
determines the gas response of the sensor. The corresponding reaction equations are given in
eq. 9.1-9.3 as following [3,8],

HCHO(gas) » HCHO(ads) (9.1)
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HCHO(ads) + 20~ (ads) -» C0,(gas) + H,0(gas) + 2e~ (9.2)

e~ + ht - recombination (9.3)

When the HCHO gas flow is off, the partial pressure of HCHO decreases at the vicinity of the
sensor surface, and fresh atmospheric oxygen molecules get re-adsorbed on the surface of BFO
generating holes (h™) in the valence band of BFO. This results in decrease in resistance of

BFO back to its initial value. Thus, complete recovery of the sensor is achieved.

Enhancement of HCHO sensing response in Sn doped BFO sensors may be attributed to the
combined action of variation of carrier concentration and defect oxygen species present at the
sensor surface. At operating temperature 280 °C the average sensor resistance in air (Ra) of the
pure BFO, 1% Sn-BFO, 1.5% Sn-BFO, 2% Sn-BFO sensors were observed as 30.5Mohm,
39Mohm, 45.2Mohm, 60.3Mohm, respectively. The response of the above sensors to 1ppm
HCHO at 280 °C was 2, 2.63, 3.01 and 2.72, respectively. This increase in Ra and enhancement
of sensing activity is closely related to the electronic compensation mechanism involved during
the substitution of Sn. The substitution process of Sn** at the site of Fe3* can be explained by

the electronic compensation mechanism given in eq. (10) as following,

Sn0y 2% Sy, + 0 + e +0,(9) (10)
Where Snp, represents Sn substituted in Fe site, 0% is oxygen ion with neutral charge
[4,35,45]. In electronic compensation, one electron is generated to compensate the replacement
of one Fe3* by one Sn*. These electrons will recombine with holes and decrease carrier
concentration, resulting in increase of resistance of the Sn-BFO sensors in air (Ra). Increase of
Ra upon Sn doping corroborates with experimental results for Sn doped BFO. Oxygen
molecules that are formed (as explained in eq. (10)) during electronic compensation mechanism

are converted into negatively charged surface oxygen or interstitial oxygen [61].

As reported in literature [4,35], the gas response of the p-type sensor can be expressed as,

S = Rgas — Pair — Pair — Ap +1 (11)
Rair Pgas Dair—Ap Pair—Ap

Here, pa; and pyqs are the hole concentration in the presence of air and test gas, respectively.
Ap = (Pair —Pgas) 1S the change in hole concentration upon exposure to analyte

(formaldehyde) gas. From eq. (11) it is evident that when the hole concentration in hole
accumulation layer is lower, a higher sensing response of the Sn-BFO sensor towards

formaldehyde gas can be achieved. For same number of electrons injected during the sensing
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process, lower hole concentration in the hole accumulation layer in presence of air leads to

larger variation in sensing resistance resulting in enhanced chemiresistive sensitivity of the

sensor [4,35,61]. This happens due to the fact that carrier concentration is inversely

proportional to mobility of the charge carriers. High carrier mobility is beneficial for the

reaction between formaldehyde gas and chemisorbed oxygen on the surface and it helps in

promoting the reaction between formaldehyde gas and the adsorbed oxygen on the surface [4].

This explains enhanced sensitivity of Sn doped BFO sensor compared to undoped BFO sensor.

A schematic diagram of the formaldehyde sensing mechanism of pure and Sn doped BFO

nanopaticles is presented in Fig. 4.14 a and b, respectively.

(a) In air
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CO,+H,0

HAL

(b) In air

Atmospheric oxygen adsorption

In HCHO

CO,+H,0

Surface
adsorbed O

HAL

CO,+H,0

Fig. 4.14. Schematic illustration of the formaldehyde sensing mechanism of (a) pure BFO and

(b) Sn doped BFO nanoparticles.

Table 4.3 Fitting results of O1s XPS spectra of pure BFO and 1.5% Sn-BFO samples.

Sample Oxygen species Binding energy Percentage (%0)
(eV)
Pure BFO OL 529.4 65.68
Opb 530.1 31.98
Oc 531.0 2.38
1.5% Sn doped BFO | O 528.6 51.66
Opb 530.0 41.09
Oc 531.8 7.28
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Fig. 4.15. (a) Room temperature PL spectra of the samples at excitation wavelength 425 nm,
and (b) Transient photocurrent response of pure BFO, 1% Sn-BFO, 1.5% Sn-BFO and 2% Sn-

BFO nanoparticles.

The effect of Sn doping on charge separation was verified using photoluminescence
(PL) emission spectra and transient photocurrent response studies. To investigate the
recombination efficiency of the electron-holes room temperature photoluminescence (PL)
emission spectra was measured. As reported in literature, lower PL emission intensity is the
indication of higher separation efficiency of photogenerated electron-hole pairs [62,63]. Room
temperature PL spectra of pure BFO and doped BFO samples are shown in Fig. 4.15a. It is
observed that intensity of the peaks decreased while Sn is incorporated in BFO. Which suggests
that Sn doping is beneficial for promoting separation of electron-holes. The PL peak intensity
decreased successively in the following order: pure BFO > 1% Sn-BFO > 2% Sn-BFO > 1.5%
Sn-BFO. Accordingly, 1.5% Sn-BFO exhibits lowest PL peak intensity compared to other
samples which demonstrates that it is most efficient in maintaining electron-hole separation
and which gives rise to its highest sensitivity. In case of 2% Sn-BFO sample, PL emission
intensity was higher which indicates its higher recombination rate than 1.5% Sn-BFO. The
charge separation of photogenerated electron-holes in the materials was reconfirmed by
transient photocurrent response studies shown in Fig. 4.15b. It is observed that Pure BFO
demonstrates low output photocurrent which confirms its rapid electron-hole recombination.
The photocurrents increased after Sn is introduced to the system and shows highest
photocurrent response intensity for 1.5% Sn-BFO. This further indicates that 1.5% Sn-BFO

possessed highest photoinduced charge separation efficiency [62].

Also, the charge difference between Sn** and Fe®" will create many oxygen defects. Defect

oxygen species will increase with increase in Sn concentration. These defects act as active sites
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on the surface of the sensor and increases oxygen adsorption, that leads to higher sensing
response. This can be further established by analysing O 1s core-level XPS spectra for pure
BFO and 1.5% Sn doped BFO nanoparticles. By comparing the area ratio of the fitted peaks in
Fig. 4.5(d-e), it was observed that, the relative intensity of the three oxygen species O, Op and
Oc changed in Sn doped BFO nanoparticles compared to that of the pure BFO nanoparticles.
Change in percentage of different oxygen species is listed in Table 4.3. It is clear from the
results that concentration of defect oxygen species (Op) increased with increase in doping
concentration. Doping BFO with Sn influences the generation of oxygen defects on the surface
of the material. The ratio of relative percentage of chemisorbed oxygen species in pure BFO to
1.5% Sn-BFO was 2.38%: 7.28%. When the surface of the material is exposed to the target
gas, the chemisorbed oxygen interacts with the gas molecules that enhances the gas sensing
activity of Sn-BFO [19]. The relative percentage of oxygen defect sites (Op) were 31.98% in
pure BFO and was observed to increase to a value of 41.09% in 1.5% Sn-BFO sample. It is
evident from the result of XPS analysis that, the oxygen defect sites increased and the lattice
oxygen content decreased with increase in Sn doping concentration compared to the undoped
BFO sample. Therefore, 1.5% Sn-BFO has highest defect oxygen concentration, which results
in highest response towards formaldehyde. However, when the Sn doping content was
increased by 2%, the surface layer of the BFO nanoparticles gets covered by Sn ions, which
reduces the active sites. This explains decrease in sensing activity of 2% Sn-BFO sensor
compared to 1.5% Sn-BFO sensor. Moreover, with increase in Sn doping concentration to
1.5%, the surface morphology of the nanoparticles changed. The average crystallite size was
observed to decrease with increase in doping content. According to previous reports, sensitivity
increases if average particle size decreases. As shown in Table 4.2, for 1.5% Sn-BFO increased
surface area (10.02 m?/g) and pore volume (0.1044 cm®/g) contributed in enhancement of
sensing property of the sensor by providing more active sites on the surface, that in turn
enhanced formaldehyde gas response of the sensor. For 2% Sn-BFO significant decrease in
surface area (4.00 m?/g) and pore volume (0.0350 cm®/g) explains its lower sensing
performance compared to 1.5% Sn-BFO.

4.4. Conclusion

Pure and Sn-doped BFO nanoparticles have been synthesized using sol-gel route and
their formaldehyde gas sensing performances have been investigated. It was observed that both

pristine and Sn-doped BFO nanoparticles delineates p-type sensing and sensitivity enhances
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more than 2.4 times towards formaldehyde gas when doped with Sn. As synthesised 1.5% Sn
doped BFO nanoparticles-based sensor showed response around 3.01 towards lppm
formaldehyde gas at 280 °C operating temperature, with a fast response/recovery time of
2.71s/25.22s, good selectivity, resolution, detection limit down to 100ppb and exceptional 600
days stability. Experimental results suggest that creation of more oxygen defects and extra
electron due to Sn doping is responsible for enhanced sensing activity. The observations
showed that, Sn-doped BFO nanoparticles-based sensor is a promising candidate for
development of high-performance formaldehyde sensing device for the monitoring of indoor

air quality.
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5.1. Introduction

Environmental air quality degradation is one of the major threats to sustainability of
humankind. Due to rapid development of human civilization, excessive emission of toxic
gasses from the industrial facilities has given rise to concerning environmental issues such
increasing air pollution. Emission of toxic pollutants in environment from the industries, mills
has led to declining of air quality and caused health damage. Among various industrial exhaust
hazardous gases, hydrogen sulphide (H2S) is a malodorous, colourless poisonous gas
commonly emitting from factories, paper production mills, sewage and faecal sludge treatment
plants [1,2]. Exposure to H2S from 50-100 ppm of concentration can possesses threat to human
health by causing nausea, dizziness, chest distress and it can even be fatal when exposed to
higher concentration [3,4]. Therefore, fast operating, highly sensitive sensor material for real-
time detection of H>S exposure is thoroughly needed for human health safety issue and

monitoring of environment air quality.

Amidst numerous metal oxide semiconductors (MOS) based gas sensors that have been
employed for the detection of hazardous gases in the environment MoQO3 is widely known for
its sensing activities to variety of gases, such as ethanol, ammonia, trimethyl amine and NO..
[5-8]. However, owing to several disadvantages such as low selectivity, unsatisfactory
detection limit and slow response/recovery times, the efficiency of bare MoOz3 is insufficient
for practical use [9]. Recently, in order to overcome these shortcomings, various methods have
been adopted. Shen et al have reported the decoration of MoO3z with active catalyst Ag which
has improved its gas sensing property. [10] On the other hand, metal oxide heterostructures
have been employed to minimize the potential energy barriers of gas adsorption on the sensor
surface. Gao et al have reported detection of H2S with MoOs/SnO: junction with improved
sensing properties compared to their individual counterparts [11]. As reported in another study
by Gao et al., the change in barrier height between the contacted interfaces when exposed to
target analytes resulted in enhanced H>S sensing properties in MoO3s/Fe2(M0Oas)s
nanostructures [12]. Thus, heterostructure have gained extensive interest due to the synergetic
effect from their constituent MOS sensing materials in favor of the improvement of gas sensing
properties. Hence, a new composition of MoO3/BiFeOz heterostructures has been designed to

overcome these traditional issues.
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In this work, we have developed a-MoOs/BiFeOs heterostrcutre for real-time
monitoring of hazardous H>S in environment. Novel a-MoOs/BiFeO3 heterojunction is a
portable, cost-effective H>S sensor that can rapidly detect low concentration of H.S in
environment with high-precision and selectivity. A Type Il heterojunction was constructed
between n-type MoOz and n-type BiFeOs as synthesised via hydrothermal route. Experimental
results proved that among various compositions of BiFeOs, optimized 9% BiFeO3 loaded a-
MoO3/BiFeOs heterostructure (MBF3) exhibited the highest photocurrent density and low
charge transfer resistance. Strategic tuning of oxygen defects in MBF3 felicitated charge
trapping sites in order to minimize e/h® recombination. The origin of enhanced
photoelectrochemical performance as well as Hz2S sensing performance of a-MoOs/BiFeOs
heterostructure has been inspected on the basis of band edge position by measuring UV-Vis
DRS and Mott-Schottky analysis. The concentration of oxygen vacancies of a-MoO3/BiFeO3
heterostructure was extensively studied through XPS, EPR and PL analysis techniques. The
results indicate that the heterostructure interface of MBF3 provides more active sites for HoS
gas adsorption which is attributed to its greater concentration of defect oxygen on the material
surface. This work provides a new understanding of surface activity driven mechanism H>S
gas sensing of the a-MoOz/BiFeOs heterostructure. The comparison between the H.S gas

sensing behaviour of different MoOz-based heterostructure has been given in Table 5.1.

Table 5.1 Comparison table of H>S sensing properties in this work with MoOs based materials

reported in previous works.

Sensor materials Measuring Response Response/ References
range (ppm) | (%) recovery time (s)

2D-Mo0O3 0.5-30 ~84% (30 | - [9]
ppm)

Ag/ a- MoO3 0.1-100 ~80% (50 | 8s/340s [10]
ppm)

MoO3/Sn0O; 0.5-100 ~90% (50 | 22s/10s [11]
ppm)

MoO3/Fe2(M00s4)3 1-50 1.7 (1 ppm) | 20s/70s [12]
(Rg/Ra)

MoOzs/BiFeOs 1-100 98.02% (100 | 5.7s/7.5s (1 ppm) | This work
ppm)
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5.2. Experimental Section
5.2.1. Chemicals

Bismuth nitrate pentahydrate (Bi(NO3)3.5H20), iron (Ill) nitrate nonahydrate
(Fe(NO3)3.9H20), tartaric acid (CsHeOs), ammonium heptamolybdate tetrahydrate
((NH)4M07024.4H20), Sodium nitrate (NaNOs), nitric acid (HNOz) were purchased from
Sigma Aldrich. Deionized water (DI water) was used to wash the synthesized samples and as

a solvent.
5.2.2. Synthesis of BiFeOs

BiFeOs was synthesized via sol-gel synthesis technique as reported earlier with few
modifications [13]. Equimolar amount of Bismuth nitrate pentahydrate (Bi(NO3)3.5H20) and
iron (I11) nitrate nonahydrate nonahydrate (Fe(NO3)3.9H20) was dissolved in 50 ml distilled
water separately and stirred continuously for homogeneous mixing. Now both solutions were
mixed and stirred well while concentrated HNO3 was being added dropwise to the solution to
maintain pH at 2. After this, precalculated amount of tartaric acid was mixed in 50 ml distilled
water and added to the above solution. The mixture of solutions was then ultrasonicated for 1
h. Then, the solution was placed on a hot plate at 120 °C and vigorously stirred for 8 h until it
formed a thick gel. The gel was left in the oven for 24 h at 100 °C to dry up completely. Finally,

the dried gel was calcined at 600 °C for 2 h and desired bismuth ferrite was obtained.
5.2.3. Synthesis of bare a-M0O3 and a-Mo0O3/BiFeOs heterostructure

a-MoOs/BiFeOs heterostructure were synthesized via hydrothermal synthesis
technique. 1 mmol ammonium heptamolybdate tetrahydrate (NH)4sMo07024.4H20 and 10 mmol
NaNOs were dissolved in 30 ml and 10 ml distilled water, respectively, and stirred
continuously. The above two solutions were added together and mixed using magnetic stirrer
while HNO3s was added dropwise to the solution to maintain the pH of the solution at 2. The
calculated amount of pre-prepared BiFeO3 was added to the solution and stirred for 30 minutes
to obtain homogeneity. The homogenous solution was then transferred to a 50 ml Teflon-lined
stainless-steel autoclave. The autoclave was put into a furnace at 180 °C for 30 h. After the
white product was collected from the autoclave, it was filtered and washed with deionized
water repeatedly and kept in 80 °C oven overnight. The prepared a-MoO3z/BiFeOs
heterostructures were marked as MBF1 (a-MoO3/BiFeOs=1:0.03), MBF2 (o-
Mo03/BiFe03=1:0.06), MBF3 (a-M0O3/BiFeOs=1:0.09), MBF4 ((a-MoO3/BiFe03s=1:0.12).
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Bare a-MoOs was prepared hydrothermally following the same procedure without adding
BiFeOs to the solution. Details of the weight percentage used for synthesis are given in Table
5.2.

Table 5.2 Details of weight percent of as-synthesized a-MoQO3/BiFeOs heterostructures.

Name of sample a-MoOs3 BiFeOs a-MoO3/BiFeOs (wt %)
MBF1 1.0075g 0.03128g (0.1 mmol) | a-MoO3/BiFe03-3%
MBF2 1.0075¢ 0.062569g (0.2 mmol) | a-MoO3/BiFeO3-6%
MBF3 1.0075¢ 0.09384g (0.3 mmol) | a-MoO3/BiFeO3-9%
MBF4 1.0075g 0.12512g (0.4 mmol) | a-MoO3/BiFeO3-12%

5.2.4. Growth mechanism of a-Mo0O3 nanorods a-MoO3/BiFeOs3 heterostructures

The growth mechanism of a-M0Oz nanorods and BiFeOs nanoparticles decorated a-MoO3
nanorods heterostructures is demonstrated utilizing Ostwald ripening method. Proposed steps

of growth mechanism is given as follows:

An intermediate compound H2MoOs is formed as a result of interaction between ammonium
heptamolybdate ((NH)4Mo07024) and HNOs. During the increased pressure and temperature
treatment in hydrothermal reaction sufficient energy is created which helps decomposition of
H2MoO4 and oxidation process of MoOx. Afterwards initializes the formation of MoOs crystal
nuclei which grows into nanocrystals. Acidity of the medium due to the presence of HNO3z in
the precursor yields the formation of MoOs nanocrystals. The reaction during the formation of

MoO3 crystals can be described by eq. (1-3) as follows [14],

MoO;~ + H* - HMoO; (1)
HMoO; + H* - H,Mo00,(aq) (2)
H,Mo00,(aq) —» MoO; 3)

At first, with reaction time, anisotropic growth of nanocrystals takes place in a preferred
direction. Initially condensation and nucleation process take place and the MoO3 grows in size
and nuclei started to get bigger in size. With increased reaction time those bigger nanocrystals
turned into sheet-like structure of MoOs. After reaction time was longer, the nanosheets added
up with one another and grew into nanorods which later sized up following Ostwald ripening
method to grow in diameter and length. The addition of NaNOz played crucial role in formation
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on MoOsz nanorods. It influences the growth kinetics of MoO3 nanorods, preventing the
formation of nanoplates or nanoslabs. Furthermore, the interaction between Na* and NOs™ ions
with the MoOs nuclei works in favour of anisotropic growth mechanism. NOz™ ions facilitates
the oxidation environment of MoOx to MoOs while the metal ion Na™ help in formation of
microrods. Aggregation of nanoparticles into formation of nanorods is to minimize the surface
energy[15]. The addition of BiFeOz nanoparticles during the formation of MoO3 nanorods in
the hydrothermal process helps in formation of heterostructure interface. The BiFeO3s being
smaller sized than MoO3 nanorods, they are self-decorated on the surface of the rods. Presence
of BiFeOs nanoparticles during the formation of MoOs nanorods, hinders the increase in length
of the nanorods. In this case, along with the interaction of Na* with MoOs nuclei, interaction
between BiFeOs nanoparticles and MoOs simultaneously takes place. As a result, formation of
nanorods in shorter length and also formation of a-M0QO3/BiFeQs interface occurs. The growth

technique is schematically presented in Fig. 5.1.
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Fig. 5.1. Schematic illustration of growth technique of (a) a-MoOz microrods and (b) BiFeO3

nanoparticles decorated a-MoO3 nanorod heterostructures.
5.2.5. Characterization of heterostructures

Crystal structure of as-synthesized materials was characterized via X-ray diffraction
(XRD) patterns using X’pert Pro MPD XRD PANalytical diffractometer using nickel filtered
Cu-K, radiation (A=0.15404nm). The morphologies and particle distributions of the a-
MoOz3/BiFeO3 heterostructures were studied by field-emission scanning electron microscopy

(FESEM) (Carl Zeiss make Supra 35 VP microscope) operated at 10 kV accelerating voltage
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and high-resolution transmission electron microscopy (HRTEM) (Tecnai G? 30ST (FEI)
operating at 300kV. Elemental characterization was performed by high angle annular dark field
(HAADF) scanning transmission electron microscope (STEM) detector (Fischione, Model
3000) and energy dispersive X-ray spectroscopy (EDS). Specific surface area of the samples
was measured by (BET) surface area analysing technique (NovaWin, Quantachrome
Instruments). Barrett-Joyner—Halenda (BJH) method was employed for evaluation of pore size
distribution. Elemental composition and oxidation state of the elements were determined using
X-ray photoelectron spectroscopy (XPS) (PHI 5000 Versa Probe Il scanning XPS microprobe
ULVAC-PHI, U.S) with monochromatic AlKa (hv=1486.6 €V) source and C 1s peak at 284.6
eV was used as standard for charge correction. Photoluminescence (PL) spectra was recorded
using fluorescence spectrophotometer (PL, F-7000, Japan). Electron paramagnetic resonance
(EPR) study was performed using Bruker A300-9.5/12/S/W instrument. UV-vis-NIR
spectrometer (Shimadzu, UV-3600) was used to record room-temperature UV—visible diffuse

reflectance spectra (DRS) of the a-M0Oz and a-MoOs/BiFeOz heterostructures.
5.2.6. Photoelectrochemical measurements

The thin films of the materials have been prepared on FTO coated glass substrate (1 cm
x 1cm) by spin coating method (catalyst concentration 2 mg/mL). A potentiostat - galvanostat
(ZIVE, SP1) was used to perform the photoelectrochemical (PEC) measurements. A three-
electrode set-up has been used where a Pt electrode is a counter electrode, an Ag/AgCI
electrode is the reference electrode, a thin film-coated FTO substrate is a working electrode,
and 0.1M NazSOxz is the electrolyte. The Xenon light source with intensity of 150 mW/cm? was
employed for all measurement. Linear sweep voltammogram (LSV) was performed in the
range of voltage OV to 1V vs Ag/AgCl at 20 mVs™ scan rate. Later on, photostability was
checked via transient photocurrent at 0.26V vs Ag/AgCl under chopped conditions. The charge
transfer resistance at the electrode-electrolyte interface has been calculated by measuring
Electrochemical Impedance Spectroscopy (EIS) from 100KHz to 0.1Hz. All the EIS data were
collected and fitted via ZMAN 2.5 software to find the charge transfer (Rc) resistance and
junction capacitance (Cct). A mott-Schottky (MS) study has been performed to calculate the
flat band potential and charge carrier density of as prepared photoanodes. The potential vs
Ag/AgCIl (Eagiagct) can be converted to a reference hydrogen electrode (RHE) by Nernst
equation (eq. 4), as follows:

Erre = (Eagiagel + 0.059 x pH) (at 25°C) + 0.197 4)
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Theoretically, photoelectrochemical H> generation has been calculated from transient
photocurrent spectra by determined amount of charge (Q) that passes through the photoanode.

Amount of charge can be calculated from integrating current passes through the photoanode

over time and the moles of Hz is equal to % , Where F is the faraday constant (F = 96500).

5.2.7. Gas sensors fabrication

Bare MoOz and a-MoOs/BiFeOs heterostructures were mixed with isopropanol and
pestled using a mortar pestle to form a homogeneous paste. After the slurry reached required
consistency, it was drop coated on cylindrical alumina substrate (3.5mmx1mmx0.5mm) with
platinum electrodes attached with conducting gold paste to fabricate Taguchi type gas sensor
modules. Then the alumina substrates quoted with sensing materials were dried overnight at
120 °C to get rid of the residue solvent. Afterwards, Ni-Cr wire was inserted inside the hollow
alumina substrate as a heating element to provide the necessary working temperature of the
sensors. By changing the current flowing through the Ni-Cr wire, the working temperature of
the sensors can be changed. Sensor prototypes based on a-MoQO3/BiFeO3 heterostructures were
fabricated namely MBFO, MBF1, MBF2, MBF3 and MBF4 sensors. The gas sensing
measurement set up is elaborated in detail in our previous works [13,16]. The gas response of
the sensor was defined in eq. (5) as,

§ = Rair=Reas » 10094 (5)

Rair

Where Rg;, and R, refer to the resistance of the sensors in presence of air and in presence of
target gas, respectively. The response time and recovery time of the sensor was defined by time
taken by the sensor resistance change to reach 90% of the equilibrium state resistance value

after the target gas in and out, respectively.

5.3. Results and discussion

5.3.1. Structure and morphology

Powder X-ray crystallography was carried out to understand the phase purity and
crystallographic structure of a-M0Oz and a-MoOs/BiFeOs heterostructures and corresponding
patterns are displayed in Fig. 5.2. XRD patterns of bare MoO3 and BiFeO3z match well with
orthorhombic MoOs of space group Pbnm (JCPDS card number 05-0508) and rhombohedral
BiFeOs of space group R3c (JCPDS card number 01-071-2494), respectively. The
characteristics peaks of MoOs at 20 of indexed to 23.34, 25.65, 27.25, 29.31, 33.80, 35.32,
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38.89, 42.98, 46.50, 48.82, 55.94, 58.68 indexed to (110), (040), (021), (130), (111), (041),
(060), (141), (210), (002), (042) and (081) planes, respectively, were detected in the a-
MoOz3/BiFeOs3 heterostructures which matched well with the a- a-MoOs XRD pattern (JCPDS
card number 05-0508). Diffraction peaks of a-MoO3/BiFeOsz heterostructures exhibit
characteristic peaks of BiFeOz at 20 0 31.76, 37.84, 45.32, 51.62 indexed to (104), (110), (024)
and (116) planes, respectively, matched well with the rhombohedral BiFeOs (JCPDS card
number 01-071-2494). The presence of characteristics peaks of BFO indicates the formation

of the heterostrcutre.
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Fig. 5.2. XRD patterns of a-M0O3 and BiFeO3z JCPDS cards, as-synthesized bare samples and

o-MoOs/BiFeOs3 heterostructures.

The morphologies and microstructure of bare a-M0O3 nanorods and a-MoO3/BiFeOs
heterostructures were investigated using FESEM. Fig. 5.3(a-d) exhibits the FESEM
micrograph of bare o-MoOsz and o-MoOs/BiFeOs heterostructures, respectively. As-
synthesized bare MoOs3 exhibited a well-developed nanorod-shaped structure. The bare MoOs
nanorods were ~150 nm of diameter and 2-3 pum of length as calculated using ImageJ software
(ref. Fig. 5.3a). When BiFeO3 was introduced to the system the length of the nanorods started
to decrease. The length of the nanorods were observed for sample MBF1 was 400 nm- 800 um
(Fig. 5.3b). Sample MBF2 exhibited shortened nanorods with average length of ~250 nm (Fig.
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5.3c). MBF3 sample exhibited abundant of BiFeO3z nanoparticles with few MoOz nanorods of
length ~150 nm (Fig. 5.3d). This observation showed that with increase of BiFeOs in the system
the microstructure of the nanorods have reduced in length and spherical shaped BiFeOs
nanoparticles adhered to the surface of the nanorods by self-assembly method (ref Fig. 5.1).
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Fig. 5.3. FESEM micrograph of (a) bare MoOs (MBFO0), (b) MBF1, (c) MBF2, (d) MBF3.

To further analyze the lattice fringe of the samples TEM was carried out on bare MoOs
and MBF3. From TEM image in Fig. 5.4a, it was evident that bare MoOs (MBFO) exhibited
nanorod structures of diameter ranging from 150 nm- 300 nm as calculated using ImageJ
software. This result is consistent with the FESEM results. Fig. 5.4b displays the HRTEM
image of the lattice fringe with d-spacing of 0.229 nm which is consistent with (060) crystalline
plane of orthorhombic MoOzs. This result corroborates with the diffraction peaks of XRD
pattern of bare MoQOs (ref. Fig. 5.2). Fig. 5.4c represents the TEM image of MBF3 sample in
which the shortened nanorod structure of MoOz and BiFeO3 nanoparticles adhered to the MoOs
nanorods are clearly visible. HRTEM of MBF3 lattice fringe (displayed in Fig. 5.4d) exhibits
clear image of lattice fringes of a-MoO3/BiFeOs heterostrcutre (MBF3). In this image, the
lattice spacing of 0.279 nm is distinctly visible, which corresponds to (110) lattice plane of
BiFeOs; (JCPDS card no. 01-071-2494) and the lattice fringe with d-spacing of 0.348 nm
corresponds to (040) lattice plane of orthorhombic MoO3 (JCPDS card no. 05-0508). As the
HRTEM analysis of MBF3 confirms the presence of both MoO3s and BiFeOs crystal planes,
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this observation indicates the successful formation of a-MoOs/BiFeOs heterostrcutre. This
result is also consistent with the XRD peak pattern of MBF3 (ref. Fig. 5.2). This confirms that
BiFeOs nanoparticles are sitting on the MoOz nanorods retaining the nanostructure of

underlying a-MoOs.

(@) )

MoO, (060)

Fig. 5.4. (a,c) TEM images and (b,d) HRTEM micrographs of bare a-MoOs (MBFO) and a-
MoOz3/BiFeOs heterostructure (MBF3), respectively. (e) The high-angle annular dark-field
scanning TEM (HAADF-STEM) image of MBF3. Elemental mapping of (f) Mo, (g) O, (h) Fe
and (i) Bi of MBF3.

Elemental mapping of sample MBF3 was analyzed with the help of scanning

transmission electron microscopy (STEM) demonstrated in pattern in Fig. 5.4(e-i). Fig. 5.4e
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represents the high-angle annular dark-field scanning TEM (HAADF-STEM) image of MBF3
and corresponding colour mapping of elements Mo, O, Fe, Bi are shown in Fig. 5.4(f-i),
respectively. The results of elemental mapping confirm uniform distribution of Mo, O, Bi and
Fe elements in the MBF3 structure. Energy dispersive X-ray (EDX) analysis at different
regions of MBF3 was conducted to confirm the elements present and uniform distribution of
the elements in the sample. Fig. 5.5 represents the EDX spectra of MBF3 where peaks of only
Mo and O are detected in regions 1 and 2, whereas, presence of Mo, O along with Bi and Fe
are detected in region 3, which indicates spherical BFO nanoparticles are grown over the MoOs

nanorods.

0 5 10
Energy (keV)

Fig. 5.5. EDX spectra of MBF3 acquired from HAADF-STEM.

Specific surface area and porous structure of the materials were analysed by N:
adsorption-desorption employing Brunauer-Emmett-Teller (BET) method. The pore volume
(V) and pore diameter (D) of the samples were analysed using Barrett-Joyner-Halenda (BJH)
pore size distribution plot. The summary of BET surface area analysis, pore volume and
average pore size of bare a-MoO3z (MBF0) and a-MoO3/BiFeOz heterostructures (MBF1,
MBF2, MBF3 and MBF4) are given in Table 5.1. The adsorption-desorption isotherms
exhibited typical type IV hysteresis curve (ref. Fig. 5.6(a-e)). The BJH pore size distribution
curve (insets of Fig. 5.6) indicates porous structure of the samples. This observation reveals
that introduction BiFeOs to the system enhanced the surface area of MoO3z nanorods and MBF3
exhibited largest pore volume (6.75 cm®/g) and average pore size (21.18 nm) among all the o-
MoOz3/BiFeOs heterostructures. This observation reveals that introduction BiFeOs to the
system enhanced the surface areca of a-Mo0Os/BiFeOs heterostructures. However, for the
heterostrcutre, surface area variation was not so prominent. With increase of BiFeO3
concentration, the pore size of the samples gradually increases and becomes maximum for

MBF3 sample. A larger surface area and pore volume are beneficial for the enhancement of
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gas sensing properties as they can provide abundant active sites for surface activity and also

help promote photocatalytic applications.
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Fig. 5.6. N2 adsorption—desorption isotherms and (inset: corresponding BJH pore size
distribution curve) of (a) MBFO, (b) MBF1, (c) MBF2 and (d) MBF3 and (e) MBF4. (f) Tauc
plot obtained from UV-vis DRS of MBF3 (inset: Band gap energy of all samples).
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5.3.2. Optical and surface electronic properties

UV-vis diffuse reflectance spectra (DRS) was employed to study the optical absorption
of the prepared a-MoOz3/BiFeO3 heterostructures. The band gap energy of the as-prepared

materials was calculated using Kubelka-Munk equation, (eg. 6), as follows,
(ahv) = C(hv — Eg)" (6)

Where a represents linear absorption coefficient, hv is energy of the photon, C is
proportionality constant, n is the exponent that depends on the nature of electronic transition
of the material. The value of n is 2 in the case of direct allowed transition. Fig. 5.7(a-e) and
5.6(f) display the Tauc-plot of bare BiFeOs, M0oOs and MoOs/BiFeOs heterostructires. The
calculated band gap energy of the samples is given in inset of Fig. 5.6f and listed in Table 5.1.
As evident from the results that, bare a-MoO3 usually possessed large band gap of 3.36 eV,
which gradually have reduced while a-MoO3/BiFeOs heterostrcutre was formed. This
observation shows that the presence of BiFeOz in the system effectively reduces the band gap
of MoOs and promotes ability of visible region photon absorption. Therefore, BiFeOs can play
a significant role in bandgap energy tuning of MoOs nanostructure by felicitating electron

transition.
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Fig. 5.7. Tauc plot obtained from UV-vis DRS of bare BiFeO3, MBF0, MBF1, MBF2 and
MBF4 samples.
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Fig. 5.8. (a) XPS survey spectra of bare MoO3 (MBFO0) and a-MoO3/BiFeOs heterostructures
(MBF1, MBF3 and MBF4). High magnification core level (b) Bi 4f, (c) Fe 2p XPS spectra of
a-MoOz3/BiFeOs heterostructures (MBF1, MBF3 and MBF4, respectively).

Surface chemical composition and valence state of the samples were characterized by
X-ray photoelectron spectroscopy (XPS). Fig. 5.8a represents the wide scan XPS spectra of
bare MoOs and a-MoOs/BiFeOs heterostructures (MBF1, MBF3 and MBF4). Binding energy
peaks corresponding to Mo 3d, C 1s, Mo 3p, Mo 3s, O 1s were observed for both bare MoOs3

(MBFO0) and a-MoOz3/BiFeO3 heterostructures (MBF1, MBF3 and MBF4). Whereas, along
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with the aforementioned Mo 3d, C 1s, O 1s peaks, additional peaks of Bi 4f, Bi 4d, Fe 2p peaks
were detected in XPS spectra of MBF1, MBF3 and MBF4 samples, which confirmed the
presence of Bi, Fe in the a-M0O3/BiFeO3 heterostructures. The signal peak of C 1s is caused
by external impurity of the measuring instrument. High-magnification XPS spectra was used
to detect the chemical states of the elements of the samples. In high resolution XPS spectra of
Bi 4f of MBF1, MBF3 and MBF4, (depicted in Fig. 5.8b), doublet peaks observed at around
162.07 eV and 156.75 eV are ascribed to Bi 4f32 and Bi 4fsp2, respectively, indicating presence
of Bi®* oxidation state. The intensity of peaks of Bi 4f and Fe 2p have gradually increased with
increase in BiFeOs concentration. The oxidation state of Fe was confirmed by XPS spectra of
Fe 2p depicted in Fig. 5.8c. Fe 2p spectrum of a-MoOs/BiFeOs heterostructures (MBF1, MBF3
and MBF4) reveal two peaks at around 724.22 eV and 708.491 eV attributed to Fe 2p1> and Fe
2pa2, respectively. The presence of two satellite peaks located at binding energy around 717.72

eV and 729.25 eV confirmed the valence state of Fe to be Fe*3.

In Fig. 5.9a high resolution XPS spectra of Mo 3d of MBF0, MBF1, MBF3, MBF4
reveal two doublet peaks centered around 236.0 eV and 232.8 eV, which are attributed to Mo
3ds2 and Mo 3ds2, respectively. However, the peaks are asymmetric in nature. Hence, these
two peaks can be resolved with an intensive doublet ascribed to Mo®* and a weak doublet
ascribed to Mo>*. The doublet peaks centered at around 232.9 eV and 236.0 eV are ascribed to
3ds/2 and 3dsy orbital electrons of Mo®" and similarly, the doublet peaks centered at around
231.9 eV and 234.8 eV correspond to 3ds2 and 3dss orbital electrons of Mo®* [17,18]. It was
observed that, the area percentage of Mo®* has increased from 7.60% in MBFO to 10.67% in
MBF1 and 12.29% in MBF3. Then again, the same has decreased to 11.20% in MBF4.
Therefore, the calculated ratio of Mo>*/Mo®" in bare a-M0oO3s (MBF0) and a-MoOQ3/BiFeOs
heterostructures (MBFO, MBF1, MBF3, MBF4) are 0.0822, 0.1194, 0.1401 and 0.1261,
respectively. A summary of the analysis is given in Table 5.4. When the a-MoO3/BiFeQO3
heterostructures were formed some amount of Mo®" in a-MoO3 was reduced to Mo®" and gave
rise to Mo bivalency in the system and oxygen vacancies (as the XPS O 1s spectra analysis
indicated) [19]. The presence of Mo bivalency in the a-MoOs/BiFeO3 heterostructures system
promotes the intrinsic conductivity of the whole system. As reported in the literature, partially
reduced a-MoOz with abundant oxygen vacancies in the heterostrcutre system promotes
electrochemical performance compared to that of bare a-MoO3[17]. Therefore, BiFeOs as a
modifier to a-Mo0O3 system is a strategy to enhance electrochemical property of a-MoOs. From

the result it was observed that Mo®*/Mo®* is maximum for MBF3 sample, which explains its
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best electrochemical performance compared to other a-MoOs/BiFeOs heterostructures. This
indicates, 9% BiFeO3 is the optimum concentration to sensitize the a-MoOs. The O 1s spectra
of MBFO, MBF1, MBF3 and MBF4 are depicted in Fig. 5.9b. The O 1s peak of the samples
showed asymmetric nature, hence, were resolved into two peaks, namely O.: lattice oxygen
and Op: defect oxygen. The peak corresponding to lattice oxygen O (around 530.7 eV) can be
attributed to O% in metal-oxygen bonds. The Op peak (around 531.1 eV) ascribed to O% ions
near oxygen deficient sites [20,21]. The percentage of two components of O 1s is summarized
in Table 5.4. It is observed that, with concentration of BiFeOs in the system, percentage of Op
has gradually increased from 17.05% in MBFO to 21.49%, 40.01% in MBF1, MBF3,
respectively. The sample MBF3 has highest Op percentage (40.01%) than that of other
heterostructures MBF1 (21.49%) and MBF4 (22.12%). The percentage of oxygen content in
the samples corroborates with the ratio of Mo®>*/Mo®* as obtained from Mo 3d peaks. These
oxygen defects contribute in improving the conductivity of the heterostructures and in turn
promote rapid transport of electrons. Higher percentage of Op provides higher number of active

sites for gas adsorption on the surface to enhance sensing activity of the material.
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Fig. 5.9. (a) Mo 3d, (b) O 1s XPS spectra of bare MoOs; (MBF0) and a-MoOs/BiFeO3
heterostructures (MBF1, MBF3 and MBF4), respectively.
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Electron paramagnetic resonance (EPR) spectroscopy was carried out to further
confirm the presence of oxygen vacancies. As shown in Fig. 5.10a no signal was observed for
MoOz (MBFQ), whereas a-MoOa3/BiFeOs heterostructures exhibited strong characteristic
signal at g value of 2.04, which is the direct evidence of oxygen vacancies on the surface of a-
MoOa3/BiFeOz.[22] The intensity of the g=2.04 corresponding to oxygen vacancies on the
surface of the heterostructures increased gradually with increasing BiFeOs3 loading percentage
and reached maximum value for MBF3 sample and the decreased again for MBF4 sample. This
indicates MBF3 comprises of optimum amount of BiFeOz loading concentration which results
in enhancement of photocatalytic activity as well as H»S response due to increase of active

sites. The result of EPR spectra corroborates with XPS results.
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Fig. 5.10. (a) EPR spectra of MB0O, MB1, MB3 and MB4 samples. (b) PL spectra of bare a-
MoO3 (MBF0) and a-M0O3/BiFeOs heterostructures (MBF1, MBF3 and MBF4) excited at 290

nm.

PL spectra of bare MoO3 and a-MoQO3/BiFeO3 heterostructures were recorded (shown
in Fig. 5.10b) at room temperature at 290 nm (4.27 eV) excitation energy that is greater than
the band gap (3.36-1.59 eV) of the materials so that the electrons in the valence band can easily
jump to the conduction band [23]. It was observed that the concentration of BiFeOs in the
system affected the PL peak intensity of the samples. The bare MoOs exhibited strongest PL
peak intensity and the peaks intensities decreased in the a-MoO3/BiFeOs heterostructures. The
sample MBF3 exhibited the lowest peak intensity. PL intensity of the as-prepared samples in
ascending order is: MBF3, MBF4, MBF1, MBF2 and MBFO. PL emission spectra reflects the
photogenerated e-h* recombination. Higher PL emission intensity indicates higher

recombination efficiency of photogenerated e-h* [13,24]. Therefore, the observation indicates
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that when BiFeOs increased to 9% in the sample MBF3 the corresponding PL peak exhibited
the lowest intensity. This result indicates the highest charge separation of photogenerated e-

h* of the sample MBF3 which in turn promotes charge transfer and PEC activity that is
beneficial for sensing activity also [25].

5.3.3. Photoelectrochemical properties

Photocatalytic activity depends on the band edge positions of semiconductors, free
photoexcited charge carrier density, and charge transfer resistance in the semiconductor-
electrolyte interface, which can be performed by photoelectrochemical measurement. A series
of photoelectrochemical measurements were performed using as-synthesized materials. The
LSV curve of bare BiFeOs, M0Os3, and MoOs/BiFeOs heterostructures, as shown in Fig. 5.11a
and Fig. 5.12a, indicates the formation of heterostructure effectively enhanced the current
density compared to pristine semiconductor current density, leads towards an increase in free
charge carrier mobility, reduction of electron-hole recombination rate and high charge carrier
concentration through the interfaces. It has been observed that MBF3 has nearly 8.3 times
higher current density than bare MoOsz at 0.6V vs Ag/AgCI. Fig. 5.11b and Fig. 5.12b showed
photostability of the anodes which measured by transient photocurrent. The MBF3 displayed
the highest photocurrent density and stability compared to the other compositions and bare

semiconductors, which is consistent with the LSV result and also the PL result.
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equivalent circuit parameters.

To understand the charge transfer at the heterostructure-electrolyte interfacial, charge
transfer resistance is an important parameter that can be followed by electrochemical
impedance spectroscopy (EIS). The Nyquist plots of MBFO and heterostructure with varied
loading of BiFeO3 indicate quite higher charge transfer resistance for bare MBF0 (~94.2KQ),
whereas MBF3 shows the lowest charge transfer resistance (~35 KQ) with a semi-circular arc
compared to the other compositions and pristine semiconductors as shown in Fig. 5.11c and
Fig. 5.12c. This semi-circular path suggests the charge transfer resistance and junction
capacitance at the heterostructure-electrolyte interface.[26,27] Notably, low charge transfer
resistance indicates an effective charge diffusion from electrolyte to semiconductor and
increases their mobility which enhances the electrical conductivity of the semiconductor. The
EIS spectrum of all the semiconductors has been fitted with junction capacitance and charge
transfer resistance in parallel circuits connecting with solution resistance in series, as shown in
the inset of Fig. 5.11c. The charge transfer resistance (Rct) of the materials has been tabulated
in Table 5.4.
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The M-S plots of as-synthesized bare materials MBFO and BiFeO3 shows positive slope
as shown in Fig. 5.13 (a, b), means typically they are n-type semiconductor in nature with flat
band potential (Es) —0.37V, —0.40V vs Ag/AgCl for MBFO and BFO respectively.[28] The Es
of the heterostructures are —0.47V, -0.36V, —0.46V and —0.43V vs Ag/AgCl for MBF1,
MBF2, MBF3 and MBF4, respectively (Fig. 5.13c-f). Value of Es vs RHE has been
determined by using eq. (4). The position of conduction band (CB) edges has been calculated

by using eq. (7) as follows: [29]
CB = Efy vs RHE — 0.2V (7)

The position of valance band (VB) edges has been determined by using band gap data which
measured from UV-Vis DRS spectra by eq. (8) as follows:

VB - CB =E, (8)

The calculated value of Em, and free charge carrier/donor density has tabulated in
Table 5.4. The free charge carrier concentration of the pristine semiconductor and the

heterostructures has been calculated from Es by eq. (9) as follows:[30]

1 2 KgT

= (E—Ep ——~ 9)

eNge€g

Where C is the space charge capacitance at the junction of the semiconductor-electrolyte
interface, N, is the free charge carrier concentration, e is the charge of the electron, ¢ is the
dielectric constant of the semiconductor, €, is permittivity of the free space, Ky is the
Boltzmann constant and T is the temperature. Table 5.4 shows donor density (N,;) value of
MBF3 is 78 times and 1.4 times higher than MBFO and BiFeOs, respectively, which directly
implies MBF3 perform better photocatalytic activity than others. Comparison of the photo
current density of MoO3/BiFeOs with other heterostrcutre-based semiconductors reported in
literature is given in Table 5.3. As can be seen from the table MoO3/BiFeO3 exhibited higher

current density than other reported heterostructures.
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Table 5.3 Comparison table of photoelectrochemical applications of MoO3 based materials.

Material Light Source Electrolyte Current density | References
(WA cm™2) (vs
RHE)
Mo0O3.x/g-C3N4 _ 0.5M NazS04 3.3 6
a-MoOz@MoS, | 150W mercury lamp | 0.1M NazSO4 0.09 7
MoOs/PI _ 0.5M NazSO04 2.5 9
MoS2/Mo0Os _ 0.5M H2SO4 10 10
amine- 300FW xenon lamp | 0.25M 1.5 11
CdS/Mo03 Na2SO3
Er-Yb: 300-W Xenon lamp | 0.2 mol/L of 0.64 12
TiO2/M003.x NaxSO4
a- 150 W Xenon light | 0.1 M 12 This work
MoOs/BiFeOs Na2S0q4

5.3.4. H2S sensing properties

Measurement of hazardous H.S gas sensing property of the MoOs/BiFeOs heterostructure
based sensors were studied in detail. Gas sensing property of MOS depends on the operating
temperature of the sensor. To optimize the operating temperature, the sensors were exposed to
100 ppm H>S at an operating temperature ranging from 120 °C -350 °C (Fig. 5.14a). With
increasing operating temperature, the response of the sensors was observed to increase and
reached its maximum value at 210 °C. Beyond this optimum temperature, the response value
decreased gradually. At higher operating temperature, rate of desorption of the H.S gas
molecules was higher than their reaction with the oxygen species on the surface of the sensing
material, which causes lower sensitivity. When the operating temperature was lower than the
optimum, the H2>S molecules lacked the activation energy needed to react with the adsorbed
oxygen. At optimum operating temperature, these two processes were balanced, which explains
the increase-maximum-decrease trend of the sensing performance of the sensors [33,34]. Fig.
5.14b shows that with increasing BiFeOs concentration, the response of the sensors has
increased gradually from MBFO to MBF3, but again decreased with further increase of BiFeOs
concentration in MBF4. MBF3 sensor has highest response to 100 ppm H2S (~98%) that is
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about 130% higher than that of bare MoO3 based sensor (~39%). Additionally, all the o-
MoOa3/BiFeOz heterostructures-based sensors exhibited reduced operating temperature of 210
°C compared to bare a-M00O3z based sensor (350 °C). This observation proves that modification
of 0a-M0oO3 with BiFeOs has a positive effect on H»S response of the material. Fig. 5.14b
displays the resistance of the sensors in air (Rair) as a function of operating temperature. The
resistance of the sensors decreased gradually with increase in temperature which indicates the
semiconducting nature of the sensing materials. Fig. 5.14c shows the H.S gas response values
of the sensors when exposed to different concentration of the gas starting from 1 ppm — 100
ppm. The responses of the sensors increase rapidly with increase in HzS concentration. The
MBF3 sensor showed highest response to H2S among all the sensors. The logarithm of
sensitivity vs logarithm of H>S concentration plots (inset of Fig. 5.14c) exhibit good linearity
with the correlation coefficient (R?) values 0.98896, 0.99487, 0.99150, 0.99174, 0.98722 for
MBFO, MBF1, MBF2, MBF3, MBF4 sensors, respectively. The linear trend follows the
conductance model of the semiconductor represented by empirical equation given in eq. (10)

as follows,
Sy(%) = AP’ (10)

Where Pgﬁ is the partial pressure of the target analyte which is proportional to the concentration
of the gas (C,), A, corresponds to the prefactor, B is the response exponent that depends on the
adsorbed oxygen species on the surface, S, (%) is the sensitivity toward the target gas. The
value of B is usually between 0.5-1. When the value of B is 0.5, the adsorbed oxygen species is
0%, and when it is nearest to 1, the oxygen species changes to O. Here, the value of B for
MBF3 sensor, as obtained from the slope of the fitting plot, is 0.47, which indicates that the
interaction between H.S and MoOs/BiFeOs is a surface phenomenon and adsorption of HaS
happens through physisorption. [33,35] The response comparison of all bare a-MoOs and a-
MoOz3/BiFeO3 heterostructures-based sensors to 50 ppm H2S gas at their optimum operating
temperatures of 300 °C (MBFO0) and 210 °C (MBF1, MBF2, MBF3, MBF4), respectively, is
shown in Fig. 5.14d. This shows that incorporation of BiFeOs in the system enhances the H2S

response and it is highest for MBF3 sample (ref. Table 5.1).
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Table 5.4 Summary of BET surface area analysis, XPS spectra analysis, calculated charge

transfer resistance (R¢t), bandgap (Eg), flat band potentials (Es), donor density (Ng;), and H2S

response of the as-synthesized materials.

ppm H:S (%)

Samples BiFeOs | MBFO MBF1 MBF2 MBF3 MBF4
BET surface | _ 4.18 7.58 6.70 6.75 4.28
area (m?/g)

Pore volume | _ 2.9189E- | 2.5416E- | 1.6059E- | 6.7529E+00 | 2.2659E-
(cm?®/g) 02 02 02 02
Pore diameter | _ 27.93 13.41 9.57 21.18 19.06
(nm)
Area OL | _ 82.94% 7850% | _ 60.80% 77.87%
percentage
of oxygen o, 17.05% | 21.49% |_ 39.91% | 22.12%
species

Mo®*/Mo®* _ 0.0822 0.1194 _ 0.1401 0.1261
Ret (KQ) ~ 94.2 53.3 64.7 35.0 39.9
Band 1.85 3.36 1.89 1.77 1.64 1.59
gap (eV)
Type of n-type | n-type n-type n-type n-type n-type
Material from

MS plot

Egp (V) vs -0.40 -0.37 —-0.47 —-0.36 —-0.46 -0.43
Ag/AgCl

Donor density | 620 x| 1.12 x|1.16 x|[723 X 2.80 x 1022 3.15  x
(Nd) (Cm3) 1022 1021 1021 1021 1022
Response to 50 39.45 52.98 76.06 88.12 68.20
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Fig. 5.14. (a) The Rair values of bare a-MoO3z and a-MoOs/BiFeOs heterostructures-based
sensors at 200-430 °C temperature. (b) Response (%) of the sensors based on bare a-MoOs and
a-MoOz3/BiFeOs heterostructures-based sensors to 100 ppm H2S gas in the operating
temperature range from 120-350 °C. (c) Response (%) of the bare a-MoQs3 (at 300 °C) and a-
MoO3/BiFeOs heterostructures-based sensors as a function of H.S gas concentration at 210 °C
operating temperature. (d) Response comparison of bare a-MoOz and a-MoOs/BiFeOs

heterostructures-based sensors to 50 ppm H»S at at their optimum operating temperatures.

Fig. 5.15a represents the dynamic response curve of the MBF3 to different concentration of
H>S from 1-100 ppm at 210 °C. It shows the typical n-type sensing behaviour of the sensors.
The lower limit of H2S detection of the MBF3 sensor is 1 ppm (S=12.02%). The sensor’s
response tends to saturate after 100 ppm of H2S concentration. From the dynamic response
curve of MBF3 it is evident that the sensor possesses excellent resolution in detecting different
concentrations of H»S, which makes it a reliable sensing material for real-time application. Fig.
5.15b represents the short-time stability of MBF3 sensor, showing response-recovery curves
for six consecutive cycles of H2S gas exposure at 210 °C. The sensor shows remarkable stability

exhibiting the same response value for every cycle. The response data of the MBF3 sensor to
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100 ppm H.S was taken in intervals for more than 300 days, which showed only <0.35%
stability error, indicating superior long-term stability of the sensor (ref. Fig. 5.15b). As shown
in Fig. 5.15c, the selectivity of the sensors to 100 ppm of different interfering target gases such
as SOz, NO, NO3, CO, isopropyl alcohol, toluene, benzene, formaldehyde, ethanol, acetone,
ammonia was investigated. It is clear that the loading with BiFeOz benefitted the selectivity of
the sensors toward H»S. All the a-MoOs/BiFeO3s heterostructures-based sensors show highly
selective response to H.S which is important for the practical use of the sensor. The reason
behind selectivity maybe attributed to bond dissociation energy of H,S at this temperature is
evidently lower than that of C— C (345 kJ/mol) in isopropanol, O—H (458.8 kJ/mol) in ethanol,
N—H (391 kJ/mol) in ammonia, and C=0 (798.9 kJ/mol) in acetone and HCHO. [36] Fig. 5.15d
displays dynamic response transient of MBF3 sensor to 1 ppm HzS at 210 °C. The response
and recovery times (tres and trec) of the MBF3 sensor to 1 ppm H2S is 5.7s and 7.5s, respectively.
All the sensing performance result of MBF3 altogether proves it to be better than other MoOs3
heterostrcutre-based H»S sensors reported in literature (Table 5.1). Fig. 5.16 represents
response/recovery time of MBF3 sensor to 100 ppm concentration of H»S. The fast
response/recovery of the sensor makes it suitable for practical application in environmental air

quality monitoring.
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Fig. 5.15. (a) Dynamic response curve of the MBF3 sensor to H»S concentration (1-100 ppm)

at 210 °C. (b) Short-term curves of MBF3 sensor to 50 ppm H.S for six consecutive cycles at
210 °C and long-term stability data of MBF3 sensor to 100 ppm H.S at 210 °C taken over 350

days. (c) Gas responses of all the sensors on exposure to 100 ppm concentration of different

target analytes at 210 °C. (d) Dynamic response transient of MBF3 based sensor to 1 ppm H2S

at 210 °C.
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5.3.5. Mechanism of H:S sensing

Gas sensing mechanism of metal oxide semiconductor (MOS)-based materials is
mainly explained by adsorption of target gas on the active sites on the surface leading to band
bending and change in resistance. The a-Mo0O3/BiFeO3z heterostructures-based sensors
exhibited n-type sensing behaviour [11,37]. When an n-type MOS is exposed to air the oxygen
molecules from the atmosphere are ionized by capturing electrons from the conduction band
and get adsorbed on the sensing material’s surface in the form of chemisorbed oxygen ions (O2”
, 07, 0%). These surface adsorbed oxygen species are controlled by the operating temperature
of the sensor [36,38]. At operating temperature below 300 °C, the adsorbed oxygen species is

0.[39-41] Upon exposure to H»S gas, these adsorbed oxygen ions react with the gas molecules
and release electrons in the process that add up to the conduction band. Thus, depending on the

concentration of the target gas, the resistance of the sensors decreases (eq. (11) and (12)),

H,S (gas) < H,S (ads) (11)

H,S+ 0~ (ads) » H,0+ S0, + e~ (12)

H>S sensing mechanism of a-MoO3/BiFeOs heterostructures is schematically illustrated in Fig.
5.17(c-d). In addition to the above ionosorption model, the reasons behind the enhanced H2S

sensing behaviour of the a-MoOs/BiFeOs heterostructures can be attributed to the following
reasons.
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The reason behind the enhanced H.S sensing performance of the as-synthesised
heterostructure has been explored together by invoking band structure of both the pristine
materials as well as heterostructures. Firstly, as evident from the M-S plots (Fig. 5.13), all the
a-MoOz3/BiFeOs heterostructures showed positive slope, which confirmed formation of n-n
type heterojunction at the interface of n-type MoOs and n-type BiFeOs, which plays
advantageous role in sensing performance. Among the photoelectrochemical impedance
spectra of a-MoOs3/BiFeOs heterostrcutre, MBF3, showed smallest arc radius, which indicates
its best interface charge transfer efficiency. This observation corroborates with the PL spectra
and photocurrent analysis, where MBF3 showed lowest PL intensity and highest photocurrent

response [42,43].

The band positions and positions of fermi levels of two pristine semiconductors is
schematically presented in Fig. 5.17a. Based on calculated band positions of CB and VB edges
of BiFeOs and MBFO from M-S plot, the possible charge transfer mechanism is schematically
presented (Fig. 5.17b) when heterostructure is formed in presence of light. The CB edge of
MBFO is located in between the conduction band edge and the valence band edge of BiFeOs.
In general, electrons eject from VB only when irradiation of light energy equals or exceeds the
band gap energy. As BiFeOs exhibits narrower band gap it can be activated using visible light.
Accordingly, electrons from CB of BiFeOs transfers to CB of MBFO and holes moves in the
opposite path, i.e., from VB of MBFO to VB of BiFeOs, respectively, which suggests the
formation of Type Il heterojunction at the interface of two pristine semiconductors.[44,45] It
facilitates charge separation of electron-hole pair and reduces the probability of charge
recombination. In addition, Type II heterojunction of MBFO and BiFeOs induces the formation
of diffusion potential which is the reason for generation of electric field at the interface to
induce further injection of electrons. As represented in the band diagram of the a-MoO3/BiFeQO3
heterostrcutre, the electron transfer from CB of BiFeOs to CB of MoOs (as discussed in Fig.
5.17) promotes the gas sensing mechanism [11,46,47]. The conductivity of the heterostructures
under influence of changing atmosphere can be represented in eq. (13) as follows [11],

—qPe
G = Gy exp (Trff) (13)

where G, is a constant parameter, g is charge of an electron, kg is Boltzmann’s constant, and

T is absolute temperature and ¢, represents effective barrier height. When exposed to air,
owing to upward bending of surface band of MoOs and BiFeQOs, the ¢, value increases.

When exposed to H>S gas, the reaction in eq. (12) takes place and the electrons produced in
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the process gets back to the CB of MoOs and BiFeOs, which causes decrease in ¢, ¢ value at

their interface. Therefore, change in barrier heigh and enhancement in charge separation

directly effect H2S sensing property of a-MoO3/BiFeOs heterostructures.

Secondly, it is reported that oxygen defect states can act as electron donors owing to
introduction of a new donor level in between the CB and VB of the materials which acts as an
electron trap state to suppress the photogenerated electron-hole recombination. [48,49] As
donor density increases, charge transfer from MoOs to BiFeOs can be improved. Furthermore,
the position of the fermi level shifts towards the CB which significantly enhances the charge
carrier separation at the semiconductor/electrolyte interfaces owing to the increased defect
states.[50,51] Results of EPR analysis validated the direct evidence of oxygen vacancies in the
heterostructures samples. As, MBF3 contained a highest number of oxygen deficiency states
(confirmed from EPR analysis and core level XPS spectra of O 1s) compared to other
heterostructures and pristine semiconductor, the higher number of photo redox electrons were
generated. [52,53] Therefore, the improvement of charge separation and transfer is observed in

MBF3. Which is the reason behind its highest H>S sensing behaviour.

Lastly, oxygen vacancies are most common type of defects on a MOS. As observed from XPS
analysis (ref. Table 5.4), higher percentage of defect oxygen (40.01%) was observed in MBF3
compared to MBFO sample (17.05%). Higher concentration of Op (oxygen vacancies) provides
more active sites for gas adsorption. This indicates that loading of BiFeOs in the system
resulted in surface sensitization of the samples. Moreover, MBF3 possessed larger pore size
and 1.6 times higher BET surface area than bare MoO3, which also leads to enhanced sensing
behaviour. All these factors indicate that, modification of band positions by formation of
heterostructure between wide bandgap MoOz and with narrow bandgap BiFeOs to promote
charge transfer and defect oxygen sites will enhance the material’s applicability as H2S gas

Sensor.
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5.4. Conclusion

In summary, we developed a Type-I1 heterostructure between n-type MoOsz and n-type
BiFeOs (with different loading of BiFeOs) for H,S gas sensing for environmental air quality
monitoring. The photoelectrochemical measurement confirmed MBF3 exhibited the highest
photocurrent density as well as low charge transfer resistance compared to all other
heterostructures and pristine semiconductors. As a result, MBF3 exhibited enhanced sensing
property with ~ 98% n-type sensing response to 100 ppm H>S gas with rapid response/recovery
time of 4.7s/14s. Owing to presence of higher oxygen defect in MBF3 compared to bare MoOs
the localised states were generated within the bandgap of MBF3 which act as trapping centres
for charge carriers (electrons and holes). Furthermore, these defect states serve as active sites
for adsorption of gas molecules, facilitating the H>S sensing activity. Thus, modification in the
electronic structure of MBF3 and tuning of oxygen defect states influence the separation and
migration of charge carriers, which is crucial for efficient H>S sensing behaviour. Thus,
prepared heterostructure could be promising material to sense H2S for environmental air quality

monitoring.
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CHAPTER 6

Structural disorder driven multifunctionality of NaTb(Mo00O4):
nanoparticles toward green photoluminescence and detection of
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6.1. Introduction

Designing of multifunctional nanomaterials has been of high importance for various
application fields such as light emitting diode,[1] gas sensing,[2] green energy generation,[3]
catalysis[4,5] and energy storage and conversion.[6,7] This has spurred extensive research
efforts to develop advanced functional nanomaterials that can combine multiple functions and
seamlessly adapt to different application scenarios.[8] Therefore, exploration of advanced
functional nanomaterials with improved performance and high efficiency has been going on
for years. However, there has not been a clear understanding and established correlation

between structural property of the material with its multifunctional applicability.

Defect engineering is recognized as one of the effective approaches for introducing
multifunctionalities into materials, enabling the achievement of desired properties in various
application areas like gas sensing, and optoelectronics. Oxygen vacancy (Vo) defects can have
a substantial impact on material's properties. These defects can be purposefully controlled in
order to customize the characteristics of the material for specific applications. There are several
reports in literature on tailoring the structural defects in the system to induce oxygen vacancy
driven photoluminescence spectra. Manju et al. reported that photoluminescence property of
SrZnO> system has originated from disruption in the system caused by oxygen vacancies and
supported their claim using first principle calculation.[9] Ji et al. demonstrated the role of
oxygen vacancies on the colour change of BaMgSiO4:Eu? phosphor.[10] A report by Ding et
al. showed near infrared luminescence property of solid-state reaction derived single-phase
yttrium tungstate, in which the localised energy band position changed with oxygen vacancy
concentration.[11] Choi et al. have investigated the temperature dependent strong
photoluminescent property of one-dimensional SnO2 nanowire originated due to migration of
oxygen vacancies.[12] Wang et al. have suggested that increase of oxygen vacancy led to
coexistence of Eu®* and Eu?** which influences photoluminescence property of
Bai-—xZn;-,P207:XEu?"3* system.[13]

On the other hand, variation of electrical resistance of the chemiresistive gas is also greatly
influenced by structural defects/ oxygen vacancies. Many reports have been found in literature
that dealt with oxygen vacancy driven gas sensing activity, such as, Tong et al. have reported
p-type ternary oxide CuCrO, with singly ionised oxygen vacancy plays active role in
enhancement of VOC sensing property by promoting charge exchange between the sensing

layer and the target gas molecule [14]. Du et al. reported oxygen vacancies enhance the gas-
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sensing performance of In,Oz by providing donor level and supply more electrons in the
conduction band [15]. Parayil et al. have demonstrated volatile organic compound (VOC)
sensing property of photoluminescent Y2Zr.O7 nanomaterial which is greatly influenced by

oxygen vacancy in the system.[16]

Lanthanide double molybdates ALn(MoQa4). (A= alkali metal ions, Ln= rare earth ions) of
scheelite type structure with Csn Symmetry and space group l41/a have gained significant
research interest due to their chemical, thermal stability and emission in long wavelength range.
Diverse application fields of these Scheelite-type molybdates include solid state lighting,
display devices, fluorescent probes, thermographic phosphors, photocatalytic activity, gas
sensor, anode for lithium-ion batteries and nano-electronic devices [17]. The key characteristics
of the scheelite structure is its tetrahedral coordination and inherent symmetry which furnishes
a stable host lattice for doping with lanthanide ions. Charge transfer from oxygen metal to
molybdate phosphors leads to broad adsorption band in the rear-UV region [18]. Various
reports can be found in literature where the luminescence properties have been studied for the
scheelite type tetragonal double molybdate structures by varying synthesis technique, sintering
temperature, morphology and dopant.[19-21] Morozov et al. have investigated the impact of
various synthesis methods on the structural and PL properties of KTb(MoOas). single
crystal.[22] Jia et al. demonstrated hydrothermal synthesis of Eu** doped NaTb(MoOQ4), which
exhibited efficient energy transfer from Mo0O3™~ to Th** to Eu®*.[23] Swaita et al. reported dual-
functional activity of NaTh(MoO4)2:Dy**@Phen nanoparticles synthesised via hydrothermal
technique.[24] Wang et al. investigated photoluminescence property of solid-state reaction
derived NaLaixThx(M00O4)2.[25] A work by Zhou et al. demonstrated multicolour
luminescence property of Eu®* activated NaTh(MoOs), microcrystals synthesised without
surfactant.[26] As previous reports suggest, Th®" ion is a known for activator of green emission
which originates from the transition from °Ds state to the ’F; (J=6,5,4,3) states. [27-29]

In the recent time, human health is at risk due to increase of toxic gas in environment.
Formaldehyde (HCHO), a colourless toxic volatile organic compound, is one of most common
indoor pollutant gas generally emitted from newly furnished furniture, paints and
adhesives.[30]  Exposure to high concentration of HCHO can damage to central nervous
system and can even cause cancer.[31,32] According to World Health Organization (WHO)
the threshold limit of exposure to HCHO has been restricted to 1-0.08 ppm.[33] Therefore, it
is crucial to fabricate highly sensitive sensor system that can detect low concentration HCHO

for environmental monitoring and health protection. Although there are techniques such as
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mass chromatography (MS) techniques for gas detection, they are costly. Chemiresistive
sensors offer several benefits such as, cost-effectiveness, simplistic, stable and fast sensing

performance.

To the best of our knowledge no experimental study supported by theoretical DFT
calculations have been performed on NaTh(MOa)2 system to understand multifunctionality of
the system toward luminous property and gas sensing activity. In the present work, exploration
of defect (Vo) engineering as a strategy to induce multifunctionality in scheelite type
NaTh(MO4). toward photoluminescence and detection of toxic gas formaldehyde (HCHO) was
studied for the first time by employing ab initio calculations based on density functional theory.
The effect of oxygen vacancies on band structure of NaTh(MOs). nanoparticles has been
studied and it revealed that by tuning of oxygen vacancy (Vo) and introducing disorder in the
system induced green emission and gas sensing property of NaTb(MOs).. Presence of Vo in
NaTb(MOa4). leads to formation of new energy states within the forbidden gap, induces disorder
in the system and modifies the bond lengths. The oxygen vacancies are created in the system
during controlled synthesis by using ethylenediaminetetraacetic acid (EDTA) which regulates
the nucleation and growth of NaTb(MOs), nanomaterials and created deformation near Th%*
ions. Analysis of XPS data indicates that the concentration of Vo has positive dependency on
concentration of EDTA in the solution during the synthesis process. It slows down the reaction
process and helps creating disorder in the samples resulting in the oxygen vacancy Vo.
Moreover, positive correlation was found between the gas response and oxygen vacancy
concentration. The trapped electrons in Vo serve as active sites for adsorption of atmospheric
oxygen felicitating the gas sensing response of NaTb(MOs).. DFT study was utilised to
visualise the energy band structure of the nanomaterials and calculate the adsorption energy of
formaldehyde gas molecule. Therefore, this study gives a new insight to the fabrication and

engineering of nanomaterials which exhibits multifunctionality driven by oxygen vacancies.
6.2. Experimental section
6.2.1. Chemicals and materials

Terbium (I1l) nitrate hexahydrate [Tb(NO3)3.6H20], sodium tungstate dihydrate
(Na2WO04.2H20), Ethylenediamine tetraacetic acid (EDTA), deionised water (DI), ethanol,
isopropyl alcohol (IPA).
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6.2.2. Synthesis of NaTb(MoOa4)2 nanoparticles

NaTb(MO4). nanoparticles were synthesised via EDTA assisted hydrothermal synthesis
route. Firstly, 1.0 mmol terbium (111) nitrate hexahydrate Th(NO3)3.6H20 and Ethylenediamine
tetraacetic acid (EDTA) 50 ml DI water and stirred for 20 mins using magnetic stirrer. 2.00
mmol sodium tungstate dihydrate (Na2WO4.2H20) was dissolved in 20 ml water separately
and dropwise added to the previous solution. The solution was stirred for 30 mins to achieve
homogeneity. Then the solution was transferred to Teflon-lined stainless-steel autoclave of
capacity 100 ml. The autoclave was put in a furnace 180 °C for 24 h for hydrothermal treatment.
After the reaction, the yellowish-white powder was collected and centrifuged at 12000 rpm for
10 mins. Then the powder was retrieved and washed with DI water and ethanol and kept at
oven at 70 °C for 24 h for drying. The dried powder was then calcined at 800 °C under nitrogen
(N2) atmosphere for 5 h to achieve final product. Similar procedure was followed with variation
of EDTA concentration (viz, 0.0, 0.25, 0.50, 0.75 mmol) while other parameters were kept the
same. The as-synthesised nanomaterials without EDTA, with 0.0, 0.25, 0.50, 0.75 mmol EDTA
were named as NTMO-EO, NTMO-E1, NTMO-E2 and NTMO-E3, respectively. The

schematic diagram of the synthesis procedure is illustrated in Fig. 6.1.
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Fig. 6.1. Schematic diagram of the synthesis procedure of NaTb(MOQa4). nanoparticles.
6.2.3. Characterization techniques

X-ray diffraction (XRD) study of the as-synthesized nanomaterials patterns using X’pert
Pro MPD XRD PANalytical diffractometer in the range 26= 10°-80° with nickel filtered Cu-

K. radiation of wavelength, 2=0.15404 nm. For elucidation of crystal structure and crystal

206



parameters of the nanomaterials, Rietveld refinement was conducted based on XRD data using
FullProf suit software. The micrographs of morphological structure of the materials were
captured by field-emission scanning electron microscopy (FESEM) (Carl Zeiss make Supra 35
VP microscope) of 10 kV accelerating voltage. Presence of different functional groups in the
prepared nanomaterials was confirmed utilizing Fourier Transform Infrared (FTIR)
spectrometer (Nicolet 380). Raman spectra and Photoluminescence (PL) spectra of the samples
were recorded using a Jobin Yvon HR800 confocal Raman system (756 nm laser beam) and a
fluorescence spectrophotometer (PL, F-7000, Japan). UV-Vis absorption spectra was recorded
at room temperature using Shimadzu UV-Vis-NIR spectrometer (UV-3600). Gas sensing
measurement was conducted using Agilent 34461A digital multimeter interfaced with Keysight
Bengvue software. For the study of elemental composition of the as-synthesised materials, X-
ray photoelectron spectroscopy (XPS) was employed (PHI 5000 Versa Probe 11 scanning XPS
microprobe ULVAC-PHI, U.S) equipped with monochromatic AlKa (hv=1486.6 ¢V) source.

6.2.4. Fabrication of gas sensors using NaTb(MOa4)2 nanomaterials

For the study of gas sensing property, chemiresistive type sensors were fabricated using of
NaTb(MO4). nanomaterials. Taguchi type sensors were prepared using hollow cylindrical
substrates of alumina of dimension, 3.5 mm (height) x1 mm (outer diameter) x 0.5 mm (inner
diameter). Pt electrodes were added to each end of the alumina substrate with conducting gold
paste. To make the sensor film coating, 5mg quantity of the materials were grinded well with
isopropyl alcohol to form a slurry paste. When the slurry achieved consistency of requirement,
6 pL of the slurry was taken and drop coated on the outer surface of the alumina substrate.
Then, the coated substrates are kept in oven of 120 °C for 6 h so that all the solvents evaporate.
After this, the sensor substrates were wielded on a six-pin module with double mesh on top
(200 mesh each). Ni-Cr alloy wire was inserted inside the hollow of the alumina tube and
wielded with the two pins of the six-pin module. This Ni-Cr wire is required for heating up the
sensor surface by applying voltage across it. These two pins of the socket is connected with a
voltage source to regulate the temperature by changing the voltage. And other two pins were
connected with a multimeter interfaced with a continuous data logging computer software to
record the change in resistance of the sensors. Following the same manner all the sensors using
the as-synthesised materials were prepared. For the gas sensing measurement study, the
commercially available gas cylinders of 100 ppm concentration balanced in air were purchased

from market. The required concentration for the sensing measurements were prepared by

207



mixing dry N2 gas using a mass flow controller (MFC)[34]. The response was calculated using
eq. (1),
S:M (l)

Rair
where R, is the resistance of the sensors in presence of target gas, and R,;, is the resistance
of the sensors in presence of air. The response and recovery times of the sensors were calculated
by calculating the time taken by the sensor to reach 90% of the equilibrium-state resistance
when the sensor is exposed to the target gas and when the target gas is removed, respectively.

6.2.5. Calculation using ab initio density functional theory (DFT)
First principle calculation based on density functional theory (DFT) was carried out to gain
insight about optoelectronic property and band structure of NaTh(Mo0Qa4)2. Spin-polarised band
structure, partial density of states (PDOS) and total density of states (TDOS) of all the
NaTb(Mo0Os). samples were calculated using Vienna ab-initio Simulation Package (VASP) by
implementing the plane wave pseudo-potential basis and Perdew-Burke-Ernzerhof (PBE)
approximation exchange-correlation potential. To achieve convergence, the plane wave basis
with cutoff energy 520 eV and a 5 x 5 x 2 Monkhorst-Pack mesh was employed for sampling
the Brillouin zone. For the calculations, the Hellmann—Feynman forces applied on each atom
and the EDIFF parameter were set to 0.015 eV/A and 10 eV, respectively.
For the understanding of gas sensing mechanism, the adsorption energy of formaldehyde
(HCHO) on the slab surface was calculated. A vacuum region of 20 A was considered for
avoiding the interlayer interactions along z-axis. To attain convergence, 520 eV cut off energy,
3 x 2 x 1 Monkhorst-Pack mesh and fixed 10 eV of EDIFF were employed. To gain insight
on the adsorption mechanism, isolated HCHO molecule was modelled above the cleaved, most
exposed (1 1 2) surface, with the molecule positioned at the centre of the unit cell in two
configurations: vertical and horizontal. The adsorption energy of HCHO on the NaTb(MoOa4)2
slab surface was calculated using eq. (2) as follows, to understand the influence of defect on
HCHO sensing activity of NaTb(Mo0Qa)2,[35]

Eads = Estab + gas — (Estab + Egas) (2)
Here Esiab, Egas, Esiab + gas, indicate the total energy of the slab, total energy of the slab with gas,
energy of isolated HCHO gas molecule. According to the definition, negative binding energy

indicates an exothermic reaction.
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6.3. Results and discussion

6.3.1. Crystallographic structure and morphological analysis

XRD spectra analysis was utilised to determine the phase and structure of as-synthesized
NaTb(MoO.)2 nanoparticles. Fig. 6.2 represents the XRD patterns of NaThb(MoOa):
synthesized without EDTA (NTMO-EO) and with varying concentration of EDTA (NTMO-
E1l, NTMO-E2 and NTMO-E3). The patterns are analysed using X’pert HighScore Plus
software and all of the patterns matched well with the ICDD card number 00-027-1422 and all
of the patterns exhibit to tetragonal phase belonging to the space group 141/a (88). All the
materials showed highly crystalline nature. No impurity peaks were observed in all the samples
indicating phase purity of the as-synthesised NaTb(MoOas). nanoparticles. The average
crystallite size of the samples was calculated using Debye-Scherrer formula as given in eq. (3)

The strain (&) was calculated using eq. (4),

KA
b= Lcos6 (3)
_ B
€= Ten (0) (4)

Where, D represents crystallites size, K is shape factor with a value of 0.89, A is the wavelength
of the X-ray source (here, 0.15406nm), § is full width at half maximum (FWHM) of the
diffraction peak for the diffraction angle 26, and 6 is the Bragg angle. The as-calculated of
crystallite size are ~38 nm, 37 nm, 35 nm and 30 nm, for NTMO-EO, NTMO-E1, NTMO-E2
and NTMO-E3, respectively. The values of lattice strain (¢) for the samples were found out to
be 0.0039, 0.0039, 0.0041, 0.0048 for NTMO-EO, NTMO-E1, NTMO-E2 and NTMO-E3,
respectively. From the results it is clear that addition of EDTA during the synthesis process
the crystallite size decreased gradually from NTMO-EO to NTMO-E3. Additionally, the
increase in the lattice strain value with increased EDTA concentration also indicates structural

distortion in the system.
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Fig. 6.2. XRD patterns of NTMO-EO, NTMO-E1, NTMO-E2, NTMO-E3 and NaTh(MoOQa).
ICDD pattern of card number 00-027-1422.

Rietveld refinement is a useful tool to obtain information about long range structural long range
structural order-disorder of a system. Lattice parameters, unit cell volume, bond lengths and
angles between (Mo-O)/(Na/Th-O) were studied utilizing the refinement technique by
analysing the XRD data of tetragonal phase of NaTh(Mo00Oa4)2. The refinement of the peak shape
was done using the 141/a space group and Pseudo-Voigt profile function with asymmetry. The
background data was refined using linear interpolation. During the refinement, the atomic
positions of O were refined. The calculated data were in good agreement with the
experimentally observed data indicating the credibility of the crystal structure, as can be seen
from 2 value and Rp, Rwp. The observed and refined XRD pattern of NaTh(MO4), samples are
displayed in Fig. 6.3(a-d). The refined structural parameters are summarised in Table 6.1. The
unit cell of NaTb(MoOa)2 is visualized using the crystal parameters obtained from Rietveld
refinement using VESTA software (as displayed in Fig. 6.3e). The crystal structure consists of
randomly distributed Na* and Th3* atoms at same 4b sites and coordinated to eight adjacent O
atoms forming (Na/Ce)Og polyhedral that are connected to MoOs tetrahedra where Mo
occupies 4a site. The lattice parameter a is observed to increase gradually from NTMO-E1 to
NTMO-E3. Two bond different bond lengths of Na/Th-O noted as dinartb - 0y and donamh - o)
were formed which indicates the distortion in (Na/Th)Os polyhedron. Two bond angles noted

as a 1(0-mo-0) and o 2(0-mo-0) Were formed. The bond length of Mo-O was found to increase
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monotonously as 1.78813, 1.82054, 1.827 and 1.859, for NTMO-EO to NTMO-ES3,

respectively. This suggests that the distortion in MoOg tetrahedra increases with increase

amount of EDTA. This corroborates with the increasing trend in calculated strain (¢) value of

lattice (as given in Table 6.1).
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Fig. 6.3. The observed and refined XRD pattern of NaTb(MOa4), samples (a) NTMO-EO, (b)
NTMO-E1, (c) NTMO-E2 and (d) NTMO-E3, (e) unit cell of NaTb(MoOa). tetragonal

structure.
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Table 6.1 Refined parameters of NTMO samples obtained from Rietveld refinement method

using FullProf suite software.

Parameters NTMO-E0 | NTMO-E1 | NTMO-E2 | NTMO-E3
Lattice a=b(A) | 5.22570(13) | 5.21890(12) | 5.21929(13) | 5.22173(15)
parameters c(A) 11.4054(5) | 11.3997(5) | 11.4037(5) | 11.3945(6)
Unit cell vol. V(A% | 311.458(17) | 310.494(16) | 310.648(18) | 310.69(2)
Bond length | dinamo_o) | 2.33599(7) | 2.29378(6) | 2.346(11) | 2.342(10)
A) dovarmo_o0) | 2.63101(6) | 2.63597(6) | 2.509(10) | 2.477(9)

Mo-O 1.78813(5) | 1.82054(5) | 1.827(11) | 1.859(10)
Bond angle °) | @ 1omo0) | 113.2989(15) | 113.9096(15) | 110.5(7) | 111.2(6)
@ 20m0e0) | 102.061(3) | 100.918(3) | 109.0(4) | 108.6(3)

Rp (%) 3.76 3.56 3.68 3.57

Rwp (%) 4.97 4.67 4.69 4.66

Rexp (%0) 3.63 3.69 4.01 3.65

v 1.87 1.60 1.37 1.63
Crystallite size (nm) 38 37 35 30

Lattice strain () 0.0039 0.0039 0.0041 0.0048
Exp. band gap (Eg) (V) 1.89 1.87 1.83 2.00
Theo. gap (Eg) (eV) 3.02 2.64 1.29 2.68

Morphological structure of the NaTb(Mo00O4)2 samples was investigated using the field
effect transmission microscopy (FESEM). FESEM image of the as-synthesized samples, are
shown in Fig. 6.4(a-d), reveal that agglomerated nanoparticles were formed. There is no clear
visible boundary between these nanoparticles. With increase in EDTA amount, the
agglomeration in the nanoparticles reduced visibly and particles became smaller in dimension.
The energy dispersive X-ray (EDX) analysis confirmed the elemental presence of Na, Th, Mo

and O in the sample (Fig. 6.4e).
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Fig. 6.4. FESEM micrograph of as-synthesised (a) NTMO-EOQ, (b) NTMO-EL, (c) NTMO-E2
and (d) NTMO-ES3, respectively. (e) EDS spectra of NTMO-E3.

6.3.2. Spectroscopic analysis of defects and electronic property

Room temperature FTIR and Raman spectra of the samples were taken to obtain
information about degree of structural order-disorder in the scheelite type NaTb(MoOs).
samples of space group 141/a. According to the group theory, there are 26 vibrational modes
present in the tetragonal double molybdate structure. The possible optically active modes in
Raman (R) and infrared (IR) spectra are given in eq. (5),

[ = 3Ag + 5Bg + 5Eg + 5A, + 3B, +5E,  (5)

where A, + E, are acoustic modes, 2B + 2E; + A, + E,, are translator lattice modes, Az +

Eg+ B, + E, are rotatory lattice modes, and 2A, + 3B + 2E,; + 3A, + 2B, + 2E, are
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internal vibrations of MoO~ tetrahedra [36]. The odd vibrations, 4A, and 4E, are IR active

and the even modes, 3A4, 5B, and 5E,, are Raman active. The 3B, modes are silent, whereas,

1A, and 1E, are acoustic modes. [37]

The FTIR absorbance spectra of the NaTb(MoO4), samples in the range 400-1000 cm™ are
presented in Fig. 6.5(a-d). As reported by Thongtem et al., v3(F2) stretching and va(F2) bending
modes are IR active modes.[38] All the tetragonal NaTb(MoQOs). samples exhibited broad
peaks of Mo-O bond in 650-950 cm™ region. This broad characteristic absorption band is due
to vibration coupling of long Mo-O bonds [39]. This broad peak was deconvoluted with
Gaussian peaks centred at 906, 854, 804 and 708 cm™. The peak at 906 cm™ is ascribed to
symmetric stretching vibration of Mo-O bond in MoOs tetrahedra.[40] The absorption peaks
situated at 854 cm™,804 cm™ and 708 cm™ are corresponding to anti-symmetric stretching
vibrations [vs(F2) mode] of the MoO3~ tetrahedron.[40] A weak absorption peak centred at
440 cm™ was observed in all the samples which is due to Mo-O asymmetric bending vibrations
of va(F2) mode. These two bands are characteristics of scheelite-type double molybdates with
tetragonal structure [41]. The peak positioned at 531 cm™ is ascribed to interaction of Tb-O
coordination.[42,43] The summary of deconvolution of FTIR spectra is listed in Table 6.2. It
is known from bond length-stretching frequency corelation that the bond length decreases with
vibrational frequency. Therefore, it can be concluded from the peak positions that, the lower
wavenumber modes (440, 854, 804 and 708 cm™) correspond to distorted MoPQy4 tetrahedra
and the modes with higher wavenumber (907 cm™) correspond to regular MoROy4 tetrahedra.
As calculated from the area under the curve, the area percentage of MoPOQ; is increasing as
87.16, 87.22 and 87.61 from NTMO-E1 to NTMO-3, implying increasing distortion in MoQOa4
tetrahedra from NTMO-E1 to NTMO-E3. This result corroborates with the XRD refinement

parameters of the samples (as given in Table 6.1).

214



-
o

Intensity (a.u.)

Intensity (a.u.)

e
A
L

e
=)

400

e
0
L

e
=
L

—— NTMO-EO raw data
Cumulative Fit Peak

}/

(a)

600 700 800
Wavenumber (cm-1)

500

900 1000

e
©
L

s
=
L

=
P
L

——NTMO-E2 raw data
Cumulative Fit Peak

J

(c)

600 700 800
Wavenumber (cm-1)

500

900 1000

Intensity (a.u.)

Intensity (a.u.)

o
=)
L

e
o
1

o
=
L

e
)

0.0
400

—— NTMO-E1 raw data
Cumulative Fit Peak

(b)

/

600 700 800
Wavenumber (cm-)

500 900

—— NTMO-E3 raw data
Cumulative Fit Peak

(d)

600 700 800 900

Wavenumber (cm-1)

500

1000

1000

Fig. 6.5. Deconvoluted FTIR spectra of (a) NTMO-EO, (b) NTMO-E1, (c) NTMO-E2, (d)
NTMO-E3, respectively, recorded at room temperature.

Table 6.2 Details of peaks obtained from deconvolution of FTIR spectra.

Sample Wavenumber Area (cm?) Total area Intensity | MoPOg4
name (cm™) (A1+A2+As+Ag) (%) (%)
NTMO- 708.54 22.72 155.77 14.58 87.34
EO 804.38 88.39 56.74
854.44 24.94 16.01
907.19 19.72 12.65

NTMO- 708.11 23.98 157.37 15.23 87.16
E1l 804.78 89.81 57.06
856.32 23.38 14.85
907.28 20.20 12.83

NTMO- 708.42 32.33 163.20 19.81 87.22
E2 804.53 85.19 52.19
856.57 24.83 15.21
906.67 20.85 12.77

NTMO- 707.98 27.92 163.12 17.11 87.61
E3 799.52 87.96 53.92
856.61 27.04 16.57
907.86 20.20 12.38
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The 13 active Raman modes of Scheelite structures are given in eq. (6),
Traman = 344 + 5B, + 5E, (6)

Among these thirteen modes, seven are internal vibrational modes and rest are external
vibrational modes [44]. As shown in Fig. 6.6a the spectra it is evident all samples show similar
characteristics of Raman spectra. The spectra of all the samples consist of three bands of Raman
mode regions: 50-240 cm?, 250-500 cm™, and 660-1000 cm™, where peaks in lower
wavenumber range of 50-250 cm™ are associated with external vibration modes and peaks in
the range of 250-1000 cm™ are related to internal vibration modes [45]. The wide gap in the
range 450-750 is similar to CaMoOQ4 [46]. The peaks in the range 700-900 cm™ are correlated
to Mo-O symmetric and asymmetric stretching vibration (v1 and v3) of MoO%~ tetrahedra [47].
With the increment of EDTA amount the intensity of the corresponding Raman peaks centred
at 834 cm™ was observed to increase monotonously from NTMO-E1 to NTMO-E3, which is
directly correlated to distortion of MoO3 ™~ tetrahedra and corroborates with the XRD refinement
and FTIR spectra analysis. The peaks centred at 320 and 394 cm™ correspond to O—-Mo-O
symmetric (v2) and asymmetric bending (v4) modes of the tetrahedron. The peaks around 88-
100 cm are correlated to translations and liberations (v,,.) of MoO%~ and Na-O/Th-O bond
stretching [48]. Similar observation in Raman spectra was reported in NaY(MoOs). [47] and
NaCe(Mo00s)2 [48]. The vibrational mode of Raman spectra of NaTh(MoOa4)> samples with
highest relative intensity was observed at around 886 cm™ which belongs to the symmetric
stretching (v1) of MoOZ%~ which is in correlation with simple scheelite as reported in literature
SrMo0O4 [49]and PbMoO4 [50]. The Raman spectra of NTMO-E3 is fitted with fifteen Gaussian

sub-peaks for clear understanding of the modes Fig. 6.6b.
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Fig. 6.6. (a) Raman spectra of all samples. (b) Deconvoluted Raman spectra of NTMO-E3 with

all peaks identified with numbers from 1 to 15.
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Local electronic environment and valence band structure are affected by disorder
induced by the presence of Vo in the system. Therefore, to gain information about Vo-induced
surface electronic structure of the system and valence states of the constituent elements Na, Tb,
Mo and O, XPS have been employed. All the recorded binding energy data have been corrected
with respect to adventitious carbon peak C 1s with binding energy at 284.6 eV arising from
environmental carbon. XPS survey scan spectra of all samples are given in Fig. 6.7a. In which
peaks of Na, Th, Mo, C and O were detected. The narrow scan spectra of Mo 3d consists of
two peaks at ~232.3 eV and ~235.5 eV correspond to orbital electrons of Mo 3ds2 and Mo 3dzp
of Mo®*, respectively, as displayed in Fig. 6.7b. The peaks were deconvoluted in four sub-
peaks M, (231.8 eV), My (232.4 eV), M (234.8 eV), M4 (235.5 eV), correspondingly. Here, the
peaks M. and M. are correlated to disordered tetrahedra MoPO, and the peaks My and Mg are
correlated to regular tetrahedra, MoROa. The energy difference between 3ds2 and 3ds. of
MoPO4 (~2.7 eV) is observed to be lesser than that of MoRO4 (~3.1 eV), which suggests the
influence of local field that is generated from Vo upon coupling of spin-orbit. As calculated,
the weighted percentage of MoPO4 has increased monotonously as 22.5%, 28.46%, 36.1% for
NTMO-E1, NTMO-E2 and NTMO-E3, respectively, which corroborates well with the findings
of XRD, Raman and FTIR analysis results. The narrow scan of Tb 3d were deconvoluted into
two doublet peaks located at ~1241.5 eV and ~1275.9 eV which correspond to spin orbit
splitting Th 3ds; and Th 3ds, of Th®*, respectively (shown in Fig. 6.7c). Tb 3ds peak was
deconvoluted into two subpeaks namely, Tha (1239.3 eV) and Thy (1242.0 eV), similarly, Th
3ds2 was deconvoluted into The (1274.6 eV) and Thq (1276.4 eV). Tha and Thc can be ascribed
to regular and Thy and Thq can be ascribed to distorted ThOg polyhedron. The ratio of distortion
was calculated from the area under the peaks. The calculated values are 0.79, 1.12, 1.03, 1.44,
indicating distortion in the system. [51] The narrow scan XPS spectra of O 1s of all the samples
exhibited asymmetric nature (shown in Fig. 6.7d). The peaks were deconvoluted into two
components indicating that there are two species of oxygen present in the samples at ~530.0
eV and ~531.8 eV, which correspond to lattice oxygen (namely, OL) and adsorbed surface
hydroxyls associated with Oz(ads) on the surface (namely, chemisorbed oxygen Oc). The Oc
is positively correlated with presence of detect in the system. The as calculated concentration
ratio of Oc/ Oc is observed to gradually increase as 0.20, 0.27, 0.30 and 0.32 for NTMO-EQ,
NTMO-E1, NTMO-E2 and NTMO-E3, respectively, indicating increase in defect oxygen
content in the samples. The summary of XPS analysis is given in Table 6.3.
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Table 6.3 Details of peaks obtained from deconvolution of Mo 3d and O 1s XPS spectra.

Samples Element Binding energy | Area percentage Ratio
(eV)
NTMO-EO | Mo | Mo 3ds 232.0 (Ma) 14.5 (MoPO,) MoPO4/ MoRO4
232.3 (My) 42.6 (MoROa) =0.35
Mo 3dss 235.0 (M) 12.9 (MoP0Oy)
235.5 (Mq) 34.5 (MoROy)
0 OL 530.1 83.1 Oc /0L
Oc 532.1 16.9 =0.20
Mo | Mo 3dsp 231.8 (Ma) 11.0 (MoPO,) MoPO4/ MoRO4
NTMO-E1 232.4 (Mp) 45.8 (MoROy) =0.28
Mo 3daz 234.9 (M) 11.5 (MoP0Oy)
235.5 (Ma) 32.1 (MoROy)
0 OL 530.0 78.6 Oc /0L
Oc 531.3 21.4 =0.27
NTMO-E2 | Mo | Mo 3ds 231.9 (Ma) 13.3 (MoP0y) MoPO4/ MoRO4
232.4 (Mp) 41.7 (MoROy) =0.39
Mo 3dzp. 234.6 (M) 15.1 (MoPOs)
235.5 (Ma) 29.6 (MoROa)
0 OL 530.1 76.5 Oc /0L
Oc 531.6 23.4 =0.30
NTMO-E3 | Mo | Mo 3ds 231.8 (Ma) 18.2 (MoP0O,) MoPO4/ MoRO4
232.4 (Mp) 38.0 (MoR04) | =0.52
Mo 3dzp. 234.9 (M) 17.6 (MoPOs)
235.5 (Mq) 31.5 (MoR0y)
0 OL 530.0 75.8 Oc /0L
Oc 531.3 24.2 =0.32

6.3.3. Analysis of optical properties

UV-Vis absorbance spectra of the NaTb(Mo0Oas), samples were captured at room
temperature, displayed in Fig. 6.8a. All samples exhibited good optical absorption in the visible
wavelength region with absorption edge 2A>400 nm. The optical bandgap (Egap) of the samples

were estimated using the Kubelka-Munk equation given as following eq. (7),
ahv = C;(hv — Eg,p)" (7)
Where a is linear absorption coefficient, hv is photon energy, C; is absorption constant and

n is a constant associated with the type of electronic transition of the semiconductor n =
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%,Z,Eand 3 for direct allowed, indirect allowed, direct forbidden and indirect forbidden

transitions, respectively. [52] All the NaTb(MoOa4). samples exhibited direct allowed electronic

transition, which is consistent with the reports in literature. [53] The direct bandgap values, as
calculated using n = % are 1.89 eV, 1.87 eV, 1.83 eV and 2.00 eV of NTMO-EO, NTMO-EL1,
NTMO-E2 and NTMO-E3, respectively. As observed, the bandgap energy values shifted
gradually to visible region from NTMO-EO to NTMO-E3. The decrease in the band gap values

in the samples with increasing EDTA amount is ascribed to formation of localised states within
the bandgap originating from structural defects in the system.[54]

-
=]

I(b)

[

1()

- e & @
o N @ W
N =

f 1

s
=

Absorbance (a.u.)
=
(cthv)? (eVicm)?
w
(ahv)? (eViem)?
e v e r v e

/
200 300 400 500 600 700 8o 00 05 10 15 20 25 30 35 40 00 05 10 15720 25 30 35 40

Wavelength (nm) Energy (eV) Energy (eV)
12

(d) “Tte)

=
=}

@
@
1

@

(ahv)? (eViem)?
o

(ahv)2 (eViem)?

&
1

7 183 eV

0 T T r T r r T T T T T T T
00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30 35 40
Energy (eV) Energy (eV)

N
~
L

Fig. 6.8. (a) UV-Vis absorbance spectra of all samples taken at room temperature. The

Kubelka—Munk plot of (b) NTMO-EO, (c) NTMO-E1, (d) NTMO-E2, (e) NTMO-E3,
respectively.

The photoluminescence excitation spectra (PLE) of all samples were recorded at
emission wavelength Aem = 545 nm at room temperature (as presented in Fig. 6.9). The
excitation spectra of all samples showed broad asymmetric spectra with very high intensity in
the range 260-290 nm that corresponds to charge transfer (CT) due to O*—Mo®/Th%*
transition. The high intensity of CT band in the excitation spectra indicates effective energy
transfer from MoO3~ to Th®" ion.[26] The charge transfer band (CTB) of the samples are
displayed in Fig. 6.9(a-d). For better understanding of the charge transfer mechanism the broad

CTB bands of the samples were deconvoluted into two peaks centred at 270.03 nm and 273.56
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nm correspond to the charge transfer from O?—Tb3" and O>—>Mo®*, respectively. As

calculated from the area under the deconvoluted peaks, the areal ratio of two peaks (@) are
0-Tb

0.56, 1.02, 1.32 and 5.47 for NTMO-EO, NTMO-E1, NTMO-E2 and NTMO-E3, respectively.
This implies, in the sample NTMO-EOQ the energy transfer is dominated by O*—-Tb**, with
increase in EDTA in the system, as the disorder increased, the O>—Mo®* charge transfer
process started to dominate. In the maximum disordered (MoOs tetrahedra) system, the energy
was firstly adsorbed by MoOZ~ then it is transferred to Tb®" non-radiatively, after that the
energy is emitted by Th3".[55] Fig. 6.9(e-h) shows magnified PLE spectra in the range 300-
370 nm. As observed, all samples exhibited broad peak at wavelength region 300-370 nm.
Careful deconvolution of the peaks revealed that it consists of three sub-peaks which
corresponds to the intra-configurational partially forbidden f-f transitions within Tb3* having
418 electron configuration. The peaks positioned at ~320 nm, 336 nm and 351 nm are attributed
to transition from ground state (“Fs) to different higher energy states of Th%*: °Dg (319 nm), °G;
(340 nm), °D, (352 nm), respectively. [56-58] The most intense PLE peak observed at
approximately 330 nm was utilized as the excitation wavelength for recording the
photoluminescence (PL) spectra. The weak peak recorded ~400 nm is ascribed to 'Fg— °Da.
[59] The peaks of weak intensity in the range 420-500 nm are ascribed to "Fs— °Dj transition
of Tb*3. [58] From the literature survey it can be concluded that the measured PLE spectra of

NTMO samples are not sharp because of distorted structure of the systems.[60]
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Fig. 6.9. (a-d) Charge transfer band and (e-h) Room temperature PL excitation spectra of all

samples recorded at Aem = 545 nm.

Room temperature PL emission spectra of NaTh(MoOs). samples were recorded at
excitation wavelength Aex = 330 nm, and the normalised PL intensities are shown in Fig. 6.10(a-
d). The PL spectrum of all samples exhibited group of spectral lines in the spectral region of

400-600 nm. The low intensity peaks observed at ~407 nm and 435 nm correspond to °D3—Fs
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transitions. The weak emission peaks located in blue region at 470 nm and 490 nm are assigned
to °Ds—'Fs transition. The most prominent emission peak was observed in the green region
547 nm which corresponds to characteristic °Ds—’Fs magnetic dipole allowed transition (AJ=1)
of Th%. Fig. 6.11(a-d) represents the normalised intensity of peaks in the range 510 nm-565
nm. Interestingly, the luminescence intensity of peaks corresponding 547 nm was Stark split in
to two peaks.[61] The deconvolution of the peaks revealed two peaks with centre: at 530 nm
with full width at half maximum (FWHM) of 8.6 nm, 8.4 nm, 10.2 nm, 9.1 nm and at 547 nm
with that of 10.8 nm, 11.6 nm, 12.6 nm, 9.8 nm. The systematic change in the peak intensity at
530 nm with respect to the peak 547 nm was observed. This split in the PL band can be
attributed to distorting effect of the disorder in the system[61]. The luminescence intensity ratio
was calculated using the following eg. (8),

LIR _ I(5D4_ 7F5)530 (8)

I(5D4_ 7F5)547

Where 1(5p, — 7g,)s30 and I(5p, — 75, )s47 are the intensity of the peaks at 530 nm and 547
nm, respectively. The calculated LIR values are 0.944, 0.532, 0.786, 1.164 for NTMO-EQ,
NTMO-E1, NTMO-E2 and NTMO-E3, respectively. The gradual increase in LIR indicates that
the disorder in the NTMO-E3 system is maximum. The weak emission band recorded at 571
and 590 nm are due to °Ds—'F4 transitions of Th®". These observations are in accordance with
the literature. [56,58,62-64] Bar diagram of normalized PL intensity of all samples are

displayed in Fig. 6.11e.

The calculated values of Commission International de I’Eclariage (CIE) chromaticity
coordinates of NaTh(Mo0Oa4)2 samples are given in Table 6.4, which indicates the green region
as shown in Fig. 6.11f. As seen from the Table 6.4, all the coordinates are located on the green
region which correspond to the emission peak at 547 nm. The colour purity (CP) of the samples
were calculated using the eq. (9) given as follows [65],

_ JE=x)2+ (Y — )2
(b= Joa —x2r Gazy? 100 % ©

Where, (x,y) indicates the CIE coordinate of the samples, (xi, yi) indicates the illuminate point
of the CIE standard score with colour coordinates (0.3101, 0.3162), (Xq, Yd) indicates the colour
coordinate of the dominant wavelength. The correlated colour temperatures (CCTs) of the

NaTb(MoOs). samples are calculated using the McCamy relation as given in eq. (10) [66],

CCT = 449n® + 3525n% + 6823.3n + 5520.3 (10)
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(x — 0.3320)

; (X, y) represents as chromaticity coordinate. The calculated CP and
(y — 0.1858)

Where, n =

CCT values are listed in Table 6.4. The results of the calculation indicate that NaTh(Mo00Oa)2

samples can be potential candidate for solid state lighting.

Normalised

(a) *D—'Fs

*D,~F
| ——NTmo-Eo (b) n

T —nNmMo-E1

-
o
=
o

e
=

ot

©
1

EDAﬁTFs

e
IS

e

'S
1

*D,—F,

1 %D;—F, |°Bs'Fs °D,—"F,

0.0 /\’\ 0.0

400 425 450 475 500 525 550 575 600 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

e
I

Normalised Intensity (a.u.)
o
9

Normalised Intensity (a.u.)

d) °D,—'Fs

(c) D,—F,
NTMO-E3

1——NTMo-E2

-

(=}

=

=}
1

e

=

e

©
1

°D,—7F; %D, 7F,

o
IS
I
»
1

sDaﬁT Fs

o
Y
1

D—F,s

/V\ 0.0

400 450 500 550 600 400 425 450 475 500 525 550 575 600
Wavelength (nm) Wavelength (nm)

Normalised Intensity (a.u.)
Normalized intensity (a.u.)

Fig. 6.10. Room temperature PL emission spectra of (a) NTMO-EO, (b) NTMO-E1, (c)
NTMO-E2 and (d) NTMO-E3 recorded at 330 nm.

Table 6.4 List of CIE co-ordinates of NaTb(MoOs). samples in this work.

Materials name CIE coordinate CP (%) CCT (K)
X y
NTMO-EO 0.247 0.539 54 7373
NTMO-E1 0.225 0.456 39 8303
NTMO-E2 0.229 0.521 53 7963
NTMO-E3 0.224 0.471 41 8634
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6.3.4. Gas sensing properties of NaTb(MoOa4)2 nanoparticles

Gas sensing phenomena of semiconductor metal oxides relies on the gas-solid interaction
between the sensing material and the target analyte molecules at the sensor surface. This
surface phenomena relies on the presence of defects such as, Vo on the surface. Vo act as active
sites for gas adsorption as they can trap free electrons (e’) and can create donor level within
the bandgap E4.[67] Moreover, at high temperature, Vo enable ionic conductivity which is

beneficial for chemiresistive type sensor operation.[68] Thus, having abundant Vo on the
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surface of sensing material increases the availability of electrons that take part in the chemical
reactions involving the target gas molecules. Vo also contributes in enhancing adsorption of
atmospheric oxygen molecules on the sensor surface generating oxygen-ion species, 0%,
described by following equation, 0,(gas) + e~ < 03 (ads) . [69] From structural analysis
we have found the presence of Vo in NaTb(Mo00Q4)> samples. Moreover, from the analysis of
XPS spectra of the prepared NaTh(Mo0Oa)2 nanoparticles, the presence of chemisorbed oxygen
species (Oc) in the samples were detected, which is beneficial for the adsorption of target gas
molecules. Therefore, to validate the influence of Vo on sensing performance of NaTb(MoOa)2
based sensors (namely, NTMO-EO, NTMO-E1, NTMO-E2 and NTMO-E3), detailed gas
sensing measurements have been carried out. As reported in literature, the surface redox
reaction between semiconductor metal oxide-based sensing material and the target analytes
such as formaldehyde (HCHO), acetone (CH3COCHS3), ethanol (C:HsOH), methanol
(CH30H), ammonia (NHz) and isopropyl alcohol (C3HgO) facilitated by surface ionised
oxygen species 05 (ads) can be presented by following eq. (11-16),[34] [70] [71]

HCHO(gas) + 05 (ads) < H,0(gas) + CO,(gas) + 2e~ (12)
CH3;COCH;3(gas) + 805 (ads) < 3H,0(gas) + 3C0O,(gas) + 8e~ (12)
CH;CH,0H(gas) + 05 (ads) « 2H,0(gas) + C,H,0 + 2e~ (13)
CH;0H(gas) + 05 (ads) < 2H,0(gas) + CO(gas) + 2e~ (14)
4NH;(gas) + 303 (ads) < 6H,0(gas) + 2N,(gas) + 3e~ (15)
C3;HgO(gas) + 905 (ads) < 4H,0(gas) + 3C0O,(gas) + 18e~ (16)

To validate the gas sensing ability of NaTb(MoOs). nanoparticles, at first, the optimum
temperature for the maximum gas sensing performance was determined. As, NaTb(Mo0OQa4)
nanoparticles are semiconductors in nature, they need elevated temperature to gain more
majority charge carriers in the conduction band. Therefore, the sensors were tested for their
sensing performance in presence of 100 ppm of different target analytes (Acetone, ethanol,
formalin, ammonia, methanol, isopropyl alcohol). The sensors exhibited p-type formaldehyde
sensing activity. The optimization of operating temperature for formalin sensing was
determined by recording the formalin sensing response in the operating temperature 150-300
°C, as shown in Fig. 6.12a. The NTMO-EO sensor showed no sensing activity in 150-300 °C
operating temperature range and it showed very high resistance value in presence of air.
Whereas, NTMO-E1, NTMO-E2, NTMO-E3 sensors showed gas sensing activity.

226



Thtemperature calibration curve (Fig. 6.12a) of NTMO-E1, NTMO-E2 and NTMO-E3 showed
increase-maximum-decrease trend and maximum formalin sensing activity was observed at
180 °C operating temperature for all three sensors. This is because, gas sensing activity is
influenced by adsorption and desorption kinetics of the target gas. Below this temperature, due
to lack of energy the gas adsorption process is not initiated, therefore resulting in lower
response value. While at optimum temperature, the adoption rate of target analyte is greater
than desorption rate. Above optimum temperature, the desorption process dominates, therefore,
sensing value decreases. Fig. 6.12(b-d) shows dynamic response curve of NTMO-E1, NTMO-
E2 and NTMO-ES3 for different concentration of HCHO at 180 °C. The response value of the
sensors gradually increased with increasing gas concentration. The response performance of
the sensors also increased monotonously from NTMO-E1 to NTMO-E3, while NTMO-E3

showed highest sensitivity (S = %) ~1.9,35,4.2,4.7,5.6 and 6.3t0 0.5, 1, 10, 50, 100 ppm

HCHO measured at operating temperature 180 °C. NTMO-E1 and NTMO-E2 sensors could
not detect HCHO concentration below 5 ppm whereas, NTMO-E3 detected HCHO down to
0.5 ppm with response value 1.9. This observation shows that increase in Vo and 2Vo defects
in the system may have contributed in the improved sensing performance of NTMO-E3. To
have more insight on the role of Vo on gas adsorption/desorption Kinetics, double logarithmic
treatment was used for the response data to fit the Freundlich gas adsorption model of the
semiconductors. The empirical equation for the metal oxide semiconductor-based gas sensors

can be presented as follows,
S, = aC’ 17)
g g
Or, log(S) =log(a) + B log (C) (18)

Where S, and C, are the response value and concentration of the target gas, o and B are
constants that is determined by the electrical charge of surface oxygen species and
stoichiometry of the surface reactions. [72] Fig. 6.12e displays Freundlich isotherm fitting of
the response data with linear regression of all sensors. The R? value for the fittings were 0.7915,
0.8264, 0.9059 and for the NTMO-E1, NTMO-E2 and NTMO-E3, respectively. This implies
the correlation between the response value and the gas concentration is best for NTMO-E3
sensor. It is reported that from the value of ‘B’ the chemisorbed oxygen species on the surface
can be deducted. If the value is ~0.5, the 0%~ species is adsorbed and when it is ~1, the adsorbed
species is O~. [73,74] For NTMO sensors, the calculated ‘B’ values are ~0.123, 0.158, 0.188
for NTMO-E1, NTMO-E2 and NTMO-E3, respectively, suggesting Vo facilitates generation
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of 02 species which is comparatively more unstable and energetic than other oxygen ion
species. Presence of large number of 02~ species in the samples account for high HCHO
response. Repeatability in gas sensing data was investigated for NTMO-E3 at 180 °C toward 1
ppm formalin (as shown in Fig. 6.12f). The sensor showed similar data for five consecutive
cycles of gas on and off proving its excellent short time stability. Selectivity is a crucial aspect
in gas sensing evaluation. Therefore, the selectivity measurement was done by comparing the
response to 100 ppm formalin to that of other interfering volatile organic compounds (viz.
acetone, ethanol, methanol, ammonia, isopropyl alcohol). As shown in Fig. 6.12g, all NTMO
sensors exhibited HCHO selectivity. Particularly, the NTMO-E3 sensor showed highest
selectivity toward HCHO with insignificant variation in resistance when exposed to 100 ppm

other target gases with response (S = Rgas) values 1.5, 1.4, 1.3, 1.6 and 1.2 for CH3COCHG,

Rair
C2HsOH, CH30H, NH3 and C3HgO, respectively. The influencing factor behind the selective
sensitivity toward HCHO is bond dissociation energy (BDE) of the target gases. When the
BDE of the functional groups present in the target gas is low, the gas molecule will be easier
to break at low operating temperature. As per literature, HCHO has comparatively lower BDE
364 kJ/mol in comparison with acetone (393 kJ/mol), ethanol (458 kJ/mol), methanol (439
kJ/mol), ammonia (435 kJ/mol), IPA (440 kJ/mol) [70,75,76]. Therefore, molecules at 180 °C
operating temperature reaction with the sensor surface and the HCHO gas will be easier. Fig.
6.12h displays response/recovery time of NTMO sensors for different concentration of HCHO.
As observed, NTMO-E3 exhibited ultrafast response and recovery time ~ 4.8s/ 32.2s to 100
ppm HCHO, this proves its suitability in practical application. Long term stability of the
sensors (NTMO-E1, E2, E3) were checked for 90 days, as shown in Fig. 6.12i the sensors
showed very stable data with negligible deterioration which proves the credibility of

NaTb(MO4). based HCHO sensor as real-time indoor air quality monitoring application.
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Fig. 6.12. (a) Temperature calibration curves NTMO-E1, NTMO-E2 and NTMO-E3 sensors.
Dynamic response curve of (b) NTMO-EL, (c) NTMO-E2, (d) NTMO-E3 sensor to formalin
concentrations at 180 °C. (e) Response values of sensors as a function of formalin concentration
(Inset: Isotherm fitting curve of all sensors with linear regression). (f) Short-time stability and
repeatability of NTMO-E2 sensor for 1 ppm formalin at 180 °C.(g) Selectivity toward 100 ppm
formalin against 100 ppm concentration of other gases at temperature 180 °C. (h) Response
and recovery times of NTMO-E1, NTMO-E2 and NTMO-E3 sensors for different
concentrations of formalin at 180 °C. (i) Long-term stability of response data of all sensors for
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6.3.5. Band structure and adsorption energy calculations using density functional theory
(DFT)

Ab initio calculation of the electronic structure of NaTb(MoOa)2 samples were caried out using
density functional theory to gain information about effect of disorder in the system on its optical
and gas sensing characteristics. Before going into the analysis of disorder effect, at first, band
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structure of the materials, PDOS of the elements present in the materials and total density of
states (TDOS) were calculated accordingly. Prior to the band structure calculation, the atomic
position was optimized, keeping the lattice parameters and symmetry same as the experimental
results of the refined unit cell of the materials obtained from the Rietveld refinement. The band
structure was calculated along high symmetry k-point within the Brillouin zone. Theoretically
calculated band gap values followed the trend as experimentally calculated band gap which
indicates good choice of exchange pseudopotential function. The valence band maximum
(VBM) was set to zero. The electronic band structure of NTMO-EOQ is displayed in Fig. 6.13a,
which shows that the sample exhibits band gap value, Eq~3.02 eV. As can be seen from the
Fig. 6.13a, valence band maxima (VBM) and conduction band minima (CBM) are situated at
I'-point, indicating direct band gap of the sample. The calculated partial density of states
(PDOS) of Na, Th, Mo, O and total density of states (TDOS) of NTMO-EO sample is shown
in Fig. 6.13(b-f), respectively. As observed, the upper part of VBM mainly consists of O 2p
orbitals, middle part of VBM consists with mixture of O 2p and Tb 4f — 4d orbitals and lower
part consisted with admixture of O 2p, Tb 4f and Mo 4d orbitals. While, the lower part of CBM
majorly contributed by Tb 4f orbitals and upper part of CBM O 2p and Mo 4f orbitals. From
here we can say that the electronic transition VB to CB is directly associated with MoO4
tetrahedron to TbOg polyhedron. Similarly, the band gap of NTMO-E1, NTMO-E2, NTMO-
E3 samples, Eq~ 2.64, 1.29 and 2.68 eV along with band structure, PDOS and TDOS are
calculated and shown in Fig. 6.14-16, respectively. The VBM and CBM both the points are
pointed at I'-point for the three samples (NTMO-E1, NTMO-E2, NTMO-E3). As lower part of
CBM majorly contributed by the Tb 4f orbitals, this correlates with the experimental data
obtained from PL. During PL excitation, initial electronic transition mainly occurs from O 2p
orbitals in VB to Tb 4f orbitals in CB for NTMO-EO material. From the Fig. 13(c)-15(c), it was
observed that with the enhancement of EDTA concentration, the contribution of Tb 4f orbitals
decreased and the contribution of Mo increased in a systematic way. The above analysis

directly corroborated with our observed charge transfer band in PLE spectra.
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Moreover, density functional theory has been employed to investigate the interaction of HCHO
with the (1 1 6) plane surface of NTMO-EO and NTMO-E3 samples. Two possible layouts such
as the vertical and horizontal position of HCHO on (1 1 6) surface plane have been used to
understand the interaction, shown in Fig. 6.17. The corresponding adsorption energy of
NTMO-EO and NTMO-E3 sensor materials with different orientations of HCHO molecule is
listed in Table 6.5. As observed, NTMO-T3 materials, the adsorption energy tends to zero

232



(minimum) for horizontal position indicating this position to be most stable for HCHO
molecule for adsorption on the surface of (1 1 6) plane. The calculated value of optimised
distance between adsorbed HCHO molecule and sensing material surface is found to be ~ 1.8-
2.5 A. This indicates, there is no intermediate compound formed between HCHO and the
sensing material making the gas adsorption process a reversible one. Also, it was observed that,
the adsorption energy of HCHO on NTMO-E3 surface (+0.09 eV) in horizontal orientation is
less in comparison with that of NTMO-EO (+0.71 eV), suggesting NTMO-E3 will adsorb
HCHO more easily while it is less likely for NTMO-EOQ to interact with HCHO molecules. This
explains the gas sensing inability of NTMO-EO and also corroborates with our gas sensing

experiment data.

Table 6.5 Adsorption energy of formaldehyde gas on (1 1 2) plane surface of targeted sensor

nanomaterials.

Parameters NTMO-EO NTMO-E3
VOC VOC VOC VOC
(Vertical) (Horizontal) (Vertical) (Horizontal)
Formaldehyde -22.11 -22.14 -22.11 -22.14
(VOC) (eV)
Slab (12) (eV) -693.04 -692.98 -674.38 -674.38
Slab (112) + VOC -712.51 -714.41 -690.94 -696.43
(eV)
Ads. Energy (eV) +2.64 +0.71 +5.55 +0.09

Fig. 6.17. Two possible layouts of HCHO molecule and (1 1 6) plane surface of NTMO-E3

material: (a) vertical position and (b) horizontal position.
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6.4. Conclusion

In summary, structural disorder induced photoluminescence and gas sensing property of
NaTb(MOa4). has been delineated in this work. The disorder in MoO4 tetrahedra was controlled
by varying the EDTA concentration during synthesis via hydrothermal method. NTMO
samples exhibited luminescence property which lies in the green spectral range at 330 nm
excitation. The main luminescence peak corresponding to the °Ds—’Fs magnetic dipole
allowed transition of (AJ=1) of Tb" at 547 nm was Stark split into two separate peaks, which
is caused by the decrease in PDOS of Tb in the samples with increasing disorder in the system.
The gradual increase in the splitting peak intensity at 530 nm corroborates with the increasing
disorder in the MoOg tetrahedra as validated by both experimental and theoretical calculations.
The increase in PDOS of Mo in the disordered systems suggest the transfer of electrons from
O? to Mo®* then to Th®". Disordered NaTh(MOa). exhibited HCHO sensing activity with p-
type response value of 3.5-fold to 1 ppm gas concentration and rapid response/recovery time
(1.5s/18.3s) with high selectivity. DFT calculations revealed minimum adsorption energy of
HCHO on NTMO-E3 material surface. Therefore, structural disorder induced multifunctional
NaTb(MO4). nanomaterial is a potential candidate for applications in lighting equipment and
its HCHO sensing performance makes it a good formaldehyde sensing material applicable for

indoor air-quality monitoring.
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7.1. Conclusion

The present thesis work delineates exploration of gas sensing property of novel metal
oxide semiconductor nanomaterials and the study of effect of different strategies such as
doping, bandgap engineering, formation of heterostructure, modulation of defects in the system
on the gas sensing mechanism of the nanomaterials. The nanomaterials and its composites were
synthesised via facile route. Sensors were fabricated based on the nanomaterials for the purpose
of cost-effective, real-time monitoring of exhaled breath, which helps in non-invasive
monitoring and pre-diagnosis of disease and also for the detection of toxic gases in the
environment. The fabricated sensors were tested for their practical applicability by simulated
breath study, in which the sensors showed excellent performance proving the sensor materials’
potentiality for device application. It can be concluded from the study that, gas sensing and
optical property of nanomaterials are both driven by structural property of nanomaterials (such
as band gap, defect states, separation of electron-holes, charge transfer mechanism, surface
active sites). Therefore, by strategic controlling of these parameters, the characteristics of the
nanomaterials can me modulated as per need. Hence, multifunctional property (toward gas
sensing and photoluminescence) in a single system have been achieved in a single system by

systematic modulation of these influencing parameters.

The detailed study of chemiresistive gas sensors and their application areas has been
conducted along with their ease of use, cost-effectiveness, synthesis procedure has been
highlighted keeping in mind the objectives of the work. Emphasis has been given on the study
of the general working principle and the influencing parameters of gas sensing kinetics of basic
chemiresistive sensors based on binary metal oxide semiconductors. The synthesis procedures
and characterization techniques for nanomaterials have been examined in alignment with the

objectives of this thesis.

Trace ammonia sensing capability with high sensitivity and selectivity using barium
hexaferrite nanoparticles (BaFe12O19) has been successfully synthesized by facile solid-state
route. The developed sensor exhibited p-type sensing nature and showed high sensitivity to
different trace concentrations of ammonia vapor, viz. ~2.34 folds to 1ppm ammonia vapor, and
~1.46 folds to 0.2ppm ammonia. It also exhibited fast response (2.88s) and recovery times
(39.4s) along with negligible cross-sensitivities towards other major interfering breath
volatiles, viz. acetone, ethanol, and saturated moisture vapor. Such excellent sensing properties
were attributed to high specific surface area, optimized operating temperature, and small size

of ammonia molecule. In totality the superior sensing properties of the prepared sensor towards
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trace ammonia makes BaFe12019 nanoparticles a promising candidate for the detection of renal

diseases by exhaled breath analysis.

In the next exploration, trace ammonia sensing performance of BaFe12019 nanoparticles
has been improved significantly by doping with Zn. 3% Zn-doped BaFei.O19-based
sensor exhibited greater selectivity toward ammonia with negligible effect of humidity,
enhanced response (Rgas/Rair =7.36) towards 1 ppm NHz at 250 °C, lower detection limit of 150
ppb, fast response/recovery times 2.66s/35.25s. It has been concluded that, Enhanced response
is attributed to the modulation of the surface oxygen defect and active gas-adsorption sites by
introducing Zn?* in the system in place of Fe®* and the results has been validated utilising XPS
analysis. Wide range of ammonia concentration sensing capability of Zn-doped BaFe12019-
based sensor proves its superiority over other sensing materials. Additionally, simulated breath
test of the sensor has showed excellent result. Therefore, this work is important for developing
an ammonia sensor with versatile applications, including health monitoring through the
detection of ammonia in exhaled breath and environmental air-quality surveillance for

monitoring ammonia exposure.

Pure and Sn-doped BiFeOz nanoparticles have been synthesized using sol-gel route and
their formaldehyde gas sensing performances have been investigated. It has been observed that
both pristine and Sn-doped BiFeOs nanoparticles delineates p-type sensing characteristics and
sensitivity enhances more than 2.4 times towards formaldehyde gas when doped with Sn. As
synthesised 1.5% Sn doped BiFeOs nanoparticles-based sensor showed response ~3.01 towards
1ppm formaldehyde gas at 280 °C operating temperature, with a fast response/recovery time of
2.71s/25.22s, good selectivity, resolution, detection limit down to 100 ppb and exceptional 600
days stability. Experimental results suggest that creation of oxygen defects due to Sn doping is
responsible for enhanced sensing activity. It has been observed that, Sn-doped BiFeO3
nanoparticles-based sensor is a promising candidate for development of high-performance
formaldehyde sensing device for the monitoring of indoor air quality.

The drawbacks of H»S sensing activity of large band gap MoOs has been overcome
through heterojunction formation with BiFeOs nanoparticles. A Type-Il heterostructure has
been formed between n-type MoOs nanorods and n-type BiFeOs nanoparticles for H.S gas
sensing for environmental air quality monitoring. The photoelectrochemical measurement
confirmed that the optimised o-MoO3s/BiFeOs heterostructure exhibited the highest
photocurrent density as well as low charge transfer resistance. As a result, it exhibited enhanced
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sensing property with ~ 98% n-type sensing response to 100 ppm H.S gas with rapid
response/recovery time of 4.7s/14s. Owing to presence of higher oxygen defect in optimised
a-MoOz3/BiFeOs compared to bare MoOs the localised states were generated within the
bandgap of the heterostructure which act as trapping centres for charge carriers (electrons and
holes). Furthermore, these defect states serve as active sites for adsorption of gas molecules,
facilitating the H>S sensing activity. Thus, modification in the electronic structure of a-
MoOz3/BiFeOs and tuning of oxygen defect states influence the separation and migration of
charge carriers, which is crucial for efficient H>S sensing behaviour. Thus, prepared a-
MoOs/BiFeO3 heterostructure could be promising material to sense HS for environmental air

quality monitoring.

During the investigation of MoOs-based systems for gas sensing activity (as discussed
in chapter 5) it has been found out that MoOs exhibits excellent optical property driven by
structural defects. In relation to that, it has also been found out that scheelite type molybdate
structure, ALn(MoOa4). (A= alkali metal ions, Ln= rare earth ions), exhibit photoluminescence
property which can be readily tuned by doping with rare earth metals. In the final work,
structural disorder induced multifunctional property of NaTb(MOas). for gas sensing and
photoluminescence application has been delineated. The disorder in MoQOs tetrahedra was
controlled during synthesis via hydrothermal method. NaTh(MOs). nanoparticles exhibited
green luminescence property at 330 nm excitation. The main luminescence peak corresponding
to the °D4—'Fs magnetic dipole allowed transition of (AJ=1) of Tb%" at 547 nm was Stark split
into two separate peaks. Theoretical calculation-based density functional theory (DFT)
revealed that the splitting of most prominent PL peak is caused by the decrease in partial density
of states (PDOS) of Tb in the samples with increasing disorder in the system. Moreover, the
gradual decrease of main PL peak (at 574 nm) and simultaneous increase in the peak intensity
at 530 nm corroborates with the increasing disorder in the MoOs tetrahedra as validated by
both experimental and theoretical calculations. The increase in PDOS of Mo in the disordered
systems suggest the transfer of electrons from O to Mo®" then to Tb3*. The CIE coordinates,
colour temperature of NaTb(MOas). proves its potential applicability in commercial light
display systems. Additionally, disordered NaThb(MOg4). exhibited formaldehyde (HCHO)
sensing activity with p-type response value of 3.5-fold to 1 ppm gas concentration and rapid
response/recovery time (1.5s/18.3s) with high selectivity. DFT calculations revealed minimum
adsorption energy of HCHO on disordered NaTh(MOQ4). material surface. Therefore this can

be concluded that, structural disorder induced multifunctional NaTb(MOQa4), nanomaterial is a
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potential candidate for applications in lighting equipment and its HCHO sensing performance

makes it a good HCHO sensing material applicable for indoor air-quality monitoring.

Throughout this thesis work, various novel materials for gas sensing applications have
been synthesised and the characteristics have been studied thoroughly. The fabricated novel
sensors based on these materials exhibited superior sensing property compared to the existing
gas sensing materials reported in literature. Toxic volatile organic compounds and gas molecule
detection has been delineated based on the fabricated sensors. Along with, the mechanism of
photoluminescence and the parameters influencing the activity has been studied. It can be
concluded that, this thesis has fulfilled all the objectives of the research and it paves the way
of fabrication of nanomaterials and its composites-based stable sensors for potential device
application for real-time gas detection. The final work provides unprecedented insights into the
strategic designing and realization of multifunctionality in a single nanomaterial/or its
composite systems potentially paving the way for the development of multifunctional

electronic application platforms.
7.2. Future prospects

This thesis elaborates the fabrication of emerging sensing nanomaterials-based gas
sensors and their advancement by tailoring structural and electronic properties, which leads the
research work to the direction of innovation of further novel gas sensors. Further, analysis and
study of the nanomaterials can be conducted in depth by the support of theoretical calculations
based on density functional theory (DFT), which can be helpful in material designing and
optimization by provide more insight knowledge on electronic band structure, molecular
adsorption mechanism of the nanomaterials. Utilizing DFT calculations, the selectivity of the

sensors can be predicted which makes it a useful tool for material designing.

1) Emerging sensing materials for device application: Metal organic frameworks are
emerging class of materials due to their ultrahigh surface area, porosity, large accessible
surface-active sites. These materials can be tuned and functionalised easily with other
compounds to form high-performance sensor systems.

2) Portable/handheld gas sensor devices for health monitoring: Most of the currently
available gas sensing devices are designed to detect higher gas concentrations, making them
suitable for industrial applications. There are no commercially available sensing devices
that is capable of non-invasive detection of trace-level biomarkers in exhaled breath, which

would be crucial for breath analysis in monitoring diseases such as renal disease, diabetes,
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3)

4)

5)

cardiovascular disorder, lung cancer etc. Therefore, handheld/portable gas sensing devices
can be developed utilizing Arduino-based electronic systems consisting of tailored
nanomaterials for precise and real-time breath analysis.

Flexible and wearable smart gas sensors: Flexible/wearable sensing device can be
developed on various substrates such as textiles, papers utilising cutting edge technology
and emerging materials (MOF, 2D/1D nanomaterials) for health monitoring, toxic gas
exposure monitoring.

Self-powering sensor systems: In this era of high energy demand, it is of high significant
to develop self-powering systems for conservation of energy. Utilizing energy harvesting
materials and integrating it into sensor devices, self-sustained sensor systems can be
designed which will help in sustainable development of modern technology.

Designing of multifunctional nanomaterials for various applications: Utilizing the
knowledge on designing and fabrication of nanomaterials, multifunctional materials can be
developed by tailoring their surface catalytic activity and charge transport mechanism to

address the need for renewable energy and environmental remedy.
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