TiO; Based Perovskite and Carbide Nanocomposites
to Develop Chemiresistive Sensors for Breath VOC
Detection

THESIS

Submitted in the partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

By

Radha Bhardwaj
ID.No. 2019PHXF0031P

Under the supervision of
Dr. Arnab Hazra

BIRLA INSTITUTE OF TECHNOLOGY AND SCIENCE
PILANI
2024



Birla Institute of Technology and Science
Pilani-333031 Rajasthan - India

CERTIFICATE

This is to certify that the thesis entitled “7iO: Based Perovskite and Carbide Nanocomposites to
Develop Chemiresistive Sensors for Breath VOC Detection” submitted by Radha Bhardwaj, ID
no 2019PHXFO0031P for the award of Ph.D. of the Institute, embodies an original piece of work
done by her under my supervision.

Signature of the supervisor ...
Name Dr. Arnab Hazra

Designation Associate Professor

Department of Electrical and Electronics Engineering
BITS Pilani

Pilani Campus

Rajasthan, India

Date:



Birla Institute of Technology and Science
Pilani-333031 Rajasthan - India

DECLARATION

I hereby declare that the work reported in the Ph.D. thesis entitled 7iO: Based Perovskite and
Carbide Nanocomposites to Develop Chemiresistive Sensors for Breath VOC Detection
submitted in the Department of Electrical and Electronics Engineering, Birla Institute of
Technology and Science, Pilani, India is an authentic record of my work carried out under the
supervision of Dr. Arnab Hazra. I have not submitted this work elsewhere for any other degree

or diploma.

I am fully responsible for the content of my Ph.D. thesis.

Radha Bhardwaj

ID.No. 2019PHXF0031P

Department of Electrical and Electronics Engineering
BITS Pilani,

Pilani Campus

Rajasthan



ACKNOWLEDGEMENTS

I hereby express my respect and a deep sense of gratitude to my supervisor Dr. Arnab Hazra,
Associate Professor, Department of Electrical and Electronics Engineering, BITS Pilani,
Rajasthan, India, for his constant supervision, inspiration and valuable suggestions during the
course of the present thesis work. He has always motivated and encouraged me to present my

best at every step. Without his support I would not have been able to complete my thesis.

I am grateful to my DAC members Emeritus Prof. Chandra Shekhar, Prof. Navneet Gupta and
Prof. Subhasis Gangopadhay for their valuable technical points and advice throughout my Ph.D.
work. Their constant support and interactive sessions during my presentations really helped me

improve my work.

I would like to cordially thank Prof. Sudhir Kumar Barai, Director BITS Pilani, Pilani Campus,
Prof. Navneet Gupta, HoD, EEE Department, BITS Pilani, Pilani Campus and faculties of the
EEE Department for their support and valuable guidance throughout my thesis work.

I am very much thankful to all of my respected teachers who always remained a source of
inspiration throughout my carrier. I am thankful to my lab partners- Dr. Teena Gakhar, Mr.

Uttam Narendar Thakur, and Ms. Divyanshu Rathore.

1 wish to convey my sincere regards to my beloved parents for their continuous inspiration. I am

also thankful to my siblings and friends for their mental support.

I am very much grateful to the Department of Biotechnology (DBT) and Birla Institute of
Technology and Science for providing me financial support and a healthy environment for doing

my research work.

Radha Bhardwaj



Preface

The breath analysis is a non-invasive route for the detection and monitoring of a particular
disease. This technique involves the study of exhaled breath where a particular gas or VOC is
highly correlated to a specific disease and gives insight into the state. Hence, it is a potential
replacement for invasive disease monitoring techniques like; blood test, biopsies and
colonoscopies etc. which are pain-staking, and expert-dependent. The exhaled breath consists of
nitrogen, oxygen, CO2, humidity (>50%), gases (NH3z, NO, H>S) and more than three thousand
VOCs ranging in concentrations from lower parts per billion (ppb) to parts per million (ppm).
Among them, a few breath VOCs with comparatively high concentrations e.g., acetone, isoprene,
methanol, ethanol, propanol, acetaldehyde, xylene, etc. act as a breath marker for a disease
diagnosis through breath analysis.

Analytical techniques like mass spectroscopy and gas chromatography are considered as the
most sensitive techniques for identifying breath VOC markers. Unfortunately, these techniques
require expensive equipment, complex working, and expert handling and are relatively time-
consuming. Chemiresistive sensors are the best alternative to overcome the limitations of those
high-end analytical tools. A chemiresistive sensor is a device that can convert an external
stimulant to an electrical signal. Exposure to a certain vapor analyte or change in ambient
conditions alters its properties (e.g., resistance, electrical conductivity, capacitance, etc.) in a
measurable manner. This technique brings many advantages in breath analysis like cost-friendly
production, ease of working, and low power consumption, minimum maintenance.

The chemiresistive sensors should have the following properties to fulfill the requirement of
breath VOC sensing. The sensor should be selective towards a particular marker VOC in the
presence of large number of interfering analytes. Humidity stability is one of the most
concerning factors as the water vapor content in exhaled breath is quite large (Relative humidity:
>50%). Other parameters like low concentration (ppb to lower ppm level), high sensitivity and
long-term stability still need to be considered.

For breath VOC sensing with chemiresistive sensors, various nanostructured materials have been
exploited including metal oxide semiconductors, 2D nanomaterials, perovskites, metal
nanoparticles and their hybrids. Litrature confirms that the semiconducting metal oxides are
stable and widely explored sensing material for breath VOC detection. Among all of the metal

oxides, TiO2 nanostructures offer a number of advantages for breath VOC sensing. TiO» exhibits



comparatively low operating temperature, high sensitivity, reliability and stability among other
metal oxide semiconductors. However, the low cross-selectivity of these sensors and the high
interference of environmental humidity on sensing performance are significant drawbacks in the
case of breath VOC detection. Metal carbides possess outstanding sensing properties but they are
not much stable as metal oxide semiconductors for vapor sensing. To overcome these drawbacks
with the intention of enhancing the sensing performance, hybridization of metal oxide and
carbide with semiconducting perovskites and other materials was performed. Perovskites are
highly potential materials in terms of morphological stability, good thermal and chemical
stability and possess porous morphology making them a desirable candidate for highly stable
breath VOC sensing. Later on, hybridization with quantum dots or nanoparticles can further
improve the VOC sensing properties of the material for breath analysis application.

This dissertation comprises seven chapters. The first chapter describes the introduction,
literature survey and scope of work. The first chapter introduces the importance of chemiresistive
sensors based volatile organic compound sensing (VOC) for breath analysis application. The first
chapter also gives a brief description of the different nanostructured materials utilized for breath
VOC sensing. Major emphasis was given to metal oxide semiconductors, semiconducting
perovskites and metal carbides and potential for VOC sensing. The literature review reveals the
potential of metal oxides, perovskites, metal carbides and their nanocomposite-based VOC
sensors in this chapter.

Second chapter is related to the synthesis and characterizations of individual TiO>
nanostructures, and TizC,Tx Mxene nanostructures. It also includes the preparation of MoS»
quantum dots and Pd metal nanoparticles for the hybridization of the material. It describes the
techniques to synthesize 0-D TiO: nanoparticles, 1-D TiO, nanotubes and TizCoTx Mxene
nanosheets. Various characterization techniques are used to study their morphology, structural
and chemical properties.

Third chapter describes the VOC sensing with MoS>-functionalized TiO> nanotubes. This
chapter shows the sensing behavior of MoS,/TiO, nanotube-based sensors, fabricated via
hydrothermal route. The sensor was tested with various VOCs exists in breath and found to be a
highly selective towards xylene at optimum operating temperature. The effect of humidity was

also tested in a range of humid conditions.
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Fourth chapter concerns the synthesis, characterizations (morphological, structural and
chemical) and VOC sensing performance of SrTiO3-TiO> nanocomposite. In this chapter, the
composite was synthesized by hydrothermal route where SrTiO; was grown from the TiO»
nanotubes with the help of Sr precursor. A series of sensors were prepared with different Sr
content and tested for the advanced level detection of breath VOCs. The sensitivity and stability
amplification by SrTiOs3-TiO> heterostructured nanotube array sensor has been described in this
chapter. This chapter also revealed the humidity-tolerant capabilities of the SrTiOs-TiO2
nanocomposite.

Fifth chapter is associated with the formation of different nanostructures of SrTiO3 originating
from the TiO> nanoparticles. Different morphologies like nanograss, nanorods, nanosphere and
hollow spheres of SrTiOs were synthesized by a one-step hydrothermal route by varying the
reaction time. A detailed study was executed including their characterization and VOC sensing
performances. The sensors were tested in a range of humidity to evaluate their humidity-inactive
VOC sensing properties. Later on, the hollow spheres were modified by Pd nanoparticles to
enhance the selectivity and sensitivity of the sensor toward ethanol. This chapter describes the
selective behavior of SrTiO3 nanostructures toward ethanol with humidity inactive behavior.
Sixth chapter is associated with the formation of an overlayer of hydrophobic SrTiO3 on the 2D
Ti3C,Tx MXene layer to overcome the limitation of the high humidity interactive nature of
MXene material. MXene possesses outstanding VOC sensing capabilities but its hydrophilic
nature becomes the major drawback for breath VOC detection. 2D TizCoTx MXene was
synthesized by a selective chemical etching route. Later an overlayer of SrTiO3 was formed by a
one-step hydrothermal followed by the formation of TizC,Tx/TiO> using a physical oxidation
route. This chapter describes the excellent acetone vapor sensing properties of pure MXene and
Ti3CoTx/TiOz sensors. Further, the overlayer of hydrophobic SrTiO3 on the TizC2Tx MXene leads
to effective vapor sensing with humidity-tolerant nature. The overall stability of the sensor was
improved after the controlled oxidation and SrTiO3; modification in the MXene sensing material.

Seventh chapter summarizes the complete work with a general conclusion followed by the
future scope of work.
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Abstract

The current work primarily aims to develop efficient chemiresistive sensors for VOC detection
for breath analysis application. To fulfill the target, emphasis was given to develop selective
sensors for particular breath marker VOCs having high sensitivity, stability and humidity tolerant
properties. The potential nanomaterials like titanium oxide-based perovskite and carbide
nanocomposites are chosen to develop efficient breath VOC sensors. The work was started with
the development of two different types of nanostructures of TiO» having opposite types of
conductivity. First, 1-D TiO; nanotubes were developed by electrochemical anodization which
exhibited n-type behavior. Secondly, undoped TiO> nanoparticles were synthesized by the sol-gel
method which exhibited p-type semiconducting behavior. Additionally, TisC>Tx sheets has been
synthesized by selective etching method. TiO2 nanoparticles were considered as seed material for
the formation of a variety of SrTiO3 nanostructures. TizC,Tx/SrTiO3 nanocomposite was
synthesized followed by the formation of TiO> nanoparticles. Hybridization of nanomaterials
was also developed with MoS; quantum dots and Pd nanoparticles. Nanocomposites including
the pure nanoforms were subjected to different characterization techniques to study their
morphology, chemical composition, structural changes, etc.

Different device structures were fabricated for efficient breath VOC sensing. Two different
device structures were proposed on the basis of nanostructures. The 1-D nanostructures
(nanotubes) were implemented in Metal Insulator Metal (MIM) sandwiched structured devices.
The other 0-D and 2-D nanostructures were implemented in planar structured devices. The
proposed device structures were well-matched for the synthesized nanoforms. The prepared
different chemiresistive sensors were tested for the sensing of VOCs commonly used as breath
markers.

Firstly, a hybrid of MoS, quantum dots and TiO» nanotubes was synthesized for the selective
sensing of xylene marker at low operating temperature. The MoS2/TiO2 based chemiresistive
sensor showed highest selectivity towards xylene over different interfering VOC components at
75 °C operating temperature. Notably, the highly xylene selective nature was observed over the
chemically similar VOCs like benzene and toluene in air.

Later, to improve the sensitivity and long-term stability of the chemiresistive sensors, a SrTiO3-
TiO2 nanotube heterostructure was prepared. SrTiOs-TiO2 nanotube sensors exhibited an

excellent response in the response time of >1 s. Moreover, the sensor showed a low detection
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limit of 2.94 ppb towards ethanol which is significantly lower than the ethanol concentration in

breath.

Fig. i. A flow chart presentation of complete thesis work.

A group of SrTiOz nanostructures with unique nano-architecture have been synthesized to
achieve humidity inactive VOC sensing in chemiresistive sensors for breath analysis
applications. The SrTiO; nanoforms showed good ethanol sensing behavior with no attenuation
in the sensing properties in 80% RH. SrTiO3 nanostructures displayed superhydrophobic
properties with a quite high contact angle in the range of 130-160°. Further Pd modification in
SrTiO3 hollow spheres exhibited huge improvement in the response with a natural selectivity
towards the ethanol marker.

At last, a SrTiO3 overlayer was formed on hydrophilic 2D TizC2Tx Mxene sheets to establish a
humidity inactive highly sensitive acetone breath marker sensor. TizC>Tx Mxene sensor coated
with a SrTiO3 overlayer exhibited low ppb sensing of acetone marker with humidity-independent
sensing characteristics. The sensor showed a quite high response for 100 ppb of acetone which is
very low than the concentration of acetone in exhaled breath in 80 % RH.

The flow diagram given in Fig. i indicates all the critical stages.
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Chapter 1

Literature survey, objectives and scope of work

1.1 Introduction

The global increase in health problems in humans is a complex and multifaceted issue subject to
urbanization, lifestyle and environmental pollutants. Many publicly funded healthcare systems in
world found that 73% of individuals aged 65+ have at least one chronic disease such as diabetes,
hypertension, heart problems, asthma, etc [1-5]. For instance, International Diabetes Federation
approximated that 463 million adults were living with diabetes in 2019 and this number will
increase to 700 million if the current trend continues [2]. Continuous monitoring and early-stage
diagnosis of these high-risk diseases by using electronics is highly desirable. In recent years,
non-invasive breath analysis has held great interest in medical diagnostics and health care [2-5].
The exhaled breath of the human contains traces of some gases (NO2, CO, H>S etc.) and VOCs at
concentrations ranging from lower parts per billion (ppb) to parts per million (ppm) [5,10]. These
trace species reflect many processes occurring in the body. Analysis of breath could potentially
provide a non-invasive means to assess a person’s health. Moreover, breath analysis is a non-
invasive method for detecting or monitoring disease by examining these exhaled breath volatile
organic compounds (VOCs) or gases [10]. Hence it can be a potential replacement for traditional
disease monitoring tools like; blood test, urine test, etc. which is invasive, pain-staking, and
expert-dependent [11]. So, overall breath analysis is a non-invasive, potential, quick and
inexpensive technique to detect illnesses [12]. Exhaled breath of humans consists of more than
3000 volatile organic compounds (VOCs) and only a few of them elucidate some practical
information about the specific diseases and are identified as a biomarker [13-15]. For instance,
Acetone is a breath marker for both type-I and type-II diabetes mellitus and shows a significant
variance in concentration in exhaled breath of diabetic (1800 ppb) and healthy individuals (300
to 900 ppb) [16-20]. Some other breath VOCs such as ethanol, pentane, toluene, xylene, and
isoprene are the breath markers for intestine and colon-related disease, heart diseases, lung
disease, lung cancer and lipid metabolism disorder, respectively [21-27].

To detect breath VOCs, a number of sophisticated techniques are proposed such as laser-
absorption spectroscopic techniques, gas chromatography (GC) technique, proton transfer
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Fig. 1.1. The schematic diagram of exhaled VOC monitoring by chemoresistive sensor array for
breath analysis.

spectrometry (MS), selected ion flow tube (SIFT)-MS and ion mobility spectrometry.
Unfortunately, these approaches require expensive equipment, time-consuming and high cost
[11,28-30]. So, the current state of breath analysis is focusing on the potential use of inexpensive
and portable chemiresistive gas/vapor sensors over the more sophisticated spectrometric systems.
The schematic diagram is showing necessary steps for exhaled breath VOC analysis by
chemiresistive gas/vapor sensors (Fig. 1.1). Firstly, exhaled breath is collected from a human
subject and then passed through a chemiresistive sensor array. The sensors show necessary
changes in the electrical properties through data acquisition unit and final data was collected
from the sensors and then processed through machine learning algorithms. Development of
suitable nanomaterial based chemiresistive sensors in the setp-2 of Fig. 1.1 is the primary focus
of the current work.

An ideal nanomaterial-based chemiresistive sensor for breath testing should be sensitive to very
low concentrations of volatile organic compounds. It should also respond rapidly and highly
selective toward a particular breath VOC marker among the high cross-interfering VOC:s.
Considering all the challenges of the chemo-resistive sensors, a variety of nanomaterials and
their nanocomposites-based sensor systems have been explored for the efficient detection of
breath markers. In detail, various semiconducting metal oxides such as ZnO [31-34], In2O3 [35],
WOs [36-39], TiO2 [40-47], and Fe O3 [48,49], etc., semiconducting perovskites i.e. LaFeOs3 [50,
51], ZnSnOs3 [52], BaSnO3 [53], LaSrCoOs [54] and SrTiO3 [55,56] and 2D MXenes such as
TizCoTx [57-60], TizCy [61,62], V4CsTx [63,64], and MoxCTx [65,66] have participated in the

detection of VOC and gases. These sensing materials with plenty of excellent physicochemical,



electronic and mechanical properties provide an opportunity to integrate them with different
nanomaterials in a complementary way to attract more research interest in breath VOC sensing
applications. Further, the properties of pure nanomaterials were enhanced by synergistic

strategies with other materials [21,22,67].

1.2 Breath analysis:

From ancient times it was a known fact that exhaled breath gives insight into the physiological
and pathological changes in the human body [68]. Modern breath analysis study started in the
1780s when researchers tried to figure out the chemical composition of human exhaled breath.
But the first breath profile was established by Pauling and his coworkers in 1971 by a gas-liquid
chromatogram where they reported the existence of 250 VOCs in human breath [69]. With
advancements in research technology, this number has increased to more than 300 VOCs and till
now, the known number of VOCs in exhaled breath is more than 3500 [11].

In general, breath analysis is a non-invasive route for monitoring or identifying a disease by
investigating the specific biomarker and offers many advantages [12, 30]. Exhaled breath of
humans is a complex mixture of different components including nitrogen (78.04%), oxygen
[16%], carbon dioxide [4%-5%], hydrogen [5%], inert gases [0.9%], thousands of inorganics
VOCs and water vapor (>50% RH) referred to as molecular breath signature [11, 70]. The breath
signature of a human can vary and is directly related to the age, state of health, lifestyle, gender
and smoking habits [29]. The exhaled breath markers are mainly, inorganic gases (NO, CO),

volatile organic compounds (VOCs) such as ethane, pentane, acetone, isoprene etc. [12].

1.2.1 Breath VOC markers:

The biochemical processes in the body lead to the release of endogenous substances including
inorganic gases, such as NO, CO, volatile organic compounds (VOCs) and other normally
nonvolatile substances [71-73]. These substances are responsible for investigating diseased
people compared to healthy ones [10,12].

The point of concern is that among all breath marker VOCs, only a few are in the easily
detectable range and others are in typical concentration ranges lower than 1 ppb [74]. The most
common breath marker VOCs with comparatively high concentrations are acetone (1.2-1880
ppb), isoprene (12-580 ppb), methanol (160-2000 ppb), ethanol (13-1000 ppb), propanol (18
ppb) and acetaldehyde (22 ppb) and gases like; nitrous oxide (1-20 ppb), nitric oxide (20—40



ppb), carbon monoxide (1-5 ppm), ammonia (1.0-2 ppm), xylene (10-200 ppb) [11,12,74]. Table
1.1 is showing the list of prominent VOCs and their related disease.

Acetone with a high concentration in exhaled breath is an effective and renowned breath marker
for diabetes Mellitus, particularly for T1D mellitus [75-77]. In a diabetic patient, the
concentration of acetone in the breath changes from 0.3 ppm-0.9 ppm to more than 1.8 ppm.
Similarly, exhaled carbon monoxide (CO) and nitric oxide (NO) are breath markers for
pulmonary diseases such as asthma, chronic obstructive pulmonary disease (COPD) and
bronchiectasis [11,78], Hydrogen sulfide (H2S) for asthma, airway inflammation [11], ammonia
(NH3) for kidney failure, hepatic dysfunction, encephalopathy, brain swelling and type II
Alzheimer’s disease [79]. Elevated levels of exhaled NO (50 ppb) in untreated asthma patients
return close to healthy levels (less than 25 ppb) after corticosteroids inhalation whereas, the
exhaled CO is in very high concentration (5—6.2 ppm) in untreated asthma patients and returns
close to the healthy levels (1.6-1.8 ppm). Both biomarkers of asthma have significant
concentration variations in exhaled breath [11]. A number of pieces of literature have been
reported on the study of breath samples from patients with and without lung cancer [80-84]. The
lung cancer-related VOCs in concentrations from 50 ppb to 500 ppb are xylene, styrene, isoprene

and hexanal and are frequently found in the breath of

Table 1.1. Summarizes the major diseases related to VOC biomarkers [21-27,78].

Breath marker  Healthy (ppm) Unhealthy (ppm) Major disease
Acetone 0.3-0.9 >1.8 Type-I and type-II diabetes mellitus
Ethanol 0.013-1 >2.3 Intestine and colon related diseases,

schizophrenia, breast cancer, liver
diseases, asthma etc.

Pentane 0.038 0.110 Heart diseases

Toluene 0.001-0.02 0.01-0.1 Lung diseases

Xylene 0.001-0.02 0.01-0.1 Lung cancer

Isoprene 0.172 0.255 Lipid metabolism disorder and Lung
diseases

early-stage smoker lung cancer patients [83,84]. Breath ethane (C>Hg) is related to lipid
peroxidation and oxidative stress [85]. The average concentration of ethanol (CoHsOH) in the
breath of healthy individuals is high and gets increased to a significant level in the disease-
affected person. Excess of ethanol has been related to renal failure, schizophrenia, breast cancer,

liver diseases, asthma fatty liver, metabolic syndrome and cardiopulmonary diseases [11,74,79].



Therefore, the efficient detection of these breath VOCs could be the real-time solution for

disease identification and monitoring in healthcare applications.

1.2.2 Chemiresistive sensors for breath VOC detection:

Enose technology involves chemiresistive sensor arrays combined with electronic learning
algorithms which can put together exhaled molecular fingerprints (breath prints) [11,72].
Chemiresistive sensors are a type of chemical sensor that operate on the changes in its physical
properties like mass, resistance, dielectric properties, etc. upon exposure of the specific gases or
VOCs in the surrounding environment. These changes are then transformed into an electrical
signal whose magnitude is comparable to the target VOC concentration. The fundamental
concepts of chemiresistive sensors given in the early 1900s. In 1953, Brattain and coworkers
observed a huge change in the resistance of a semiconductor upon adsorption of gas molecules
on their surface [86]. Onwards in 1970, SnO; was the first semiconducting material extensively
studied for gas sensing [87].

The basic structure of chemiresistive sensor consists of a sensing material or film that interacts
with the target VOC. The sensing material is typically a semiconductor that show a change in
electrical properties in the exposure of gaseous analyte. The sensing material is usually
deposited onto a insulating substrate i.e., Si02/Si, glass, alumina and metal electrodes are
attached to measure the resistance change [21,22,75]. The basic mechanism of chemiresistive
sensor involves the adsorption/desorption of gas molecules on the surface of sensing film. The
adsorption led to change in free charge carrier concentration and corresponding modulation of
the resistance or conductance of the material [92]. This change in the resistance is proportional to
the concentration of the analyte in the environment. The resistance change is then converted into
electrical signal which can be further processed. Several parameters like; sensitivity, selectivity,
response/recovery time, operating temperature and detection of limit are used to characterize a
sensor [21,75,92]. These sensor properties can be modulated by changing the sensing material
and its characteristics.

The common semiconducting materials used as sensing element in chemiresistive sensors
include metal oxides (SnOz, ZnO, TiO,, WOs3), carbon nanomaterials (graphene, carbon
nanotubes), chalcogenides, perovskites and carbides etc [40-44,21,52-54,57-60,75,92]. These
materials have extraordinary physical, chemical and electrical properties which make them

suitable for sensing application. Not only this, these materials have been explored in different
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morphologies like; nanoparticles, nanotubes, nanoflowers, nanosheets to improve the sensing
characteristics [40-44,52-54,57-60,75,92]. Certainly, the field of sensors development is
continuously evolving and with researchers exploring new material and their hybridization
possibilities [52-54, 44,45,63,64].

In case of breath marker detection by the chemiresistive sensor, two main ways can be
implemented [11, 81]. The first selective mechanism where the sensor is highly selective towards
a particular VOC and secondly the fabrication of an array of cross-reactive sensors and data
discrimination was done by a pattern recognition algorithm [88]. In principle, sensor arrays were
exposed to a mixture of VOCs and which caused a change in their electrical resistance resulting
in the production of a breath print and recognition patterns was employed to differentiate
between different disease states [81]. The current state of the research is focusing on the
development of inexpensive and portable chemiresistive gas/vapor sensors that are already used
for food quality monitoring [89,90], air-quality monitoring [91,92], alcohol breath analyzers, etc
[14,93]. The new-age sensor system should detect small changes in concentration and provide a

consistent rapid output specific to a given breath volatile organic compound.

1.2.3 Challenges in chemiresistive sensors for breath analysis:

The careful evaluation of chemiresistive sensors showing some elementary problems that should
be addressed for efficient and reliable detection of VOC markers for breath analysis applications.
The real time implementation of sensors is limited by poor selectivity towards a target VOC over
other interfering VOC:s, high operating temperature, high detection limit, poor long-term stability
and significant deterioration in sensing properties under the humid atmosphere [11,88,94-96].
One of the most fundamental problems is significant influence of humidity which always
remains a major barrier and less focused constrain in the chemiresistive sensors [96,97].

1. The restricted selectivity is yet the most limiting factor, especially for trace
concentrations (lower ppb) of target analytes in chemiresistive sensor [11,74]. The
selectivity of the chemiresistive sensor is a relative phenomenon where the selectivity
towards a particular gas or VOC directly depends on the other cross-interfering VOCs in
the sensing environment. In the case of the breath VOC detection, the cross interference
is high from the other chemically similar VOCs so we need the highly selective
chemiresistive sensor system. Enhanced selectivity of a sensor system can be achieved in

two ways. Either selecting a highly sensitive sensing material to that particular VOC
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analyte or discrimination between analytes in a mixture of VOCs [88]. Several strategies
in addition to tailoring the material properties, addition of dopants, morphology
variations, vacancy modulation, optimization of operating temperature and composite
formation, etc. have been used to improve the selectivity. But the strategies are
insufficient to overcome realistic problems of accurate breath VOC detection [88, 94].
The operating temperature of the different components in a breath VOC testing system
also has an impactful aspect that must be cautiously considered. Chemo-resistive sensors
show high sensitivity at higher operating temperatures. But high-temperature operation
makes the sensors unstable for long-time measurements. The average operating
temperature of the reported metal oxide sensor is very high (200-500 °C) which is
responsible for sensor instability with baseline drift [94].

The sensitivity of the sensors should be very high towards a particular VOC due to the
presence of many chemically similar VOCs in exhaled breath [11,95]. The concentration
range of the VOC markers in exhaled human breath as low as ppm, ppb or ppt level
encourages the fabrication of chemo-resistive sensors with a low detection limit (LOD)
for faithful detection.

The high relative humidity (RH) in the breath samples (>50% RH — equivalent to >25
000 ppm of water vapor at 1 atm and 25 °C) limits the accuracy of the sensor data [70]. In
chemiresistive sensors, humidity influence on the sensor properties can be categorized in
different ways. Firstly, during the competitive adsorption of the water molecule and gas
molecule, the charge transfer between water molecules and sensing materials leads to a
significant change in the conductive channel. Secondly, the type of adsorption of water
molecules on sensing film. Physical adsorption leads to the adsorption of water molecules
in the form of ions, such as H', rather than electron transfer to the sensing layer in
chemical adsorption [96]. In the case of hydrophilic sensing film, huge water adsorption
may block the adsorption of gas molecules. Therefore, humidity limitation is serious and
causes drifts in sensor properties, over time drift in sensors, such as aging, or incomplete
release of absorbed chemical species [70,95]. Many strategies such as the conductivity
modulation of sensing materials [56,97,98], surface functionalization [99,100], noble
metals addition [6,101,102], operating temperature [102], enhancement of

porosity/roughness [7,99,103,104] and variations in the measurement parameters like



operating temperature [105] have been introduced to minimize the effect of
environmental humidity on the performance chemiresistive sensors.
The above-mentioned requirements for VOC detection for breath analysis applications encourage
researchers to fabricate advanced nanomaterials and composite-based chemiresistive sensors. In
this regard, various advanced nanomaterials like metal oxides, carbon nanomaterials,
chalcogenides, perovskites, metal carbides, and metal nanoparticles, etc. have been explored by
researchers for VOC detection. Detailed analysis and futuristic outcomes of these nanomaterials

for VOC sensors have been incorporated in the next section.

1.3 Nanomaterials for breath VOC detection:

Nanomaterials are showing a great potential as sensing layer on gas or VOC sensing due to their
peculiar physical and chemical properties and high surface area to volume ratio with respect to
their bulk counterparts [21,22]. Tunable properties of nanomaterials like; size, shape,
composition and surface chemistry provide a wide spectrum for modulating the sensing
characteristics in chemiresistive sensors. A variety of nanomaterials like metal oxides [106-127],
carbon nanomaterials [21,67,75], chalcogenides [114, 125], perovskites [128-132] and metal
nanoparticles [6, 21] have been introduced by the researchers as a sensing layer for
chemiresistive sensors. Among them, pristine metal oxides are the oldest and most widely used
sensing material but high operating temperature and poor selectivity are the major drawbacks of
these sensors [32-39]. Similarly, carbon nanomaterials like; graphene, carbon nanotubes etc. are
low temperature sensing material but poor stability and incomplete sensing response are major
shortcoming of this material. Most of the carbon nanomaterial and chalcogenides-based sensors
are reported on the hybridization with other nanomaterials to achieve expected outcomes
[21,67,75]. However, metal nanoparticles ae famous for their functionalization capabilities with
other sensing material to enhance the sensing properties of chemiresistive sensors. But in the
pristine form they are not an appropriate candidate for the gas sensing [6,21,102]. On the other
hand, perovskites are less explored material in chemiresistive gas sensors but their outstanding
stability properties and robust nature make them a suitable candidate [128,129]. On the basis of
detailed survey on different sensing materials we have discussed the most suitable one in the

details.



1.3.1 Metal Oxides:

Metal oxides are usually represented as MxOy, where M represents a metal such as Sn, W, Fe, Zn,
Ti, etc. and O represents oxygen. Metal and oxygen exist as ionic compounds in metal oxide
having positive (x) and negative (y) charges, respectively [21,22]. For many decades metal oxide
semiconductors have been established materials in solid-state gas sensors in both practical and
scientific manner. The attractive profits of metal oxide sensors include minimum cost, flexibility,
easy fabrication, and high congruence with silicon microfabrication made researchers explore
them more in diversifying way. Moreover, the mechanical stability and environmental friendly
nature make the metal oxides more promising for real-time detection of gases and VOCs [21,22].
Metal oxide sensors are employed in numerous applications like; environmental monitoring,
food quality monitoring, indoor air quality, industrial applications, and so on. However, the
employment of metal oxide-based sensors for breath VOC detection under breath analysis
application is not been explored much. Very few detailed reports focused on breath VOC
detection have been published and showed desirable outcomes expecting a high scope of
advanced studies in the near future. In detail, various semiconducting metal oxides such as ZnO
[31-34], In203 [35], WO3 [36-39], TiO; [40-42], and Fe.O3 [48,49], etc. have participated in the
sensing of breath acetone for diabetes mellitus detection. A number of MOS such as TiO2, SnO»,
WO3, NiO-based ethanol and xylene sensors are reported [44,106,107]. Among them, very few
are focused on the sensing of xylene and ethanol markers for breath analysis applications
[84,108-116].

The sensing capabilities of metal oxide sensors depends on many factors like composition of
sensing material, type of morphology, size of resulting nanostructures, porosity and the type of
conductivity (n- or p-type) [22]. The modulation in any of these properties can significantly
change the sensing behavior [67]. Additionally, the employment of pristine metal oxides gives
the major advantage of having the capability to be synthesized in different nanoforms like
nanotubes, nanosphere, thin films, nanorods, nanoclusters, nanofibers and nanoplates [21]. As a
consequence, a variety of nano morphologies like 0-D (nanoparticles), 1-D (nanotubes,
nanowires, nanorods) 2-D (nanosheets and nanofibers, etc.) and 3-D (nanospheres and
nanoflowers) of various metal oxides like SnO2, ZnO, WO3, Fe;03, CuFe204, In203 and TiO;,
etc. have been synthesized and investigated for VOC sensing as shown in Fig. 1.2

[11,21,22,33,39,44-48]. For instance, one-dimensional Fe,O3; oxide possesses a high specific



surface area with fast charge transfer while preserving adequate chemical reactive groups and
thermal stability with minimal energy consumption provide it improved acetone sensing
capabilities [48,117]. The morphological variations in metal oxides are mostly controlled by the
synthesis method [67].

The typical methods applied for the synthesis of nanostructures are electrochemical anodization

[48], sol-gel [40,49], hydrothermal method [32,34,36-38], template-assisted synthesis [33],

Fig. 1.2. FESEM images of various metal oxide nanostructures: (a) ZnO microspheres [33], (b)
WO3 nanofibers [39], (¢) Fe2O3 nanotubes [48], (d) TiO2 nanotubes [44], (e) TiO> spheres [45]
and (f) TiO2 nanosheets [47].

electrospinning [39,42] and matrix-assisted pulsed laser evaporation [117]. On the basis of type
of conductivity, semiconducting metal oxides display different sensing outcomes and interaction
behavior. Metal oxides such as ZnO [31-34], In2O3 [35], WOs3 [36-39], TiO2 [40-43], and Fe»03
[48,49] are n-type semiconductors and explored more frequently than p-type materials like CuO,
Co304 and NiO [75]. The n-type semiconductors have been found most interactive for ammonia
(NH3), acetone (CH3;COCH3), ethanol (CH3CH2OH), and formaldehyde (HCHO) whereas p-type
are more promising for H2S and NO; [21,22,75].
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The sensing mechanism plays a key role in the understanding of sensing behavior which varies

with the type of conductivity. The dangling bonds on the surface of metal oxide semiconductors

are the primary factor that participates in forming ionized oxygen species via adsorption on the

surface of metal oxide in the air ambient [22]. The electrical resistance of the MOS (n-type) in

the air is increased due to the reduced free electron concentration available on the surface of

metal oxide. On exposure to the reducing VOC, the resistance of MOS is thereby decreased due

to the release of free electrons during the interaction of vapors and adsorbed oxygen species

[22,117]. This phenomenon is reversed in p-type MOS where holes are the majority carrier

concentration and the resistance increases in exposure to reducing VOC [117].

Table 1.2. Summarizes the metal oxide-based breath VOC sensors.

Metal morphology  Target Sensitivity Cross-interfering Humidity Op. Ref.
oxide VOC VOCs/gases study (RH) tem.
ZnO Hierarchical Acetone 42?2 (100 ppm) Methanol, ethanol, No 425 32
toluene, ammonia, CO
ZnO Hollow Acetone 101.1° (100 Methanol, ethanol, 30%-90% 300 33
microspheres ppm) benzene, xylene
ZnO Nanorods Acetone 30 ° (100 ppm) Ethanol, toluene, NH;,  No 300 34
CO, NO», H,S, ethyne,
methane, chlorine,
benzene, formaldehyde
ZnO Thin film Acetone  50°(25ppm)  Ethanol, acetaldehyde No RT 31
ZnO Nanowires Ethanol 78 ° (100 ppm) Methanol, acetone, No RT 118
acetaldehyde
WO, Nanosheets Acetone  3.8°(0.25 - No 320 36
ppm)
WO; Microsphere ~ Acetone  3.53 °(0.25 Methanol, ethanol, n- No 230 37
ppm) butanol, ammonia,
benzene
WO; Nanoplates Acetone  4.1° (10 ppm)  Ethanol, ammonia, No 300 38
formaldehyde
WO; Nanofibers Acetone  22.1°(50 Toluene, Ethanol, No 350 39
ppm) ammonia,
formaldehyde
SnO; Nanoparticles Xylene, 27.9°(100 N>O, CHa4, CO,, C,Ha, 0-80% 350 119
Benzene  ppm) CO, NO,
SnO; Thin film xylene - Benzene, toluene, 10-100% 50 109
cyclohexane, oligomer,
propene
Fe;O;  Nanotubes Acetone 84 °(50 ppm)  Ethanol, NH?, CO, No 350 48
Benzene, toluene, Ha,
Methane
Fe;O;  Foam Acetone 11°(100 ppm) - No 49 49
NiO Thin film xylene 1°(100 ppm)  Toluene, Benzene, o- No 300 26
xylene, m-xylene
TiO» nanorods Acetone 21 °(500 ppm) ethanol, NH3;, DMF, No 500 42

formaldehyde
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TiO; Fractals Acetone  98% °(12.5 NO, CO,, H,0, C,H4O yes 325 43

ppm)

TiO, Nanotubes Methanol 95.8% © (200 Ethanol, acetone, 2- Dry-85% RT 44
ppm) propanol

TiO, Nanosheets Acetone  21.6" (200 Ethanol, formaldehyde, 32-91.9% 400 47
ppm) NH;

TiO, Spheres Toluene 13.6°(100 NO., Benzene, xylene 10-90% 150 45
ppm)

TiO» Nanowires Xylene 10° (40 ppm)  Toluene, CO, CHs, NH;  10-50% 150 46

TiO, Nanoparticles Acetone  2.22°(20 Methanol, - 370 120
ppm) Formaldehyde, Ethanol,

Isopropanol, Butanol

TiO» Thin film Acetone  115% © (50 Xylene, toluene, Dry-75% 150 40

ppm) methanol

*a= (Ig-1)/I, b= Ry/Ry, c= (AR/R) x 100

Table 1.2 illustrates different metal oxide semiconductors (p-type and n-type) based on breath
VOC sensors operating in the resistive mode. Among the reported metal oxides for breath VOC
detection, ZnO, WO3, and TiO;, etc. are the conventional and most investigated metal oxide
semiconductors [11, 21, 109-115]. Additionally, ZnO has been widely explored and established
sensing material since the 1960s [21]. TiO; is most comparatively more explored for breath
ethanol sensing [114,115]. Pan et al. [114] and Tian et al. [115] synthesized TiO; thin film and
nanospheres, respectively for fast and sensitive ethanol detection. MOS semiconductors are
employed for breath xylene detection and found that discrimination of Xylene from BTX is quite
difficult and require a highly selective sensing material [84,110,111]. Some metal oxides mainly,
Zn0O, SnO;, etc were operated at high temperatures (200 to 425 °C) making the sensors
electrically unstable and complex for real time breath testing [32-34, 36,42,47,48,119]. The
humidity-active nature of metal oxides results in deteriorated sensing properties such as
response, response and recovery time of the sensor [11]. Only a few numbers of reported sensors
for breath VOC detection optimized their sensors in the presence of sufficient humidity level (>
50% RH) [33,40,44-47,109,119,120]. The low selectivity of metal oxides leads to false results
during cross-sensing study [11, 75]. Poor long-term stability of sensors causes the problems such
as uncertain results, non-repeatability and false readings [75]. There have been numerous reports
of metal oxide semiconductor sensors having detection limits higher than 300 ppm, which is not
particularly helpful for the majority of real-time applications [11,21,75].

Among all of the metal oxides, TiO> nanostructures offer a number of advantages for breath
VOC sensing. TiO2 possesses outstanding qualities such as non-toxicity, environment friendly,

photostability, and corrosion-free nature [121]. TiO> is a wide bandgap (~3.2 eV) metal-
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semiconductor that exists in three crystalline phases; anatase, rutile, and brookite [122]. TiO; is
an n-type semiconducting material due to the presence of higher oxygen vacancies and can be
easily transformed into any of the phases which can be exploited in the modulation of the sensing
properties [123]. However, the type of conductivity of TiO2 can be altered from n- to p-type by
varying the concentration of Ti vacancies with respect to oxygen vacancies. Thus, the type and
magnitude of conductivity of TiO> can be changed by controlling these defect densities. Among
all three forms, rutile is the most stable crystalline state of TiO> and is utilized in many
applications. Interestingly, anatase TiO; has a more active structure than its counterparts like
rutile and brookite [122]. The surface of anatase TiO2 has a large number of free charge carriers,
which lowers the activation energy needed by the analyte molecules to react on the surface which
promotes the low-temperature sensing of the VOCs [124]. Other metal oxides (like ZnO, SnOo,
WO;, etc.) sensors are fabricated by transferring or depositing them on some foreign substrates
like Si0,/Si, ITO, alumina, etc. which degrades the stability and repeatability of the sensors
[21,22,75,113]. However, most of the TiO> nanostructures grow over the metallic Ti substrate
which increases the overall stability of the material [44]. Apart from this, TiO2 can be
synthesized in a variety of nanoforms like 0-D (nanoparticles, Quantum dots) [125], 1-D
(nanotubes, nanorods) [44], 2-D (thin films, nanofibers) [126] and 3-D (nanospheres) [45]. The
variation in morphology of TiO2 consequences in the change in specific surface area and reactive
sites of gaseous analytes [123]. 1-D morphologies of TiO; are more favorable compared to thin
films and other nanostructures because they provide both an inner and an exterior surface for the
adsorption-desorption of VOCs, which improves the response magnitude of the sensor [44].
Additionally, 1-D nanostructure-like nanotubes electrodes were placed vertically between TiO>
nanotubes where electrons do not need to cross the intergranular potential barrier and
consequently reduce the operating temperature [44]. Apart from this, Zero-dimensional (0-D)
nanomaterials are also promising with their unique nature. They are superior to other
nanomaterials due to their excessively small size, highly functional edge sites per unit mass, and
edge and quantum confinement effect [127].

From the above discussion, 1-D and 0-D TiO2 nanostructures can be considered promising
materials for chemiresistive sensors. Comparatively low operating temperature, high sensitivity,
reliability and stability are the key factors for choosing this material among other metal oxide

semiconductors. However, the low cross-selectivity of these sensors and the high interference of
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environmental humidity on sensing performance are major drawbacks in the case of breath VOC

detection [123].

1.3.2 Perovskites:

Perovskites materials gained wide attention in past few years due to their outstanding properties
like; high charge carrier mobility, morphological stability, good thermal and chemical stability,
tunable semiconducting bandgap and porous morphology, good reliability and long-term sensor

performance are employed in a variety of applications like photocatalytic reactions, Li-ion

Fig. 1.3. FESEM images of various morphologies of SrTiO3 perovskites: (a-d) four typical
shapes of SrTiO3 submicro/nanocrystals, share one scale bar (200 nm, as shown in (a)) [134], (e)
Three-dimensional microscale superstructures [149] and (f, g) SrTiO3 nanotubes at different
reaction times [138].

batteries, switching devices and gas/VOC sensors [128-132]. Generally, perovskites are
represented by the general formula of; ABX3, where A and B are two cations of very dissimilar
groups and X is often oxygen and other big anions most probably halides, sulfides, and nitrides
[133,134]. A is a monovalent organic or inorganic cation and its functionally sizable and its size,
shape and charge distribution are vital factors for the stability of the perovskite structure [133]. B
as a metallic cation has a smaller size [135]. The semiconducting nature of perovskites offers
high charge carrier mobility and relatively high conductivity even at room temperature offering a

potential use in gas or VOC sensing applications [133, 136]. A variety of perovskites LaFeO3;
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[50, 51], ZnSnO3 [52], BaSnOs [53], LaSrCoOs3 [54] and SrTiO3 [55,56] for a variety of breath
VOCs. For example, the LaFeO3; (LFO) hollow porous sphere, prepared by the hydrothermal
method, exhibited a rapid response and high sensitivity toward 143 ppm ethanol at 300 -C [51].
Trabelsi et al. reported oxygen vacancies modulated SrTiOs.5 for effective ethanol sensing study
at room temperature. The data concluded that sensors with optimized oxygen vacancy content
showed good semiconducting and ethanol sensing properties [55].

Table 1.3 is showing the VOC sensing characteristics of different perovskite-based
chemiresistive sensors. In summary, the sensing behavior of perovskite-based gas chemiresistive

Table 1.3. Summarizes the perovskites-based breath VOC sensors.

Perovskite Morphology Target Sensitivity  Cross-interfering Humidity  Op. Ref.
vVOC VOCs/gases study Temp.
(RH)
ZnSnO; Spheres Acetone  372(80 Ethanol, toluene, H,, 10%, 30% 270 52
ppm) CO, NO»
BaSnO; Nanorods Acetone  45.852(50  Ethanol, methanol, No 80 53
ppm) acetaldehyde, COa,
ammonium hydroxide
LaSrCoO; Nanoparticles Acetone  20%° (50 Ethanol, ammonia, 45% 25 54
ppm) methane
LaFeO; Film Acetone  19.32(500  Methanol, No 240 50
ppm) formaldehyde, CHa,
LPG
LaFeO; Hollow Ethanol 14.52(143  Acetone, LPG, No 300 51
spheres ppm) ammonia
ZnCry04 Mesoporous  Xxylene 26.82(1 - No 270 24
film ppm)
SrTiOs.5 (6= Sheets Ethanol  1600% ° - No 66 56
0.125) (100 ppm)
SrTiOs-5 Sheets Ethanol - (500 ppm) - No 56-366 55
(C4HoNH3),PbLs - xylene 11.82(1 Benzene, ethanol, - 140 137
ppm) toluene,
formaldehyde,
dichloromethane,
acetone

*a= Ry/R,, b= (AR/Ry)x100

sensors depend upon the morphology and crystalline structure of the perovskites. Compared to
primitive metal oxides their operating temperature is low with a highly stable sensing
characteristic. However, most of the sensors are not optimized in the range of humid
environments and the selectivity of pristine perovskites lacking towards a particular target breath

VOC in the presence of other cross-interfering VOCs and gases.
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Strontium titanate (SrTiOsz) exhibits an ideal model perovskite structure with outstanding
physical properties [55,138-140]. The physical properties of SrTiOs, to adopt the specific
application can easily be modified by changing the nature and concentration of lattice defects
through doping and controlling the oxygen stoichiometry [55,56,141]. Regardless of whether it is
used as a single reactive material or combined with other semiconductors to form heterojunction
composites, SrTiO3 is an integral part of determining the overall performance of devices for
various applications [142-148]. Additionally, shape-construction of SrTiO; sensing material in
various morphological nanostructures has been achieved by the different research groups to
improve the specific surface area, variated surface properties (porosity, surface roughness) and
defect density which results in high stability and superior gas-sensing properties as shown in Fig.
1.3 [134,138,149]. Especially, symmetric dimensional SrTiO3; morphologies such as faceted
crystals, nanorods, nanotubes, nanowires, nanosheets etc. have been explored and expected to
have significantly higher efficiency than conventional nanoparticle-based Films [149]. A wide
variety of morphologies of SrTiO;3 like nanocubes (NC), nanoparticle (NP), nanosphere (NS),
nanofiber (NF), nanotubes (NT) etc. are developed by hydrothermal treatment and employed in
various applications such as solid oxide fuel cells (SOFCs), multiferroic materials, water
splitting, catalysts, medical devices, and photonic devices [142-146]. Ha et al. reported
morphology-controlled SrTiO3/TiO2 nanocubes (NC), nanoparticle (NP), nanosphere (NS), and
nanofiber (NF) heterostructures, by facile hydrothermal process and examined for photocatalytic
performance. The most conventional route for the synthesis of SrTiOs is a hydrothermal reaction
[141]. However, other routes like sol-gel, molten salt, template-assisted chemical methods,
mechanochemical, combustion, etc. have also been reported extensively for the synthesis of
SrTiOs; [141]. Real-time detection of gases and volatile organic compounds (VOCs) is one such
application where SrTiOs is preferred due to its good thermal, chemical and microstructural
stability, high reliability and low processing cost [55, 145-147]. SrTiOs3 also provides high defect

density at its interface which significantly influences its sensing characteristics [145,147].

1.3.3 Metal carbides (MXene): MXenes are relatively younger members of the 2D materials
family and attracted significant attention for multiple applications due to their extraordinary
physical, chemical, and electronic properties. MXenes are early-transition metal
carbide/carbonitride and nitrides with general formula M+ X Tx, where M is transition metals

(like Sc, Ti, V, Cr, Zr, Nb, Mo, and Ta), X is C or N and T is surface terminal groups (like O, F,
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OH, etc.) [57,150,151]. Mxenes are mostly synthesized from the parent MAX phases which are
generally formulated with M;+1AX, where the A element (Al, Si, P, S, Ga, etc.) are from group
13 or 14 of the periodic table [58]. MXenes are synthesized by selective etching of A element
from the MAX phase [58]. Till now, the following MXenes i.e., M2X type, M3X> type, and M4X3
type have been synthesized and employed in a variety of applications. HF (hydrofluoric acid) is
the most commonly used etchant for MXene synthesis but later some mild etchants like LiF+
HCI, NaF+HCI [59, 152,153], and fluoride-free alkaline etchant [154] were also found suitable
for MXene synthesis. In some cases, intercalation and delamination of MXene sheets have also
been used for the synthesis of single-layered MXene by using suitable agents like DMSO
(dimethyl sulfoxide) [61], tetrabutylammonium  hydroxide (TBAOH) [63],
tetramethylammonium hydroxide (TMAOH) [65] with attractive properties participate in sensing
[155].

The attractive properties of MXenes such as large specific surface area, abundant functional

groups (—OH, —O, or —F), porous structure, tunable surface chemistry, good chemical and thermal

Fig. 1.4. (a) Schematic representation of Ti3C,>Tx structure and different functional groups on the
surface of Ti3C,Tx nanosheets [59], (b) SEM image of the cross-section view of the SL-TizC»
film and (d) TEM image of SL-Ti3C; nanosheets [61].
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stability, high metallic conductivity, fast electron transfer ability and easy solution processability
provide much applicability in gas or VOC sensing as shown in Fig. 1.4 [60,150,151]. Herein,
gases and VOCs sensing behavior of MXene has been reported by different research groups.
Pristine MXene such as TizsCoTx [57-60], Ti3C2[61,62], V4C3Tx [27,42], and Mo2CTx [65,66] are
used for the detection of various gases, and VOCs. Among all of these MXenes, Ti3CoTx is most
widely implemented as the gas sensing material and found highly sensitive towards acetone
[63,156] and ethanol [157-159] compared to other breath VOCs. Eunji Lee et al. reported the
first MXene-based gas sensor where they tested ethanol, methanol, acetone and ammonia on the
surface of 2D Ti3CoTx sheets. They claimed that the sensing response of p-type TizCoTx was due
to the active defective sites and interaction with surface functional groups with the highest
response for ammonia (~0.21/100 ppm) because of its large adsorption energy as shown in Fig.
1.4(a) [59]. MXene with p-type semiconducting behavior showed a positive gas response where
the resistance of the device gets increased with the addition of reducing one [63,60,158]. The
thickness of the MXene film dramatically affect the sensing performance. With increase of the
thickness of MXene sheets, the sensor response gets declined for both reducing and oxidizing
gases. The composition, morphology and synthesis route of MXene significantly affect the gas
sensing properties. Variation in carbon precursors (graphite, TiC, lampblack) [58] and TizC,Tx
flakes size [60] directly influence the NH3 sensing response at room temperature and found that
small size flakes show better response than the larger one because it produced shorter gas
diffusion path [58,60]. Ti3C,Tx film as a metallic channel was used to provide good electrical
conductivity to yield low noise and high signals induced by tremendous adsorption sites for
ethanol sensing reported by Kim et al [158]. A virtual sensor array based on MXene was
fabricated for the selective detection of ethanol in the concentration range of 100-800 ppm and
principal component analysis (PCA) was used to discriminate the VOCs. The resulting data
concluded ~93.4% accuracy for the ethanol concentration showing the potential for the detection
of particular VOC in complex interfering VOCs mixture for breath analysis application [160].

Table 1.4. Summarizes the MXenes based breath VOC sensors.

MXene Other Target gas Sensitivity Cross interfering Humidity Op. Ref.
specification VOCs study tem.
Vi4C3Tx 48% HF CH;COCH; 0.65? - 10% RT 63
(8ppm)
Mo,CTx 25 wt % HF C¢HsCHj3 2.65%?° Methanol, ethanol, No RT 65
(100 ppm) benzene, acetone
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Ti3CoTx LiF+HCI1 C,HsOH 6%° (20 Ethylene, hexane, water RT 159

ppm) octane, benzene,
acetone, toluene
Ti3CoTx LiF/HCI CH;COCH; 0.97%" (100 acetone, ethanol, No RT 158
ppm) NH3, propanal, NO»,
SO,, CO,
Mo,C Carburization C,HsOH 6% ® (1000 NO, SO,, NH3, No RT 66
ppm) acetone, propanal,
ethanol, hexane,
toluene
Ti3C,Tx LiF+HCIH+HF  C;HsO+C7H¢N,O4 -(100 ppm) Indole, DNT No RT 161

+CgH7N

*a=R,/R,, c= (AR/R,)x100
*a=R,/R,, b= (AR/Ry)x100

Pristine MXenes such as TizCyTx [158,161], V4C3Tx [63] and MoCTx [65,66] are used for the
detection of breath VOCs. Interestingly most of the reported 2D MXene was sensed at room
temperature as shown in Table 1.4. Among all of these MXenes, TizC,Tx is most widely
implemented as the gas sensing material (Table 1.4) due to its outstanding properties. Sensing
possibilities of MXene towards different gases/VOCs was tested and found that it was highly
sensitive towards acetone [63], and ethanol [158,66,159]. On the other hand, MXene was less
explored for some other gases/VOCs as discussed in Table 3 [65,161]. Ti3CyTx is more widely
preferred for reducing gas sensing as compare to the oxidizing one because it gets easily
oxidized in TiO> in oxidizing ambient [63,161].

Moreover, the selectivity of a sensor towards a particular gas/VOC was a major concern in
MXene-based sensors as shown in Table 1.4. Pure MXenes suffer from other shortcomings like
high humidity interactive nature due to hydrophilic behavior, low flexibility, high metallic
conductivity, and low thermal and chemical stability of MXene in aqueous solution. On the other
hand, MXene-based sensors also faced some major obstacles like high recovery time and drift in
baseline resistance, etc. which encouraged us to think about its composites fabrication to
overcome these limitations. The literature concluded that MXene-based sensors provided

improved properties after the composite formation with other sensing materials.

1.3.4 Hybridization of sensing material:
As we discussed earlier each sensing material has certain limitations in its pristine form and to
overcome these problems many solutions have been proposed by the researchers. The following

best-known strategies have been used by the researchers are (i) use of temperature cycling [21],
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(i1) doping in nanomaterials [21], (ii1) formation of composite [21, 28, 29, 162-175], (iv) surface
functionalization [21,145,176-182], (v) morphological variations [21,22], (vi) use of multi-sensor
array and pattern recognition [21,22]. To improve a particular sensing characteristic of the
sensor, optimization of the parameters could be different. In this case, the sensitivity of a sensor
depends on factors like nanostructure or morphology, specific surface area, the composition of
the participating materials and porosity of the sensing material [22]. The composite formation
includes the formation of heterostructures between two efficient semiconducting sensing
materials is one of the most common interests of the researchers.

Research data envisaged that hybridization of TiO, with different sensing materials like; metal
oxides (WOs3 [162,163], SnO; [115, 164], Co304 [165]), carbon nanomaterials (GO [166]) and
chalcogenides (MoS» [125], WSe> [114]) exhibit enhanced breath VOC sensing performance and
overcome the limited response and high operating temperature issues of sensor significantly. The
morphology of participating composite materials also plays a key role in further improving the
sensing properties. Zhang et. al. reported TiO> nanofibers coated with WO3 nanospheres for
efficient xylene sensing characteristics. It was noted that WO3 nanocubes on the TiO> nanofibers
are helpful in achieving high surface area and enhancing the gas-sensing catalytic process [163].
The addition of chalcogenides like MoS,, WSe>, WS> etc. with the TiO> metal oxide improves
the selectivity, sensitivity and operating temperature of the resulting sensor device [114,125,167].
Specifically, 2D chalcogenides are famous materials for their low-temperature sensing and
selective nature towards a particular gas or VOC among a number of other interfering VOCs
[167]. Pan et. al. synthesized an ethanol selective sensor system based on the TiO»/WSe;
nanocomposite. The hydrothermal route was used to synthesize TiO> nanospheres (NSs) and
WSe> hexagonal nanosheets (HNs). The sensor attained high response (42.8/100 ppm ethanol),
extremely short response/recovery time (2 s/1 s for 30 ppm), and excellent selectivity at 25 °C
operating temperature [114]. Apart from this, doping or surface functionalization by noble metal
nanoparticles such as Ag [176], Au [35,119], Pd [177, 178,179], Pt [179], Sn [180], Nb [112] and
Sr [23] are the most suitable technique for overcoming the certain limitations of MO sensing
material [21]. These sensitization effects increase the sensitivity, improve selectivity and
decrease the overall operating temperature of the sensors [178].

SrTiO3 perovskite has been functionalized and hybridized with other materials to improve its

sensing properties. Hybridization with other materials [28,29,146], nanoparticle [145] and
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oxygen functionalization [55,56]. A number of reports have been published on hybridized SrTiO3
sensors for the detection of different VOCs and gases such as H» [146], ethanol [55,56,145], O>
[128,139] and ozone [130]. Trabelsi et al reported oxygen vacancy modulated SrTiOs for
effective ethanol sensing at room temperature. The data concluded that sensors with optimized
oxygen vacancy content showed good semiconducting and ethanol sensing properties [55]. Meng
et al. reported that the p-type Au-LaRhOs3/SrTiO3; sensor showed good ethanol sensing
characteristics based on the change of resistance caused by the interaction between adsorbed
ethanol molecules on the surface of the sensor [145]. The incorporation of metal nanoparticles in
sensing material dominates the electronic exchange between the sensing film and the ambient by
generating new O® adsorption sites [6,101,102].

The hybridization of metal oxides and metal nanoparticle with 2D MXene can overcome the
poor selectivity and low stability issues of MXenes [54,55,62,153,168,169]. Ti3CoTx MXene
composite with different metal oxides such as Co3O4 [168], TiO2 [170-172], CuO [173], SnO-
SnO, [174], and WigO49 [175] have been extensively studied by the researchers. WigOag
nanorods/Ti3C2Tx composite was synthesized by solvothermal method and sensing performance
revealed that Ti3CoTx with 2% concentration showed the highest response (11.6% at 20 ppm) for
acetone and beyond this concentration response get decreased with 0.17 ppm LOD on the cost of
operating temperature (300 °C) [175]. TiO> was the most frequently used metal oxide in
composition with MXene for the detection of reducing gases at room temperature. Partially
oxidized TizC,Tx at 350 °C [170] and oxygen plasma-treated TizC>Tx [171] resulted in the
formation of inbuilt TiO2 nanoparticles and showed a significantly high response toward ethanol
(22.47% at 100 ppm) and acetone (180 % at 2 ppm), respectively due to the defects and oxygen
functional groups [170,171]. A Ternary MXene composite based on TiO> was synthesized (TiO»-
C/g(graphene)-C3N4/Ti3C,Tx) and showed outstanding sensitivity (91 % at 10 ppm) towards
ethanol but the selectivity of the sensor was not attractive enough for real-time study [172].
MXenes [181,182] based sensors showed improved sensing properties through electronic and
chemical sensitization effects of noble metal nanoparticles.

Apart from these, reports claim that the use of metal functionalization (Ag [6], Pd/Sn [102]) or
the addition of overlayer (CeO2 on CuBr [100], trimethylacetic anhydride [159]) blocks the
interaction between moisture and sensing layer to improve the robustness of the sensors towards

humidity. Metal nanoparticles act as a hydroxyl absorber drastically decreasing the response
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toward humidity [102]. Li et. al. reported reduced hydrophilicity while improving the VOCs
sensitivity of TizCoTx MXene towards ethanol by introducing hydrocarbon terminations. The
trimethylacetic anhydride functionalized TizC2Tx MXene showed a reduced response of 71%
against water vapor compared with pristine TizCoTx [159]. Nanoporous materials act as
“breathable” materials where gas molecules can diffuse through the pores and show a negligible

influence on humidity [7].

1.4 Gaps in existing research:

The detailed literature review envisaged that most of the chemiresistive sensors suffer with
several limitations. After introduction of nanostructured materials, efficiency of chemoresistive
sensors have been increased significantly. A sufficient improvement is still remained to make
nanomaterials based chemiresistive sensors suitable for advanced application like breath
analysis. A few research gaps have been identified from breath VOC sensing perspective and

listed below.

e Chemiresistive sensors are mostly operated at high temperatures (300-500 °C) that
significantly influence the long-term stability of sensor. Metal oxide and perovskite-
based sensors are the most common example where extra activation energy is essential
for gas or VOC detection.

e Poor selectivity is also a major concern. No systematic study was performed to make the
sensor selective. The sensors are not selective for long chain VOCs.

e The detection limit of the sensors is very high for a breath VOC detection. For breath
analysis application, the detection limit should be in the lower ppb or ppt level.

e Humidity is the less focused area for gas or VOC sensing. Humidity study is essential for

any real time applications like breath VOC detection.

After considering all these shortcomings of the breath VOC sensor research, titanium oxide
based perovskite and carbide nanocomposite sensors have been proposed in the present research
proposal. The nanocomposites of these materials have been chosen to develop advanced breath
VOC sensors. The major objective is to develop a humidity-tolerant sensor that detects the ppb
level of VOC. Also, the emphasis is on developing first responding devices for different VOC to

develop naturally selective sensors.
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1.5 Objectives:

v

Synthesis of titanium oxide and their perovskite and carbide composites in nanoscale
dimension.

Hybridization of the above materials with nanoparticles of metal and chalcogenides.
Structural, morphological and chemical characterizations of developed nanomaterials and
their nanocomposites.

Fabrication of vertical or MIM, and planar type sensors by using the developed
nanomaterials.

Testing and characterizations of sensors in the exposure of volatile organic compounds
(VCOs), mostly considered as the potential breath marker associated with different
diseases.

Optimization of sensor performance in terms of low-level (ppb) detection, humidity
tolerant sensing with long term stability to make them suitable for breath analysis

application.
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Chapter-2
Synthesis and characterization of base materials

2.1 Introduction

Various semiconducting metal oxides have been employed for gas or VOC sensing, showing
good sensing properties with several benefits. They have iconic electronic exchange
characteristics, suitable semiconductor properties, and stability to work in harsh environments
[1-7]. Metal oxides are mainly divided by their type of conductivity (n-, p-type). TiO; is a
comparatively stable (chemically and thermally), non-toxic, corrosion-resistant, and
biodegradable material, making it a promising material for sensing applications [6,8-10]. TiO2
possesses a variety of nano morphologies like 0-D (nanoparticles) [9], 1-D (nanotubes,
nanowires, nanorods) [11, 12], 2-D (nanosheets and nanofibers etc.) [6,13] and 3-D
(nanospheres) [8] which could play a noteworthy role in sensing behavior. The most common
methods for TiO, synthesis are electrochemical anodization [7], sol-gel [6, 16], hydrothermal
method [17-19], and electrospinning [5, 12].

Nowadays, MXenes are also gathering immense attention in gas sensing applications due to their
large specific surface area, abundant functional groups ((-OH, —O, or —F), porous structure,
tunable surface chemistry [20-24]. Among several MXenes, Ti3C,Tx is most widely studied for
the gas or VOC sensing application [25-30]. 2D TizC,Tx sheets were formed by the chemical
exfoliation or removal of A element by a selective etching [31,32]. A variety of etchants like HF
[31], fluoride-containing reagents with HCl (LiF+HCIl, NaF+ HCI) [20,21] leave the MXene
surface terminated by different functional groups (-OH, -F, and -O) and represented as Mu+1 X, Tx,
where x is the number of functional groups [32]. However, some Intercalating and delaminating
agents like DMSO (dimethyl sulfoxide) [33], tetrabutylammonium hydroxide (TBAOH) [26],
Tetramethylammonium hydroxide (TMAOH) [34] are also used to obtain MXene with high
specific surface area.

This chapter includes the detailed synthesis procedure and characterization of titanium oxide in
the form of 1-D nanotubes and 0-D nanoparticles, carbide (Ti3C2Tx), MoS> quantum dots and Pd

nanoparticles. 1-D TiO2 nanotubes were fabricated by electrochemical anodization and 0-D TiO>
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nanoparticles were fabricated by sol-gel method. TizC,Tx MXene was synthesized by the
selective chemical etching route. Morphological (FESEM, TEM/HRTEM), structural (Raman,
XRD), and chemical (XPS) characterizations were performed to analyze the nanostructures.

Device fabrication and gas sensing and humidity setup were also discussed in detail.

2.2 TiO2 nanostructures

2.2.1 1-D TiO2 nanotubes array

2.2.1.1 Synthesis

TiO2 nanotube array was synthesized by a simple electrochemical anodization method. A 2 cm X
2 cm Ti Foil (0.25 mm thickness, purity > 99.9%) was cleaned thoroughly by sonication,
followed by 10 minutes of dipping in each of the following solvents: acetone, ethanol, and
deionized water. Lastly, a 2 M of HF (48% purity, Sigma—Aldrich) etching was done to provide
suitable roughness for better growth of nanotubes. Anodization was done in two steps; the first
step was carried out for 90 min at 40 V using a power supply in a two-electrode system with a
graphite counter electrode. 1.5 cm % 1.5 cm (thickness: 1 mm) counter graphite electrode was
maintained at a constant distance of 3.5 cm during the reactions. The second anodization step
was maintained for 1 min at 60 V constant voltage. The anodic reaction was carried out at room
temperature. Both reactions were carried out simultaneously in different electrolyte solutions
containing a prefix ratio of 0.589 g ammonium fluoride (NH4F), 9 ml deionized water, and 171
ml ethylene glycol. This tow step procedure leads to the completely open-pores structure of TiO>
nanotubes. Thermal annealing was performed in the air at 450 °C for 4 h, making the samples

mechanically robust and the amorphous nanotubes to anatase.

2.2.1.2 Characterization

Morphological characterization

The morphological and structural analysis were performed with field emission scanning electron
microscopy (FESEM, Apreo LoVac) with an acceleration voltage of 15 kV and high-resolution
transmission electron microscopy (HRTEM, Tecnai G2 20 S-TWIN [FEI]) with an acceleration
voltage of 200 kV. Highly arranged and oriented TiO2 nanotube arrays were synthesized from the
electrochemical anodization route. The average length of nanotubes varied from 1.5 - 2 um (Fig.
2.1 (a)). The average outer diameter of the TiO> nanotubes was ~110 nm with an inner pore

diameter of ~ 79 nm (Fig. 2.1 (b)). The average pore size of the nanotube was around 74 nm as
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shown in Fig. 2.1 (¢). The detailed morphology of a single nanotube in the array was studied by
TEM results (Fig. 2.1 (d)). From the TEM results, the wall thickness and the inner diameter of
anodically grown TiOz nanotubes are not homogenous and enhanced in the bottom direction
resulting in a smaller inner radius. Consequently, the inner diameter of the tube near the top and

bottom part was determined to be 45 nm and 85 nm, respectively to maintain the outer diameter

Fig. 2.1. FESEM image of TiO> nanotubes:(a) overall view of TiO> nanotubes (b) top view and
inset side view. (c) pore size distribution analysis of TiO; nanotube array by Imagel software. (d)
TEM image of the nanotube and the inset is showing the HRTEM image of the TiO> nanotube.

of the nanotube nearly constant around 135 nm throughout the length (fig. 2.1 (d)). Later, the
inset of Fig. 2.1 (d) shows the high-resolution TEM (HRTEM) image of the TiO> nanotube array.
The 0.346 nm lattice spacing was indexed to the (101) crystal plane of A-TiO> in Fig. 2.1 (d)
[8,35].

Structural characterization
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Fig 2.2. (a) XRD spectra and (b) Raman spectra of TiO, nanotubes.
Fig. 2.2 (a) shows the X-ray diffraction data (XRD, Bruker AXS D2 PHASER) using CuKa

radiation (1.5418 A) which discloses the crystalline nature of the TiO, nanotube arrays. The
sharp and highest intensity (101) peak at 24.5° is related to anatase TiO», and a few low intensity
anatase peaks are observed in pure TiO2 samples (JCPDS File No. 21- 1272) [8]. The peak at
27.4° and 36.1° are related to the rutile (110) and (200) crystallinity observed in the sample (Fig.
2.2 (a)) [12]. Other anatase crystallinity peaks of (200), (105), (211) and (118) were observed at
47.6°, 53.5° 54.61° and 62.2¢, respectively [9,12]. The Ti substrate peaks were also observed in
the XRD spectra of TiO2 nanotubes.

The Raman spectra (Raman Spectroscopy, Labram HR Evolution, Omega Scope) of pure TiO>
nanotubes were noted using a 532 nm laser at room temperature (Fig. 2.2 (b)).
The TiO2 nanotube array showed five peaks defining the different Raman active modes. Five
bands at 145 cm™! (Eg), 195.4 cm™! (Eg), 395.2 cm™! (Bg), 514.6 cm™' (Ag + Bg), and 634.4
cm ! (Eg) (Figure 3b) signifies the presence of anatase phase of TiO2 [35].

Chemical characterization

Fig. 2.3. XPS spectra of TiO2 nanotubes (a) Ols, (b) Ti 2p.

The XPS spectra (XPS, Thermo Fisher Scientific, K-Alpha) of Ti 2p and O 1s are shown in Fig.
2.3(a, b) to identify the chemical states of the samples. The O 1s spectra of pure TiO2 nanotubes
array were deconvoluted into three peaks related to the lattice oxygen (OL), oxygen vacancies
(Ov), and surface-chemisorbed oxygen (Oc) at 530.3, 531.7, and 533 eV, respectively, as shown
in Fig. 2.3(a) [35]. The Or, Oy, and Oc components percentages are 69, 20.6, and 10.4%,
respectively, concluding the less oxygen functionalized surface of the pure TiO2 nanotubes (Fig.

2.3(a)). In the Ti 2p spectra, two peaks centered at 458.8 and 464.6 eV are related to Ti 2p3 and
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Ti 2pip, respectively (Fig. 2.3 (b)). These two peaks are further deconvoluted into four
mountains, which are Ti*" 2ps» (458.7 eV), Ti*" 2p3n (459.6 V), Ti** 2pin (464 eV), and Ti*"
2p12 (465.1 eV) [36,37]. In pure TiO, nanotubes, the intensity and area of Ti*® peaks are
significantly higher than those of Ti** peaks, confirming the oxygen-deficient nature of the pure

TiO2 nanotube array.

2.2.2 0-D TiO:2 nanoparticles

2.2.2.1 Synthesis

The Undoped p-type, anatase-TiO» nanoparticles were synthesized from the titanium (IV)
isopropoxide (TTIP, 99.99% pure from Sigma Aldrich), acetic acid (CH3COOH) by the sol-gel
method. Firstly, 25 ml acetic acid was maintained at 0 °C in an ice bath under a vigorous stirring
state. Next 5 ml of TTIP precursor was added dropwise to the reaction chamber. Finally, 100 ml
of deionized (DI) water was added slowly into the mixture of TTIP and CH3COOH. The
resulting opaque solution then underwent a continuous stirring state for 90 mins and the color of

the solution became utterly transparent and restored in a cool dry place for further reactions.

2.2.2.2 Characterization

Morphological characterization

Fig. 2.4. Undoped p-type TiO> nanoparticles (a, b) FESEM, (c) average size distribution analysis
by Imagel software, (d) TEM image of TiO> nanoparticles and inset is showing HRTEM image
representing the lattice fringes.

The pure TiO; nanoparticles distribution is shown in Fig. 2.4(a, b). The distribution was uniform,
continuous, and compact throughout the substrate. The spherical nanoparticles ranging in size
from 6-9 nm with an average size of 7.5 nm were estimated from the FESEM image (Fig. 2.4
(b)) using Image] analysis (Fig. 2.4 (c)). The distribution was also analyzed by TEM analysis
where no such aggregation of the nanoparticles was observed (Fig. 2.4 (d)). The HRTEM image
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in the inset of Fig. 2.4 (d)) shows a lattice spacing of 0.352 nm confirming the formation of

anatase (101) crystallinity in the TiO nanoparticles [35].

Structural characterization

The XRD measurement was done to identify the dominant crystallinity of the undoped TiO»
nanoparticles (Fig. 2.5 (a)). The highest intensity peak was observed at 24.45 ° referring to the
anatase (101) crystal plane into TiO> nanoparticles. Other anatase crystallinity peaks were also
pointed at 20 values of 47.7° and 53.9° corresponding to the anatase (200) and (105) respectively
[8,9]. The XRD peaks for anatase TiO2 was well matched with JCPDS file No. 21-1272.

Fig. 2.5. (a) XRD and (b) Raman spectrum of undoped p-type TiO> nanoparticle.

The Raman spectra of undoped TiO: nanoparticles are shown in Fig. 2.5 (b)). The anatase
crystallinity in TiO, NPs was established by six Raman active modes like Eg (144 cm™), Eg (199
cm™), Bg(399 cm™), Ag + B, (516 cm™) and E, (639 cm™) Fig. 2.5 (b)).

Chemical characterization

Fig. 2.6. XPS spectra of undoped p-type TiO2 nanoparticles (a) O 1s, (b) Ti 2p.
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O 1s spectra of TiO, nanoparticles deconvoluted into three major peaks assigned to lattice
oxygen (Or), oxygen vacancies (Ov) and chemisorbed oxygen (Oc) in TiO2 nanoparticles (Fig.
2.6(a)). The high specific surface area of TiO2 nanoparticles eventually increased the number of
surface oxygen originating from Ti-OH, adsorbed oxygen species, etc. which eventually
increased the intensity and area of Oc peak [35]. The Ti 2p spectra centered at 459.1 and 465.2
eV are related to Ti 2p3 and Ti 2p1p, respectively (Fig. 2.6(b)). The peaks were deconvoluted
into Ti*" 2p3» (459.1 eV), Ti** 2psp (459.4 eV), Ti*" 2pi2 (464 eV), and Ti*" 2pi/2 (465.2 eV) as
visible in Fig. 2.6(b). The separation of Ti** peaks in Ti 2p3» and Ti 2pi» was 5.9 eV, validating
anatase TiO2 [36,37].

2.3 TizC2Tx MXene

2.3.1 Synthesis

TisC2Tx MXene was synthesized by the selective etching of Al from Ti3zAIC: (sigma aldrich) or
MAX phase precursor. The synthesis of MXene was a two-stage process, firstly 1 g of TizAIC,
was added in 10 ml of HF (48% v/v) solution while stirring for 20 h at room temperature.
Tiz3AlC, was added to the solution slowly to avoid initial overheating. As the etching was done,
the mixture was rinsed multiple times with distilled water until a pH of 6 was achieved. The
product was then collected by centrifuge at 3500 rpm for 10 min and dried in a vacuum
desiccator at 80 °C for 18 h. In the second step, intercalation and delamination of Ti3C,Tx
MXene sheets were done where 10 ml DMSO was added to the 0.2 g of powder under a
nitrogen-protected environment for 18 h with a continuous stirring state at room temperature.
The final solution was washed multiple times and centrifuged at 3500 rpm for 5 mins to remove
DMSO. A sonication of 6 h was maintained and ended up with a centrifuge process at 1000 rpm

for 15 mins.

2.3.2 Characterization

Morphological characterization

The FESEM analysis was done to understand the morphological changes in the MXene sheets
with the different compositional changes (Figure 2.7(a, b)). Fig. 2.7(a) shows the tightly bounded
sheets in the unetched MAX phase (TizAlC,). The Unetched MAX phase was further treated
with suitable etchants and delaminating agents resulting in a typical accordion-like multilayer

structure with a smooth surface of TizCoTx MXene (Fig. 2.7(b)). The exfoliated sheets with a
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Fig. 2.7. FESEM images of (a) MAX phase of Ti3AlC,, (b) TizC.Tx MXene after etching, (¢)
TEM image of TizCoTx MXene sheets and (d) HRTEM image representing the lattice fringes.

wide separation indicated the successful removal of Al from the MAX phase as shown in Fig.
2.7(b). The inset image (Fig. 2.7(b)) shows a close view of the spaced layer with average
interlamination spacing of 200 nm.

TEM and HRTEM analysis show a detailed analysis of structural changes in MXene and
composites. Fig. 2.7(c) shows the TEM image of MXene sheets lying on each other and
identified by the contrast change. Moreover, the HRTEM image of a selected area from the TEM
image (Fig. 2.7(d)) showed the coexistence of lattice fringes of MXene. The estimated lattice
fringes spacing for MXene was observed to be 0.96 nm, which is attributed to the (002) crystal
plane [23].

Structural characterization

Fig. 2.8. (a) XRD and (b) Raman spectrum of TizCoTx MXene sheets.

The XRD spectra in the Fig. 2.8(a) show the diffraction peaks for MXene. The Pure TizCoTx
MXene has several diffraction peaks at 9.34°, 18.6° and 27.9° and contributed to the typical
peaks of (002), (004) and (006) planes of 2D TizCoTx MXene which are also consequences from
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the Al etching from the TizAIC,; MAX phase [38,39]. The series of MXene peaks confirms a
layered structure of stacked sheets with an interplanar distance of 0.96 nm [40].

Raman spectra were recorded to identify the structural modifications in the material (Fig. 2.8(b)).
In pure Ti3C2Tx, the peaks at 390 and 620 cm™ belong to the Alg signals arising from the
presence of —OH, —O, and—F functional groups on the surface. The vibration modes for Ti-Al
were missing in the resulting spectrum, confirming the successful etching [41,42]. The two
broad peaks at 1350 and 1570 cm™ were observed corresponding to the D and G peaks resulting

from the formation of graphitic carbon during the etching process [41,42].

Chemical characterization

Fig. 2.9(a) shows the Ti 2p peaks for the pristine MXene sample with four doublets for Ti 2p1.
and Ti 2ps3» whereas each doublet is separated by 5.9 eV. The pristine TizCoTx Ti 2p3» was
deconvoluted into four peaks centered at 455.2, 456.6, 458.4 and 459.3 eV corresponding to the

Fig. 2.9. XPS spectra of TizC2Tx MXene sheets (a) Ti 2p, (b) O 1s and (c) C 1s spectra.

Ti—C (Ti"), Ti—X (Ti*"), TixOy (Ti*"), and TiO, (Ti*"), respectively [38,39]. The O 1S spectra
(Fig. 2.9(b)) were deconvoluted into three peaks at 530.5, 532.5, and 533.8 eV credited to Ti-
OH, Ti-O-Ti, and C-OH, respectively [40]. In pristine MXene, plentiful oxygen functional
groups are present on the surface and edges which are beneficial for gas or VOC sensing. Fig.
2.9(c) shows the C 1s spectra fitted into four peaks corresponding to C-Ti, C=C, C-O, and C-F
positioned at binding energies of 281.9, 285, 286.4 and 289.1 eV, respectively.

2.4 MoS:2 Quantum dots (QDs)
2.4.1 Synthesis
MoS> was purchased from Sigma Aldrich and further proceeded without any purification. 2 ml of

MoS; suspension was dispersed into 100 ml of MQ water and sonicated for 1 h. The resulting
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sonicated suspension was then centrifuged at 4500 rpm for 10 min. the resulting supernatant was

collected and then used further for composite formation.

2.4.2 Characterization

Morphological characterization

MoS; QDs were uniformly distributed on the substrate as visible in the lower magnification
image (Fig. 2.10(a, b)). At higher magnification, it was noted that quantum dots aggregated and
formed small clusters of different dimensions (Fig. 2.10(a)). The discrete quantum dots with

spherical shape are visible with a diameter ranging between 10-15 nm and after the aggregation,

Fig. 2.10. (a, b) FESEM images of MoS; quantum dots at different magnifications, (C) TEM
image of MoS» quantum dots and inset representing the lattice fringes of single quantum dot.

the cluster size ranges between 50-80 nm as shown in Fig. 2.10(b). The TEM image shows the
cluster of aggregated QDs with many MoS: quantum dots Fig. 2.10(c). The inset of Fig. 2.10(c)
is leading the individual MoS; quantum dot with spherical morphology. The lattice fringes in
Fig. 2.10(c) showing an inter-planer distance of 0.75 nm corresponds to the (002) crystal plane of
MoS; concluding less crystalline and non-homogenous lattice arrangement of the resulting QDs

which is in good agreement with the previously reported works [43].

Structural characterization
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Fig. 2.11. (a) XRD spectrum of MoS, quantum dots.

To understand the crystalline nature of MoS», a powder X-ray diffraction study was performed in
Fig. 2.11(a). The sharpest and most intense peak at 14.2° of MoS> in the resulting material was
confirmed by the Mo (002) orientation [43].

Chemical characterization

X-ray photoelectron spectroscopy (XPS) was conducted on MoS, samples to examine their

chemical state and surface compositions. The two characteristic peaks (S*>” 2ps2and S* 2pi.2) of

Fig. 2.12. XPS spectra of MoS; quantum dots (a) S 2s, (b) Mo 3d spectra.

S 2s spectra were merged into one and observed at 162.9 eV. At a higher binding energy of 169.7
eV a significant peak was observed for S™, further confirming the +6-oxidation state of Mo (Fig.
2.12(a)). The highly oxidized surface of MoS contains a huge number of reactive sites [44]. The
Mo 3d signal comes from the peaks around 229.2, 231.1, 233.2 and 235.1 eV matching with
Mo*" 3dsn, Mo** 3d32, Mo®" 3ds» and Mo®* 3ds» of MoS,, respectively (Fig. 2.12(b)) [44]. The
attachment of unstable oxygen functional groups or partial oxidation on the surface of MoS> QDs

generates Mo states which help during the gaseous interaction [44].

2.5 Pd nanoparticles

2.5.1 Synthesis

All the chemicals were analytic grade and palladium chloride (PdCl,) (CAS: 7647101) was
purchased from Molychem and used without further purifications. 1 mM of palladium chloride
(PdClz) was dissolved in 1 L of deionized water and then sonicated for one hour at room
temperature. The prepared nanoparticle solution was stabilized by adding diluted HCI dropwise

with continuous sonication.
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2.5.2 Characterization

Morphological characterization

The FESEM image shows a uniform decoration of spherical Pd nanoparticles with negligible
aggregation (Fig. 2.13(a)). The TEM images of Pd (Fig. 2.13(b)) also show the detailed
morphology and distribution of nanoparticles. TEM data revealed that metal nanoparticles were
compact, uniform and well-distributed. The distribution of nanoparticles was uniform in the case
of Pd nanoparticles (Fig. 2.13(b)). The HRTEM image (Fig. 2.13(c)) shows the lattice spacing

measurements of Pd metallic nanoparticles give a recurrent value of 0.22 nm which corresponds

Fig. 2.13. (a) FESEM image of Pd nanoparticles, (b) TEM image of Pd nanoparticles, (c)
representing the lattice fringes of Pd nanoparticles, and (d) the average size of Pd nanoparticles
by Imagel software.

to the (111) plane of the metallic Pd phase which is in agreement with the previously reported
works [45,46]. The size distribution of noble Pd metal nanoparticles was calculated from TEM
images (Fig. 2.13(d)) using ImageJ software. Pd nanoparticles were small and contained high

surface energy with an average of particle ~3.4 nm.

Chemical characterization

Fig. 2.14. XPS spectra of Pd 3d spectra of Pd nanoparticles.
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The Pd 3d spectrum was deconvoluted into four doublets (Fig. 2.14). These four doublets for Pd
3ds/Pd 3ds» centered at binding energy values of 335.1/340.1, 336.9/340.2 and 338.2/343.6
corresponding to Pd(0), PdO and PdO,, respectively [47,48]. The formation of four different
oxidation states confirms that the Pd nanoparticles are highly reactive to the environmental

oxygen species and attributed to the increase in surface oxygen of the sensing layer.

2.6 Device fabrication

Two types of device structures were considered according to the morphology as well known that
the proper device structure for different nanostructures is essential for desired sensing outcomes.
In a planar structure, electrodes are taken from the same plane of the sensing layer (Fig. 2.15(a)).
0-D, 2D and 3D nanostructures like nanoparticles, nanoflowers and spheres are deposited over
the substrate like Si/SiO», glass, etc. On the other hand, for 1-D nanostructures like nanotubes,
nanorods, etc. vertical or metal-insulator-metal (MIM) devices can be fabricated where highly
aligned and oriented nanostructures are sandwiched between electrodes. The vertically aligned
TiO> nanotubes on the Ti substrate where Ti substrate was considered the bottom electrode. Au
top electrodes of thickness ~150 nm was deposited on the top surface of TiO2 nanotubes by the
electron beam evaporation technique, maintaining a 10® mbar vacuum. The Au top electrode was

deposited using an aluminum metal mask with a 1 mm x 1 mm opening as shown in Fig. 2.15(b).

Fig. 2.15. Device structures; (a) Planar structured sensor, (b) Vertical structured sensor. (c)
Schematic view of interdigitated Au electrodes on SiO2/Si substrate.

In detail, the powder sample was dispersed in deionized water (5 mg/1 ml) and sonicated for 1 h.
The Interdigitated Au (150 nm) planner electrodes were deposited on 90 nm SiO> coated Si
((100)) substrate by vacuum coating technique where a customized molybdenum shadow mask

was used to create the desired electrode pattern as shown in (Fig. 2.15(c)). Thereafter, 30 pl
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dispersions of the solution were spray coated on Au/SiO»/Si substrate placed on a hot plate

heated at 75 °C.

2.7 Sensing and humidity setup

The sensing properties of the devices were examined by a gas flow apparatus having a sealed
glass chamber with a volume of 600 ml. VOCs were injected through a syringe pump system and
the flow rate of the gases was controlled with mass flow controllers. The syringe pump contains
different types of micro syringes (Hamiltonian, range: 0.2—1000 pl) for different concentrations
of VOC. The concentration (C) of VOCs was calculated by the formula C (ppm) = 2.46 x
(ViD/VM) x 10°, where D (gm/ml), M (gm/mol) and V (Lit) represent the density of the VOC,
molecular weight of the VOC and volume of vaporization chamber respectively [35,49]. A data
acquisition module (Keithley 6487) was used to provide a constant voltage (1V) and to measure

the resistance change toward different VOCs. The response magnitude was measured as R¢/Ra or

Fig. 2.16. Schematic of the sensor characterization setup and the humidity setup for breath VOC
detection.

Ra/Rg, where R, is the resistance in humid air and Ry is the resistance under exposure to the
VOCs. Response and recovery time were calculated considering 90% of the maximum change in
the current value of the sensor. Schematic of the sensor setup (Fig. 2.16). The theoretical

detection limit was calculated by using the formula LOD (ppm) = 3 x RMS/S, where standard
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deviation of the response (RMS) of the curve and the slope of the calibration curve (S)
approximating the LOD of the sensor [50,51].

In the humidity study, the humid air was used as the reference gas, and the total flow rate for the
reference gas was maintained at 450 sccm and controlled by a mass flow controller (MFC,
ALICAT Scientific). Humidity levels were maintained using a flow-through setup where
synthetic air (N2:O2—4:1) was passed through a bubbler (saturator) and a mixer and finally to
the sensing chamber. The maximum of 80% =+ 2 relative humidity value was set and humid air
flowed into the gas-sensing chamber. The humidity level was measured in the sensing chamber.
The different humidity levels were achieved by varying the humid air to dry air ratio. The desired
humidity level was monitored during the study using the high-accuracy hygrometer (= 2 RH)
(Fig. 2.16).

2.8 Conclusion

TiO2 nanotubes and undoped TiO» nanoparticles were synthesized by simple electrochemical
anodization and sol-gel method, respectively. These two methods are simple, cost-effective and
don’t use toxic chemicals. Different morphological, structural and chemical characterizations of
prepared metal oxide nanoforms were done to analyze the properties. FESEM established the
formation of highly orientated and organized nanotubes and the compact and uniform
distribution of nanoparticles. XRD confirmed the dominant anatase crystallinity of TiO2 in both
nano forms. All the Raman active modes corresponding to the anatase crystallinity of TiO2 were
observed. X-ray photo spectroscopy was performed to study the composition of TiO»>.

In the same way, 2D MXene sheets were exfoliated by a chemical etching route using a suitable
etchant. Characterization techniques authenticate the formation of exfoliated TizCoTx MXene
sheets. Pure MoS: quantum dots solution (Sigma Aldrich, 99 %) and Pd nanoparticle solution
from PdCl; salt (MolyChem) was synthesized in aqueous form for further use. Both of the
aqueous solutions obtained were highly stable, uniform and active. Both nanostructures were
analyzed using different characterization techniques.

Titanium oxide, and carbide nanomaterials have been widely utilized to detect a variety of breath
volatile organic compounds (VOCs). Different researchers have adopted different ways to
improve the sensing performance of these material-based devices. The most common ways of
improving the properties per the requirements are forming the nanocomposite of sensing

materials and surface functionalization by different semiconducting and metallic nanoparticles.
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Chapter-3
MoS; functionalized TiO; nanotubes for selective

detection of xylene at low temperature

3.1 Introduction

xylene is an efficient breath marker for lung cancer and in the exhaled breath of a patient, the
concentration gets increased from 20 ppb to 100 ppb [1-5]. The selective detection of xylene
breath marker among the complex chemically similar VOCs is a significant concern. BTX
(benzene, toluene and xylene) aromatic hydrocarbons are found in exhaled breath and very
difficult to detect a particular xylene marker among the chemically similar other VOCs [1-3].
Various semiconducting metal oxides have been employed for VOC sensing and found a suitable
material with many benefits [1,2,6,7]. Specifically, TiO» has been recognized as a promising gas-
sensing semiconductor in the present-day scenario [8-10]. The anodically grown 1-D TiO; has
more catalytic activity and is suitable for the gas or VOC sensing [11,13,14]. Gakhar et.al
explored the oxygen vacancy modulation of TiO> nanotubes by cathodic polarization and
chemical reduction routes for efficient VOC sensing. Doped nanotubes presented high response
magnitudes of 99.64% and 60% under exposure to 100 ppm of ethanol at 200 °C and 50 °C,
respectively [15]. However, low selectivity and high operating temperature remain challenging
for the TiO2 sensors [15,16]. The improvement in these properties is essential to work as a
potential breath marker sensor.

From the literature survey, it was evident that transition metal dichalcogenides (TMDs) are the
more acceptable and demanding nanomaterial [17-21]. The presence of electronic bandgaps in
TMDCs makes them suitable semiconducting gas-sensing materials and till now MoS»
[17,18,22-24], WS, [25-27], MoSe; [28], and WSe> [29] have been employed. TMDs are famous
for their low temperature sensing capabilities and selective detection of VOCs [30-33]. Most of
the TMDs are reported in the 2-D morphologies like nanoflowers, nanosheets, etc. [23,24,26,27]
but their employment in 0-D form for the hybridization with other materials simulating more
attention in gas sensing field [25,28]. 0-D TMDs hold more specific surface area and surface

reactive sites than other proposed 2-D morphologies [25,28]. Among all TMDs, MoS; can be
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chosen in 0-D form due to their markable number of reactive sites, high sensitivity, and easy
surface functionalization [17,18,23,24,30-32]. Kim et. al. synthesized mercaptoundecanoic acid
(thiolated ligand)- conjugated MoS; sensor to achieve high reactivity towards the target VOC
[30].

Combining two materials can be implemented to modulate the characteristics of the sensing
device. In this regard, the functionalization of materials with 0-D (dimensional) nanoparticles
results in chemical and electrical sensitization in the material [33,34,35,25,28]. The electrical
sensitization leads to the formation of discrete Schottky junctions due to their work function
differences [34,35]. Singh et. al. synthesized a highly sensitive, and stable sensor based on the
thin film of MoS,/TiO; composite. The device has shown a 100% response for ethanol with a
superior signal-to-noise ratio at 240 °C [8].

In this chapter, we have prepared a MoS: functionalized TiO2 nanotubes composite to overcome
the issue of poor selectivity and higher operating temperature. The composite was prepared for
highly stable and selective xylene sensing among chemically similar compounds like benzene
and toluene. Specifically, we synthesized a MoS2/TiOz-based composite via a low-cost
hydrothermal method. The metal insulator metal (MIM) type sensor device from composite has
displayed excellent xylene selectivity lower 75 °C operating temperature. The highly selective
detection of Xylene over other chemically similar VOCs by MoS,/TiO»-based sensor shows a
potential applicability in breath VOC detection. The sensor showed good response behavior with

outstanding long-term and signal stability in air and 75 °C.

3.2 Synthesis of MoS2/TNTs Heterostructured nanotube array

MoS>2 QDs coated TiO2 nanotubes were synthesized by using a one-step hydrothermal reaction at
180 °C and 18 h. The annealed TNTs were placed in a Teflon-lined autoclave containing 2.8 mg
MoS; in 100 ml MQ water. The resulting sample was washed with absolute ethanol and DI water
to remove excess MoS> and dried in the air. MoS>/TiO> heterostructure nanotubes array was

thermally treated at 250 °C for 3 h in the air to provide thermal stability to the heterostructure.

3.3 Characterization

Morphological characterization

The surface morphology of the prepared TiO> nanotube array before and after the hydrothermal
treatment with MoS, QDs was analyzed by the FESEM technique. The nanotube morphology
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was intact after the MoS> deposition but significantly decreased pore diameters and the average

pore diameter decreased from 95 nm for pristine TNTs to 70 nm for MoS2/TNTs as shown in Fig.

Fig. 3.1. SEM micrographs of (a) pure TiO, nanotube arrays, (b,c) MoS»/TiO> composite, (d,e)
TEM image of MoS>/TiO2 composite and (¢) HRTEM image of MoS2/TiOx.

3.1(a). MoS2 QDs were aggregated, formed small clusters of different dimensions, and decorated
on the TiO; nanotubes. The distribution of MoS> QDs. It was anticipated that the surface
roughness of the TNTs would be enhanced due to the decorating of individual and aggregated
MoS; (Fig. 3.1(b)). However, the decoration of MOS> on the sidewall of the TiO> nanotubes is
not meaningfully evident from the FESEM image (Fig. 3.1(c)). Consequently, a detailed TEM
analysis was performed to determine the decoration of small and individual MoS2 QDs on the
top of the TiO2 nanotube surface as shown in Fig. 3.1(d, e). The uniform decoration of MOS;
QDs was observed on the top and side walls of the nanotube as displayed in Fig. 3.1(d, e).
Interestingly, the TEM analysis showed that MOS> QDs have relatively small dimensions (5-10
nm) compared to the average cluster size (Fig. 3.1(d)). The side wall of the nanotube is fully
decorated with the MoS> QDs in Fig. 3.1(e). The high-resolution TEM (HRTEM) image in Fig.
3.1(f) shows the MoS>/TNTs side wall interface where the inter-planer distance of 0.375 nm

corresponds to the (101) crystal plane of anatase [13,15] and 0.75 nm corresponds to the (002)
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crystal plane of MoS> showing less crystalline and non-homogenous lattice arrangement of the

resulting QDs which is in good agreement of the previously reported works [37,38].

Structural characterization

Fig. 3.2. XRD spectra of MoS2/TiO2 composite of MoS2/TiO2 nanocomposite.

To understand the crystalline nature of TiO> and MoS»/TiO> NTs composites was performed
using powder X-ray diffraction and represented in Fig. 3.2. The sharpest and most intense peak
at 24.7° confirmed the significant contribution of anatase (101) crystallinity in both samples
[13,15]. However, Fig. 3.2 illustrates a few small peaks of rutile crystallinity following the
hydrothermal and heating treatment in both samples (Fig. 3.2). A small rutile (110) peak was
observed near 28.8° [15, 35]. The other low-intensity peaks at 38.7° and 68.2° in pure TiO»
sample

correspond to rutile (200) and (301) crystallinity, respectively. Some other low-intensity anatase
peaks of (200), (105), (211) and (118) were observed at 46°, 53.5°, 54.61° and 62.2°,
respectively. Some peaks of Ti substrate were also observed in both samples (Fig. 3.2). The
existence of MoS; in the nanocomposites is confirmed by the MO (002) orientation at 14.2°,

ensuring the coexistence of both the materials [38].

Chemical characterization
X-ray photoelectron spectroscopy (XPS) was carried out on pure TiO2 and MoS,/TiO> composite
samples to examine their chemical state and surface compositions. Ti 2p peaks were found at

459.3 and 465.2 eV with a spin-orbital doublet separated by 5.9 eV, which infers two oxidation
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states into the resulting material (Fig. 3.3(a)). The peaks were deconvoluted based on oxidations
into the resulting samples and observed at respective binding energies corresponding to the Ti*"

2p3n, Ti*" 2psp, Ti*" 2pinand Ti** 2piy, respectively as shown in Table 3.1. The intensity and the

Fig. 3.3. High-resolution XPS spectra and peak positions of (a) Ti 2p, (b) O 1s, (c) Mo 3d and (d)
S 2s spectrum of MoS»/TiO; nanocomposite.

area of Ti*® peaks are significantly lower than those of Ti** peaks in the MoS2/TiO> composite
compared to the pure TNTs confirming the improved surface oxygen in TiO> nanotube array
after the MOS: functionalization (Fig. 3.3(a)). The O 1s spectra in Fig. 3.3(b) showed three
peaks at 530.6, 531.9, and 533.5 eV corresponding to the O* (lattice oxygen), O (oxygen
vacancies), and O (chemisorbed oxygen), respectively [35]. The higher area of chemisorbed
oxygen peak compared to the lattice oxygen and oxygen vacancy in MoS»/TiO> composite could
arise due to highly chemically sensitized MoS, QDs which helps in the more gaseous analyte
interaction during the sensing experiments (Table 3.2) [40]. The Mo 3d signal comes from the
peaks around 229.2, 231.1, 233.2 and 235.1 eV matching with Mo** 3ds;2, Mo*" 3d32, Mo®" 3dsp»
and Mo>* 3ds; of MoS;, respectively (Fig. 3.3(c)) [8, 39]. The adsorption of surface oxygen
functional groups or partial oxidation on the surface of MoS2 QDs generates Mo ¢ states which
help during the gaseous interaction (Table 3.2) [8, 40]. It should be pointed out that both Mo and
S peaks were observed in the Mo 3d spectrum of the MoS2/TiO2 composite, suggesting its origin
from the MoS, component [40]. The two characteristic peaks (S*>~ 2ps2 and S*~ 2pi2) of S 2s
spectra were merged into one and observed at 162.9 eV originating from the edge-located S>>
which are recognized as the active sites of MoS; (Fig. 3.3(d)) [40]. At a higher binding energy of

169.7 eV a significant peak was observed for S™, further confirming the +6-oxidation state of
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Table 3.1. Binding energy (eV) of the deconvoluted peaks of TiO> and MoS»/TiO> spectra.

Sample Ti*3 Ti™ 0%,07, Mo** Mo*™® | S2s S* St
(2p3i2,2p112) (2p3i2,2p112) 0; (3dsp, (3dsp,
3dsn) 3dsn)
TiO2 458.3,464.1 459.1, 464.9 530.3, - - - - -
531.4,
532.6
MoS2/ 458.4,464.2 459.3,465.1 530.5, 230.4, 231.1, | 227.7 162.6 169.4
TiO2 531.3, 233.5 234.3
532.6
Table 3.2. Relative area (%) estimation of the deconvoluted peaks of TiO, and MoS2/TiO2
spectra.
Sample Ti* Ti* 0?-,07,0; | Mo" Mo** S 2s S2p S2p
(2p3i2,2p112) (2p3i2,2p112) (3dsp, (3dsp, S* S+
3dsn) 3dsn)
TiO; 24.7 75.3 72,13,15 - - - - -
MoS,/ 16 84 73,8,19 59 33 8 43 57
TiO»

Mo (Table 3.1). The highly oxidized surface of MoS, contains many reactive sites [8].

Additionally, MoS2/TiO heterostructure formation will lead to more defect sites and as the

defects are increased, it induces the change of the local electron distribution of Mo and S in

heterojunction which provides electronic sensitization in the resulting composite

Surface wettability study

Fig. 3.4. Water contact angle of (a) TiO2 nanotubes array and (b) MoS»/TiO2 nanocomposite.

sensor [40]. In particular, we examined the surface wettability of pure TiO> nanotubes and

MoS,/TiO; nanotubes array composite (Fig. 3.4(a, b)). The static water contact angles (CAs) of a
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deionized water droplet (8 pul) on the surface STO film were measured using a contact angle
measurement device.

The static contact angle of these two films was measured (Fig. 3.4(a-b)) and found to be 68°, and

47.9° for TiO2 and MoS2/TiO,, respectively. However, the result was very close to the
previously reported contact angle data for pure TiO2 nanotube array [41,42]. The modification of
MoS; decreases the water contact angle and improves the hydrophilicity in the results composite
as visible in Fig. 3.4(b) [43,44]. The poor contact angle makes the water molecules faster to
adsorb to the surface of the sensing film, and the predicted hindrance to the sensing performance

is due to humidity [44].

3.4 Sensor study

VOC sensing

To optimize the best-suited working temperature, the gas sensing behavior of prepared sensors
was analyzed at a range of temperatures from 45- 90 °C. The baseline resistance decreased
abruptly with the increase in temperature from 45 °C to 90 °C and showed a saturation tendency

confirming the low-temperature stability of MoS; in the sensors (Fig. 3.5(a)) [33,34]. The

Fig. 3.5. (a) Baseline resistance change vs temperature and (d) corresponding response
magnitude (Rv/Ra) vs temperature for all three sensors and (c) response characteristics of all
three sensors at optimized 75 °C temperature.
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response of MoS», TiO> and MoS>/TiO> sensors were evaluated with 50 ppm of xylene in air at
different temperatures shown in Fig. 3.5(b). The response curve exhibited a dip tendency beyond
75 °C, displaying a volcano-shaped curve (Fig. 3.5(b)). For MoS,/TiO> NTA sensors (Fig.
3.5(b)), response magnitude increased linearly from 45 °C to 90 °C and showed an excellent
sharp increment in response magnitude at 75 °C. Moreover, the MoS»/TiO; sensor showed a
pretty high response, i.e., 2.85, which is many times higher than the pure MoS» and TiO» sensors
at the 75 °C temperature. Fig. 3.5(c) contains the response and response /recovery time
characteristics of all three sensors at 75 °C optimized temperature in the air atmosphere.

The response time and recovery time for the MoS»/TiO2 sensor are 35 s and 335 s with an
excellent response (2.85) to 50 ppm xylene, which is much faster than the pure TiO, and MoS»
sensors at 75 °C temperature (Fig. 3.5(c)). The quick response and recovery are mainly attributed
to the fast electron transfer kinetics of pure MoS: and TiO2 nanotubes combined throughout the
composite [13, 34]. It should be noted that previously reported pure TiO: sensors require a
relatively high operating temperature for VOC adsorption or desorption [15]. Therefore, the

MoS; modification on the TiO> NT surface reduces the operating temperature of the sensors

Fig. 3.6. (a) MoS»/TiO> Sensor resistance change for different xylene concentrations (in ppm).
(b) Corresponding absolute response magnitude vs xylene concentration (in ppm). (c) selectivity
study of xylene over other interfering VOCs, (d) long-term stability study of the sensor for 30
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days with an interval of 1 day, and (e) repeatability test for continuous six cycles for 50 ppm
concentration. All measurement was performed at an optimized 75 °C temperature.

significantly. The results were better than those obtained previously with MoS>/TiO> thin film-
based composites at 240 °C operating temperature [8]. The 1D nature of TiO> nanotubes also
played a significant role by offering both inner and outer surfaces for adsorption-desorption,
which increases the reactivity of the sensor compared to the thin film of TiO> [8,13].

To further evaluate the sensing response functional relation with different concentrations of
xylene ranging from 150 ppm to 0.5 ppm at optimum 75 °C temperature in air. From the results,
initially, the response characteristics show massive changes, and beyond 100 ppm of xylene a
slow variation with increasing xylene concentration was observed (Fig. 3.6(a)). The high
response magnitude of 1.73 even at a lower concentration of 500 ppb of xylene might arise due
to the availability of the effective surface area developing an intimate contact between two
different heterostructured materials [40]. The MoS2/TiO2 sensor processed a nearly linear
response to xylene (R? > 0.971) with a lower detection limit (LOD) of 33 ppb (Fig. 3.6(b)),
suggesting the most excellent linearity and reproducibility favorable to more extensive detection
range and lower limit of detection for real-time xylene sensing. The selectivity of the MoS2/TiO2
sensor was also measured by comparing it with various VOCs (e.g., acetone, methanol, ethanol,
2-propanol, formaldehyde, n-pentane benzene, toluene and xylene), as shown in Fig. 3.6(c).
Results indicated that the MoS2/TiO> sensor exhibits a focused selectivity towards xylene. The
sensor showed excellent selectivity towards the xylene (aromatic) among chemically different
VOCs like; methanol (alcohol), acetone (ketone), n-pentane (hydrocarbons) and formaldehyde
(aldehyde) (Fig. 3.6(c)). Additionally, interfering aromatic VOCs with identical chemical
properties like benzene and toluene showed negligible response compared to the xylene. This
result should be ascribed to the abundant active sites with highly oxidizing functional groups and
superficial electrons in MoS: and the catalytic action of Mo-based material which benefit the
selective adsorption of aromatic molecules like xylene [40, 45,46]. Benzene with maximum
resonance behavior required a huge dissociation energy for the interaction and toluene has less
electron-donating capacity than xylene making the composite more favorable for xylene
selective sensing [45]. The repeatability and long-term stability of the composite sensor are
crucial parameters for a practical environment. The sensor showed remarkable consistency in a

30 days study with an interval of one day (Fig. 3.6(d)). The repeatable nature of the sensor was
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tested for 6 consecutive cycles and a variation of less than & 0.4 in relative response magnitude

was recorded (Fig. 3.6(e)).

Humidity study
The sensing characteristics of a sensor in the presence of humidity estimated the environmental
stability of a sensor. Consequently, to understand the stability of the sensor, the sensing

characteristics at different humidity levels range from 20% to 80% (Fig. 3.7(a-f)). The

Fig. 3.7. (a-e) M0S»/TiO; sensor resistance variation with different relative humidity levels (air,
20-80% RH) at a fixed xylene concentration of 50 ppm at 75 °C and (f) change in baseline
resistance and response magnitude of the MoS2/TiO; sensor at different humidity levels.

measurements include changes in transient characteristics, baseline resistance, response/recovery
time and response magnitude of the sensor. Its visible, the base resistance decreases abruptly
with rising RH level due to the removal of adsorbed oxygen species on the sensing surface (Fig.
3.7(f)). The response magnitude also decreased significantly when RH changed from 20% to
80% in the composite sensor. The response/recovery time also varies with the change of different
humidity levels (Fig. 3.7(a-¢)). In the presence of humidity, the water poisoning effect dominates
the sensor, and the adsorption of gas molecules becomes competitive with the water molecule,

resulting in a decreased response magnitude [8].
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Moreover, gas sensing characteristics and stability, the excellent xylene selective sensing
performance of the MoS,/TiO> sensor was mainly attributed to the following: (i) controlled 1D
morphology and introducing defect structures and oxygen functionality introduced by sufficient
active sites, (ii) building the p—n heterojunctions and forming discrete Schottky junctions, (iii)
unique structural and electronic properties are contributed to higher recoverability and durability
of the sensor [40].

The sensing mechanism of composite involves the synergistic effect of both the participating
materials. MoS; is one of the most promising nanomaterials with a tuneable natural bandgap and
high carrier mobility, which provide a direct conduction path for carrier transportation [9,18].
MoS: quantum dots possess remarkable number of reactive sites at the edges in the form of S,
S22, and SH™ groups [19]. MoS, quantum dots plays a key role in significantly good sensing
properties at relatively low operating temperature. The very high specific surface area, and
chemical sensitization of MoS» dots on TiO> nanotubes facilitate fast and huge electron transfer
due to the more significant number of VOC analyte interaction [24,36]. On the other side, 1-D
TiO2 nanotubes are provide both an inner and an exterior surface for the adsorption-desorption of
VOCs, which improves the response magnitude of the sensor [14-16]. Enhanced sensing
properties of MoS»/TiO, sensor over pure-TiO> might be due to the catalytic effect of the
quantum dots and the semiconductor discrete Schottky junctions [24,36]. When the TiO>
nanotubes were functionalized with MoS: dots, surface area and the possibility for gas diffusion

were increased tremendously.

3.5 Conclusion

In exhaled breath, xylene concentration is 10-200 ppb with a high interference and a saturated
humidity (>50% RH) level. For real-time xylene sensing, a sensor system should have a low
detection limit and a highly selective nature towards xylene. In this construction, we have
established a one-step hydrothermal strategy to synthesize MoS»/TiO, heterostructured
nanocomposite. TiO2 nanotube arrays were first synthesized by an electrochemical anodization
route. The excess specific surface area and many heterointerfaces endow MoS2/TiO> with many
VOC interactive sites. Owning to the improved surface and electronic properties, the MoS2/TiO>
composite showed a high response magnitude of 1.73 for 500 ppb of xylene at 75 °C operating
temperature. The sensor achieved a lower detection limit (LOD) of 33 ppb which is very similar

to the concentration of xylene in exhaled breath. Most importantly, high xylene selectivity was
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observed in the cross interference of chemically similar VOCs like benzene and toluene. These
research outcomes are fulfilling the requirements of xylene sensing for breath analysis
application in terms of selectivity and low ppb detection at a low operating temperature. On the
other hand, the sensor was significantly affected by the humidity and sensing properties get
deteriorate at high humidity levels.

Humidity interference still remains a challenge in MoS,/TiO> sensor. Metal oxides are well-
known

gas/VOC sensing material but are still affected by the humidity. The addition of an overlayer
with a highly porous and physically and chemically stable material can act as a breathable and
humidity-tolerant material where gas molecules can diffuse through the pores and show a
negligible influence on the humidity. In this regard, composite formation with chemically and
physically stable and robust materials like perovskites can be the best solution to develop

humidity-tolerant VOC sensors for breath analysis application.
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Chapter-4
SrTiO3-TiO2 heterostructured nanotube arrays

for ultrafast ethanol sensing

4.1 Introduction

Ethanol is a breath marker for a variety of diseases like renal failure, schizophrenia, breast
cancer, cardiopulmonary diseases and lung cancer etc. and change in the concentration of ethanol
in exhaled breath give insight information about these diseases [1-3]. The reported mean
concentration of ethanol in healthy people ranging from 0.013—1 ppm gets increased to >2.3 ppm
in a disease affected person [2,3]. The concentration of ethanol in exhaled breath varies and
depends upon the type of disease in a person [1]. As we know lower concentration of ethanol in
breath is in ppb range with a huge number of interfering VOCs/gases and a significant amount of
humidity (>50% RH) [3]. So, the detection of ethanol vapor for breath analysis application
requires a highly sensitive, low ppb, low humidity interference and stable chemiresistive sensor
system.

Conventional metal oxides are widely employed for the volatile organic compounds (VOCs)
detection [4-10]. The fascinating physical and chemical properties of TiO2 make it the most
promising VOC sensing material [4-6]. TiO> has been explored in chemiresistive sensors for
VOC like; ethanol [10, 11], acetone [12-15], heptane [16], and formaldehyde [17] for breath
analysis application. Tian et al. synthesized sensing film [11] and Pan et al. synthesized [10]
nanospheres based on TiO; fast and sensitive ethanol marker detection but the response and
baseline resistance were significantly decreased from in the humidity ranging from 0% to 97%
RH [11]. moreover, limited time stability, high working temperature (200—400 °C) and humidity
interference inhibit the sensing characteristics [2-4,11,18,19]. In this regard, to overcome the
effect of humidity different composites materials with TiO2 such as MoS»/TiO; [2], Aw/TiO2 [3],
TiO2/CoTiOs3 [4], and Ti3C,Tx-TiO2 [19] have been explored but no significant improvement was
observed in humidity tolerant properties of the sensors.

In this scenario, perovskite semiconductor oxides (ABO3) can be a potential composite material

for long-term sensing performance because of their stability in thermal and chemical
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atmospheres, high reaction temperature and superior reliability [6,7,18,20-22]. A range of
perovskite materials (ABO3) like LaFeOs [18], ZnSnOs [7,23,24], LaRhOs3 [22], SrTiOs [20,22,
25-28] have been widely explored in ethanol sensing application. Among various perovskite
oxides, the strontium titanate (SrTiO3) with the advantages of low-cost synthesis, easy defect
modulation, wide bandgap, physicochemical stability and non-toxicity became a popular
candidate for variety of applications [20, 28-32]. The high chemical and thermal stability of
SrTiO3; makes it a robust material for gas or VOC sensing [20-22, 25-28, 29-32]. Till now SrTiO3
and its composites have been employed for the detection of different VOCs and gases such as H»
[21, 26], ethanol [20, 22], O2[25,27] and ozone [33]. The studies reveal that the high sensitivity
and fast response/ recovery time of SrTiOs-based ethanol sensors could be due to the high defect
density (oxygen vacancy) and high carrier mobility in SrTiOs. Studies reveal that SrTiO3 is a
good candidate for coupling with TiO> and improves the electronic properties [32].

The hybrid of SrTiO; with TiO2 nanotube array results in the replacement of Ti*" by Sr*? ions
and leads to different type of defects in the resulting heterostructure [34,35]. These defects
(oxygen vacancies) are possibly due to the insertion of Sr'? on the Ti*" octahedral site to
balance the electric charge. The incorporation of a controlled amount of strontium can creates a
relatively large number of defects which will significantly improve the ethanol sensing properties
[33].

Motivated by these experimental findings and the theoretical predictions, we have fabricated
SrTiO3-TiO: heterostructured nanotube array, in order to trigger the humidity tolerant gas sensing
ability of the TiO» nanotube array. TiO, nanotubes array was synthesized by using an
electrochemical anodization route and SrTiO3 heterojunction was grown on TiO> nanotubes by
facial hydrothermal technique. The sensors based on SrTiO3-TiO2 heterostructured nanotube
arrays with different concentrations of strontium (0.25- 25 mM) exhibited ultrafast response
(0.4-3 s) towards ethanol under high humid ambient (80% RH) at 150 °C operating temperature.
The sensor showed remarkable long-term stability with lower detection limit of 2.94 ppb, which

makes it suitable for ethanol sensing for breath analysis application.
4.2 synthesis of SrTiO3-TiO:2 heterostructured nanotube array

Annealed TiO; nanotubes/Ti sample was added in an aqueous solution of Sr(OH)>- 8H>O under a

Teflon-lined autoclave and underwent a hydrothermal reaction. In the current study, three
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different aqueous solutions of Sr(OH), i.e., 0.25 mM, 2.5 mM, and 25 mM, were prepared and
used for hydrothermal synthesis. During the synthesis, other reaction parameters like reaction

time (18 h)

Fig. 4.1. Schematic illustration for the synthesis of SrTiO3-TiO; heterostructured nanotube array
and fabrication of metal-insulator-metal (MIM) structured sensors.

and temperature (180 °C) were marked as a constant. The resulting samples were washed
multiple_times with water and absolute ethanol to remove impurities and dried in the air. Three
sets of SrTiO3-TiO2 nanotubes (i.e., ST-0.25, ST-2.5 and ST-25), treated under different molarity
of Sr(OH); were thermally treated at 450 °C for 3 h in air. A schematic representation is provided
in Fig. 4.1. indicating the fabrication steps of the SrTiO3-TiO; heterostructured nanotube array
sensors (S0-S3).

4.3 Synthesis mechanism

Electrochemical anodization reaction resulting from a combined effect of growth and dissolution
of oxide for a long duration resulting in pits formation due to the fluoride complex [TiF;?].
Reaction parameters like Ti metal, HoO (acidic medium) and applied voltage (40 V) directly
influence the growth of resulting oxide. And the insufficient supply of oxygen, defective or
oxygen vacancy-rich TiO; nanotubes were formed. The detailed TiO> nanotube array (TNTA)
growth mechanism based on the defects (oxygen and Ti vacancies) distribution model is

discussed in our reported works [36,37].
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The dissolution-precipitation mechanism explains the formation of SrTiO3 on TiO> nanotube
where the nanotubes are not only used as a precursor of titanium ions but also act as growth
points for SrTiOs [34,35,38]. The process involves breaking the Ti-O bonds by the hydrolytic
attack and

forming a soluble [Ti(OH)s] 2 intermediatory complex [34,35] as mentioned in Eq. 4.1.
TiO, + 20H™ + 2H,0 — [Ti(OH)¢] ™2 (4.1)

Then, the Sr'? ions interact with this reactive complex and result in the precipitation of SrTiO3

(Eq. 4.2).
Sr*2 + [Ti(OH)¢]™2 - SrTiO; + 3H,0 (4.2)

The simultaneous dissolution of TiO2 and precipitation of SrTiO3 takes place in the vicinity of
the tubes because the free [Ti(OH)s]? complex is absent away from the area. Therefore, the
nucleation of SrTiO3 mostly takes place on the top surface of the TiO2 nanotubes. Initially, the
porous and loosely packed SrTiOs layer is formed that cannot block the transportation of Sr™? and
OH' completely. Later, the reaction elapsed due to thicker SrTiO3 at the top of the nanotubes that
eventually restrict the transportation and diffusion of ions to the reaction sites. This leads to a
gradual decrease in the Sr concentration with depth revealed by the characterization results [38].
A thick layer of SrTiO3 reduces the pore diameter of the nanotubes at the top.

The increase in the concentration of Sr precursor results in more Sr*? production during the
reaction showing a significant variation in morphology of the SrTiOs-TiO2 heterostructured
nanotube array which is evidenced by FESEM results (Fig. 4.2(a-d)). When Sr concentration is
increased, rapid dissolution and precipitation take place and more SrTiO3 is preferentially and
spontaneously nucleated and formed a thicker layer on the top surface and sidewall of nanotubes.
The high rate of nucleation at the top surface totally blocks the transportation of reactive ions
(Sr? and OH") towards the lower region of TiO2 nanotubes which results in a gradient in SrTiO3

concertation from the top to the bottom of the nanotubes.

4.4 Characterization

Morphological characterization
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A highly oriented TiO> nanotubes array of inner pore diameter ~79 nm and length ~2.2 um was
synthesized by anodic oxidation (Fig. 4.2(a)). After hydrothermal treatment, the original
nanotube array architecture was retained but the structure of individual nanotubes was changed
as denoted in Fig. 4.2(b-d). The inner pore diameter of the SrTiO3-TiO: heterostructured
nanotube array decreased from 79 nm to 29 nm when moving from SO to S3 and on the other
hand, outer wall thickness increased significantly from 29 nm to 109 nm (inset of Fig. 4.2(a-d)).
This was probably due to the volume expansion during the growth of SrTiO3 on TiO2 nanotubes
[38]. The amount of SrTiO3 growth on TiO2 nanotube arrays was readily tuned by varying the
Sr(OH)>-8H>0 concentration at a steady reaction time (18 h) and temperature (180 “C) during
hydrothermal treatment. Fig. 4.2(b) is showing the formation of small buds or “L” shape
structured SrTiOs3 at the exterior of TiO2 nanotubes showing the partial growth of SrTiO3 due to
template effects [35]. In
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Fig. 4.2. FESEM images of (a) pure TiO2 nanotube array, SrTiO3-TiO> heterostructured nanotube
array synthesized with (b) 0.25 mM, (¢) 2.5 mM and (d) 25 mM Sr(OH): solution. The side view
of the nanotubes is shown in the inset of Fig. 4.2(a-d). EDS elemental analysis of (e) SO, (f) S1,
(g) S2 and (h) S3. HRTEM and TEM image (inset) of (i) S1 and the lattice spacing of (j) anatase
TiOy, (k) SrTiO; and (1) both anatase and SrTiO3 in a single sample to justify the existence of
SrTiO3-TiO; heterostructured nanotube array. SAED pattern is shown in the inset of Fig. 4.2(1).

EDS data of S0-S3 samples showing the non-uniform distribution of Ti, Sr and O to the length of
S2, the self-alignment of L-shaped STO takes place which results in the semi-circle nanocubes
formation on the surface of the nanotubes (Fig. 4.2(c)). Finally, in S3, the STO crystals become
the larger enough to comparable the nanotube curvature and formed the self-aligned nanocubes
(Fig. 4.2(d)). Fig. 4.2(b-d) showing the enough nucleation and different type of STO growth on
defect sites of the TiO> surfaces depending on the Sr(OH)2-8H>O concentration. the nanotubes
(Fig. 4.2(e-h)). The maximum Strontium and oxygen contents are found at the top of the
nanotubes and gradually decrease towards the bottom (i.e., Ti substrate). The Sr content is also
improved with an increase in the Sr concentration from samples S1-S3 (Fig. 4.2(f-h)). Therefore,
the Sr and oxygen deficiency levels were increased towards the bottom of the tubes (Fig. 4.2(e-
h)).

Fig. 4.2(i) shows the HRTEM image and the inset image shows the TEM image of a part of
SrTiOs-TiO2 heterostructured nanotube (S1). The HRTEM images show the side wall and inner
part of the tube which is signifying the presence of both SrTiO3 and TiO> in the nanotube (Fig.
4.2(1)). Later on, Fig. 4.2(j-1) show high-resolution TEM (HRTEM) images and the selected area
electron diffraction (SEAD) pattern (inset of Fig. 4.2(g)) of the SrTiO3-TiO> heterostructured
nanotube array (Si). The 0.346 nm lattice spacing was indexed to (101) crystal plane of A-TiO»
in Fig. 4.2(j). Fig. 4.2(k) shows the lattice fringes of SrTiO3 nanocubes with a lattice spacing of
0.282 nm which corresponds to the (110) crystal plane of cubic phase SrTiOs. Fig. 4.2() reveals
the existence both SrTiO3 and TiO: crystallinity in a single sample and it confirms the formation
of SrTiO3-TiO; heterostructured nanotube array. The SEAD pattern in the inset o Fig. 4.2(1) is
showing the discrete spots for SrTiO3-TiO2 heterostructured nanotube array that authenticates the

superior crystalline nature after the growth of SrTiO3 on TiO2 nanotubes.

Structural characterization
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Fig. 4.3(a) showing XRD data which disclose the crystalline nature of the TiO2 and SrTiO3-TiO>
heterostructured nanotube array. The highest intensity (101) peak at 24.5° is related to anatase
TiO; and a few low-intensity anatase peaks are observed in all the samples (S0-S3) (JCPDS File
No. 21-1272) [1,5]. The peak at 27.4° is related to rutile (110) crystallinity observed in S0-S2
samples and disappears in the highest strontium concentrated sample (S3) (Fig. 4.3(a)). The Ti
substrate peaks were also observed in all SO-S3 samples. The strong peak for cubic SrTiO3 is
observed at 32° indicating the crystal plane of (110) (JCPDS File No. 89-4934) [20,38]. A few
low-intensity peaks originated from SrTiO3 are observed at 38.6°, 46.6°, 53°, 57.7° and 67°
indicating the (111), (200), (210), (211) and (220) planes (JCPDS File No. 89-4934), respectively
[20,38]. The intensity

Fig. 4.3. (a) XRD, (b) Raman spectra of four different samples with different levels of Sr content
and PL spectra of all four samples i.e. (¢) SO (as grown); (d) S1 (0.25 mM Sr content); (e) S2
(2.5 mM Sr content) and (f) S3 (25 mM Sr content).

of anatase (101) peak gets reduced and the intensity of STO (110) peak gets increased with
increase of Sr concentration in samples (Fig. 4.3(a)). The increase in SrTiO3 peaks intensity
relative to TiO, peaks confirms the high rate of Sr*" exchange and formation of more crystalline
SrTiOs [32,38].

The Raman spectra of pure TiO2 nanotubes (S0) showed four bands at 145 cm ™! (Eg), 395.2 cm™!
(By), 514.6 cm™! (Ag + By) and 634.4 cm™! (E,) (Fig. 4.3(b)). In SrTiO3-TiO; samples, due to the
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interaction of Sr*? with TiO, lattice, E, peak was shifted towards the lower wavenumbers [5, 39].
The redshift in E; confirms better crystallinity in SrTiOs-TiO; heterostructured nanotube arrays
which is in good agreement with the XRD results. The enlarged Raman spectra in the inset of
Fig. 4.3(b), show the broadening of the band at 395.2, 514.6 cm ™! and 634.4 cm™! due to the
overlapping of SrTiO; first-order Raman-active modes [39]. The Raman modes i.e., Eg, Bg and
Ag + Bg (inset of Fig. 4.3(b)) in SrTiO3-TiO2 samples (S1-S3) showed a slight increase in Raman
intensity because of the strain effect of the oxygen vacancies in SrTiO3 [39].

The PL spectra in Fig. 4.3(c-f) were used to identify the defect density in SrTiO3; modified TiO»
nanotube samples. The two main peaks; one in the UV region centered at ~410 nm and the
second one at ~505 nm are related to the band gap emission (B) and deep level emissions (G),
respectively [5,40]. The first peak is related to the electronic transition from the conduction band
to the valence band and the second peak in the green region is attributed to the band-edge free
excitons and bound

Table 4.1. Comparison of relative area change in O 1s spectra of the S0-S3 samples by XPS and
photoluminescence study.

XPS Photoluminescence
Sample  %Area (Ovr) %Area (Ov) %Area (Oc) % Area (B) % Area (G)
SO 69 20.6 10.4 9.8 90.2
S1 46 25.2 28.8 32 96.8
S2 52 17.5 30.5 3.9 96.1
S3 70 11 19 4.9 95.1

excitons that represent the surface defects and oxygen vacancies related trap assisted
Recombination [5,40]. The results are clearly showing the improvement in oxygen vacancies
content in Sr modified samples (S1-S3) compared to the pure TiO2 nanotube array sample (S0).
The relative area of both B and G- peaks were calculate by using Gaussian fitting and

summarized in Table 4.1 for all the four samples (S0-S3).
Chemical characterization

The XPS spectra of Ti 2p, Sr 3d and O 1s in Fig. 4.4(a-c) are given to identify the chemical states
of the samples. In Ti 2p spectra, two peaks centered at 458.8 eV and 464.6 eV are related to Ti
2p32 and Ti 2pinp, respectively (Fig. 4.4(a)). These two peaks were then further deconvoluted
into 4 peaks which are Ti*" 2ps32 (458.7 eV), Ti*" 2p32 (459.6 eV), Ti*" 2p12 (464 eV) and Ti**
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Fig. 4.4. XPS spectra of S0-S3 samples; (a) deconvoluted Ti(2p) spectra; (b) deconvoluted Sr 3d
spectra; (c¢) deconvoluted fitted peaks of XPS O(1s) spectra.

2p12 (465.1 eV) [40,41]. In SO, the intensity and area of Ti"> peaks are significantly higher than
Ti™ peaks confirming the oxygen-deficient nature of the pure TiO2 nanotube array. Whereas, in
SrTiOs-TiO; heterostructured nanotube array samples, oxygen deficiency is diminished and Ti*"
peaks are dominated over Ti™ (Fig. 4.4(a)). Among all the SrTiOs modified samples, S1 showed
the lowest oxygen vacancy and S3 showed the highest oxygen vacancy as evidenced by Ti 2p
spectra. The Sr 3d spectra (Fig. 4.4(b)) showed two major peaks of Sr 3ds» and Sr 3d3. at 133.6
eV and 135.3 eV, respectively. They are showing the bonding of Sr atoms in the SrTiO3
perovskite structure. The Sr 3ds peaks are de-convoluted into four peaks as Sr-0 3ds» (133.9 eV),
Sr -O 3dsn (134.4 eV), Sr-0 3dz» (135.5 eV), Sr-O 3d3» (136.3 eV), which demonstrate the
existence of perovskite and non-perovskite bonding in SrTiO3 [42,43]. The intensity and area of
non-perovskite bonding (Sr- OH, Sr-Sr, and Sr-O) of SrTiO3 were highest in S1 and minimum in
the S3 sample as shown in Fig. 4.4(b). The O 1s spectra in Fig. 4.4(c) was deconvoluted into
three peaks related to the lattice oxygen (Or), oxygen vacancies (Ov) and surface-chemisorbed
oxygen (Oc) at 530.3 eV, 531.7 eV and 533 eV respectively, as shown in Fig. 4.4(c). The relative

percentage of three peaks for SO-S3 is summarized later in the sensing mechanism section [44].
Surface wettability study

The static contact angle of all four sensing layers was measured (Fig. 4.5(a-d)) and found to be
68°, 76.5°, 84° and 108° for SO-S3, respectively. However, the results confirm the improvement

of the hydrophobic nature as the Sr content increased from the sample S1-S3. The enhanced
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Fig. 4.5. The static water contact angles of the sensing film of S0-S3 samples.

water contact angle might be attributed to the SrTiO3; addition on TiO; nanotubes. The high
contact angle makes the water molecules harder to adsorb to the surface of the sensor and the

hindrance of sensing performance due to humidity is minimized.

4.5 Sensor study
VOC sensing
To optimize the effective working temperature, we have compared the response of S0-S3 sensors

for a range of temperatures (50- 250 °C) towards 50 ppm of ethanol and at 80% RH (Fig. 4.6(a)).

Fig. 4.6. (a) Response magnitude; (b) response time; (c) recovery time; as a function of
temperature in 50 ppm of ethanol for all four sensors; response and recovery curves of sensors
based on (d) SO (as grown); () S1 (0.25 mM Sr content); (f) S2 (2.5 mM Sr content) and (g) S3
(25 mM Sr content) to 50 ppm ethanol at 150 °C and 80% RH.

All the sensors showed an increment in response magnitude with an increase in temperature
(Fig.4.6(a)). Overall, the Sr modified sensors showed the best response values at a relatively

higher temperature than SO (Fig. 4.6(a)) possibly due to the high thermal stability nature of
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perovskite semiconductors. Among all the sensors, S1 exhibited the highest response magnitude
of 556 at 150 "C which is approximately 29 times higher than the SO sensor. Apart from S1 and
S2, S3 showed a significantly higher response magnitude of 280 and 250 at 150 °C, respectively
than the SO sensor (Fig. 4.6(a)). This higher sensitivity in S1-S3 is possibly due to the improved
specific surface area and abundant surface defects contributed by the Sr modification on TiO»
nanotubes (Fig. 4.6(a)).

The response/recovery time is a critical parameter that can be affected significantly by the
temperature condition. Fig. 4.6(b, ¢) show the response and recovery times of the S0-S3 sensors
towards 50 ppm ethanol under the temperature range of 50-250 °C at 80% RH. At high operating
temperatures, the availability of sufficient energy enables easy dissociation of VOC analytes that
makes the surface adsorption and desorption faster which results in the quick response and
recovery for all the sensors (Fig. 4.6(b, c)). S1 with the highest response showed the shortest
response time whereas SO showed the highest response time at all temperature conditions (Fig.
4.6(b)). S2 and S3 showed relatively high response time than S1 but faster than SO (Fig. 4.6(b)).
At high temperatures (150-250 °C), recovery of the S2 and S3 was faster than the S1 and SO (Fig.
4.6(c)). The ultrafast response of the strontium-modified sensor (S1-S3) is mainly attributed to
the high surface oxygen functionality and the porous structure of the resulting tubes. At 150 °C,
all the sensors achieved almost equal recovery times (Fig. 4.6(c)). After considering, all three
parameters i.e. response magnitude, and response/recovery time, 150 °C was considered the
optimized temperature for studying other sensing characteristics like repeated cycle, transient
response, selectivity, and humidity study.

Fig. 4.6(d-g) shows the ultra-fast response characteristics of the sensors towards 50 ppm ethanol
at 150 °C and 80% RH. The response/recovery time was measured s for pure TiO» nanotubes
(S0) as 11 s/ 67 s which was then improved significantly in case of SrTiO3-TiO; heterostructured
nanotube array (0.4 s/ 55 s) as shown in Fig. 4.6(d, €). Response time was appreciably fast in the
case of S2 (2 s) and S3 (3 s) but the recovery time was measured maximum for S3 (133 s) (Fig.
4.6(f, g)). Undoubtedly, the formation of the SrTiO3z layer on TiO; nanotubes improved the
response characteristics of the sensors. The excess use of SrTiO3 (2.5 mM and 25 mM Sr(OH),)
on TiO> nanotubes slower the response/recovery time as compared to the S1. The large amount
of SrTiO3, may change the conduction properties of the composite or hinder the interaction

between the composite and ethanol molecules. A significant reduction of the porosity of the tubes
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Fig. 4.7. (a) Five response and recovery curves of the S1 sensor based on 0.25mM Sr content at
50 ppm ethanol, and 150 °C and 80% RH; the dynamic response curves of S1 sensor versus
ethanol concentration in the range of (b) 0.25 — 200 ppm; (c) response-concentration fitting curve
of the S1 sensor at 0.5 — 10 ppm ethanol; (d) gas responses of S1 sensor for various target
VOCs/gases of 50 ppm at 150 °C and 80% RH.

eventually increases the response/recovery time of the S2 and S3. Therefore, the S1 sensor is
used for further discussion in the following section due to its highest response and ultra-fast
response and recovery time among all the samples.

As depicted in Fig. 4.7(a), the S1 sensor showed good repeatability with several cycles of
response-recovery curves in 50 ppm ethanol at 150 °C and 80% RH. The response toward 50
ppm ethanol exhibited a rapid decrement in resistance that corresponds to a typical n-type
semiconductor behavior. The presence of the SrTiOs improved the conductivity, thermal and
chemical stability of the composite and additionally the porous and functionalized surface
facilitate the reaction with ethanol [20,33,45].

The dynamic characteristics of the S1 sensor towards different concentrations (0.25— 200 ppm)
of ethanol were measured at 150 °C with 80% RH and shown in Fig. 4.7(b). The response of the
S1 sensor was increased linearly with the increase in ethanol concentration and was found to be
saturated between 100 ppm to 200 ppm. S1 showed a promising response at the sub-ppm level of

ethanol vapor. The minimum concentration of 250 ppb was detected by S1 with an appreciably
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high response of ~3.79 (Fig. 4.7(c)). With an increase in ethanol concentration, the response
magnitude was increased almost linearly and the response magnitude of ~12.9 was measured at 5
ppm. Sensor (S1) response was increased further from ~31.4 (10 ppm) to ~550 (50 ppm) and
saturated at the response magnitude of 552 for > 100 ppm (Fig. 4.7(b, c)). Notably, the response
values are in a good linear relation with ethanol concentrations varying from 10 to 0.25 ppm (R?
=0.961, y = 2.62194x+3.50651) (Fig. 4.7(c)). The limit of detection (LOD) for the S1 sensor was
2.94 ppb ethanol which was calculated from an improved I[UPAC method [46].

The cross-sensitivity of the S1 sensor was also measured by testing the sensor in 50 ppm of
various gases/VOCs (e.g., HCHO, CH3OH, CoHsOH, CsHi2, C7Hg, CsHio, H2S, CO2, NH3 and
1000 ppm H: at 150 °C in presence of 80% RH, as shown in Fig. 4.7(d). The selectivity results
confirmed the extremely high selectivity of the S1 sensor towards ethanol compared to other
analytes. The result ascribed to the abundant active sites and oxygen functionalized surface of the
SrTiO3-TiO> heterostructured nanotube array, which was beneficial to the adsorption of ethanol
molecules [20]. The required dissociation energy, acidity, size of the molecules, sticking
coefficients, etc. played a significant role in showing the natural selectivity of S1 sensors towards
ethanol [5]. The selectivity towards ethanol of the S1 sensor was attributed to the increase in
oxidation states due to SrTiO3 modification on the TiO> nanotube array. These states actively
participate in the different catalytic activities and results in more oxidation of ethanol vapor.
Additionally, abundant active sites or defects and oxygen functionalized surface of SrTiO3-TiO>
heterostructured nanotube array is beneficial to the adsorption of ethanol molecules [20]. The
required dissociation energy, acidity, size of the molecules, sticking possibilities of ethanol was
in favor with SrTiO3-TiO; heterostructured nanotube array that played a significant role to show
the natural selectivity towards ethanol [5]. Apart from this, the lowest selectivity towards the
larger sized VOCs like CsHiz, C7Hg and CsHio is due to the hindrance during entering and

diffusion on sensing layer [5, 20].
Humidity and long-term stability study

The effect of different levels of relative humidity (dry air- 80% RH) on response characteristics
of the S1 sensor in the exposure of 50 ppm ethanol is shown in Fig. 4.8(a). Response/recovery

time for S1 was measured as 0.4s/44s, 0.4s/50s, 0.4s/52s, 0.4s/53s and 0.4s/ 55s in the presence
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Fig. 4.8. (a) Dynamic resistance changes of S1 sensor toward 50 ppm ethanol at a range of
humid environments; (b) change of baseline resistance and response magnitude with an increase
of relative humidity at 150 °C; (c) long-term stability of S1 sensor in high humid atmosphere
(80% RH) toward 50 ppm ethanol at 150 °C.

of 20%, 40%, 60% and 80% RH in 50 ppm ethanol at 150°C (Fig. 4.8(a)). Moreover, no
significant change in response and recovery time was noticed due to the change in RH levels.
The humidity mechanism involves the competitive adsorption between water molecules and
ethanol molecules on the interaction sites of the sensor. The water molecules interact with the
chemisorbed oxygen species and block the number of ethanol interaction sites which results in a
decrease in baseline resistance and as well response magnitude [47, 48]. The effect of
environmental humidity on the response and baseline resistance of the S1 sensor was
investigated (Fig. 4.8(b)). The baseline resistance was decreased from 0.252 MQ to 0.221 MQ
and the response magnitude was reduced from ~625 to 556 with an increase of RH from 0 (dry
air) to 80% RH air. So, a 1% RH change can show a 0.862 change in response magnitude (Fig.
4.8(b)). This amount of change in response comes when the ethanol concentration is 0.0775 ppm.
Moreover, 1% RH has a similar effect which comes with 0.0775 ppm ethanol for the sensor S1.

In order to further examine the long-term stability of the S1 sensor in high humidity conditions,
the sensor undergoes a response test for 60 days and the response was measured at an interval of
5 days in 80% RH. The baseline resistance and response towards 50 ppm ethanol at 150 °C with

80% RH as shown in Fig. 4.8(c). The baseline resistance and response magnitude of S1 sensor
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showed a negligible attenuation. The results indicate good stability with the promising thermal

and chemical stability of SrTiO3 material [45, 49].

4.6 Sensing mechanism

The rapid response of the SrTiOs-TiO2/Ti heterostructured nanotube array benefited from the
combined effect of defect modulation by SrTiO; and SrTiO3-TiO> heterojunction. The
response/recovery time of the sensor is strongly influenced by the adsorption/desorption
behavior of gas molecules on the sensing layer and the Langmuir model also explains the
adsorption rate of analytes in proportion to the number of vacant sites [50-52]. In SrTiO3-TiO2/Ti
heterostructured nanotube array, SrTiO3 increases the defects in terms of oxygen vacancies and
chemisorbed oxygen (Table 4.1) that significantly modulate the activation energy and results in
faster adsorption of ethanol on the sensing layer [50, 51]. The surface reaction is also dependent
on the oxidation states of the sensing layer which directly influences the sensing performance
[48]. In the current study, modification of TiO> nanotubes with SrTiOs; caused a significant
change in the defects density (such as oxygen vacancies) which dominantly modified the

electronic properties of the

Fig. 4.9. A schematic representation of (a) change in pore size and wall thickness of four
different nanotubes (S0-S3), (b) band structure of SrTiO3-TiO> heterojunction and proposed
charge transfer mechanism in the exposure of ethanol.

composite material. SrTiO3 was capable of modulating the chemical and physical properties of

TiO> by introducing defective crystal structures with oxygen vacancy-type defects [47, 49].
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Therefore, the surface of the SrTiO3-TiO> composites had more adsorbed oxygen that actively
participated in the gas-sensing reaction and improved the VOC sensing characteristics.

The O 1s spectra (XPS scan in Fig. 4.4(c)) were studied in detail to estimate the enhancement in
the surface oxygen and oxygen vacancy in TiO nanotube arrays after the SrTiO3 modification in
sensors. The Gaussian component Oy (lattice oxygen) is attributed to O*~ ions in the TiO2-SrTiO3
bulk region, the middle peak for oxygen vacancies (Ov) is associated with O™ ions in oxygen-
deficient regions due to the surface defects and the peak at higher binding energy for
chemisorbed oxygen species (Oc) attributed to surface adsorbed oxygen ions (O27) and
dissociated oxygen species as mentioned in characterization results [48,53,54]. The percentages
of Or, Ov, and Oc components are 69 %, 20.6 %, and 10.4 %, respectively, in the pure TiO2
nanotubes, while the Ov and Oc are enhanced in all the SrTiOs modified TiO; nanotubes as
shown in Table 4.1. Among all the four samples, S1 exhibited the lowest bulk oxygen (46%) and
highest area for the combined peaks of oxygen vacancy (25.2 %) and chemisorbed oxygen (28.7
%). On the other hand, S2 showed 52% bulk oxygen and the highest amount of surface oxygen
(30.5%). However, S3 was lacking in terms of surface (19%) and oxygen vacancy (11%)
components but still showed better than the pure TiO2 nanotube sample. Similar results were also
observed in photoluminescence spectra after calculating the percentage area of two fitted peaks
i.e., B-peak and G-peak (Table 4.1). Pure TiO> nanotube exhibited the highest band-to-band
recombination (9.8%) and lowest defect-assisted recombination (90.2%). The defect-assisted
recombination was maximum in S1 (96.8%) and decreased gradually in S2 (96.1%) and S3
(95.1%). So, the PL results support the finding from XPS spectra and indicate the highest
defective nature of the S1 sample. The mechanism behind higher oxygen vacancies as well as
surface defects in SrTiOs-modified samples is due to the substitution of some Ti** by Sr** ions
that yield mobile oxygen vacancies (VO) in order to balance the electric charge on the surface
[34,35]. The optimization concluded that controlled Sr modification is responsible for improved
surface defects in pure TiO» nanotube array that increased the Ov and Oc components which
could provide more active sites for the interaction of targeting VOCs on the surface of the
SrTiOs-TiO2 composites and thus lead to an ultrafast gas sensing performance.

The FESEM image in Fig. 4.2 confirms the gradual decrease of pore size and increase of wall
thickness due to the incremental growth of SrTiOsz in S1 to S3 and the same observation is

represented in Fig. 4.9(a). The effective surface area was reduced from S1 to S3 due to the
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excess growth of SrTiO3 on the TiO; nanotube. Pure TiO> nanotubes are wall separated in nature
that makes the outer surface exposed to the ambient. Horizontal growth of SrTiO3 on the TiO>
nanotube diminishes the wall separation as well as the pore size (Fig. 4.2(b-d)). On the other
hand, the growth of SrTiO3 on TiO; nanotubes formed heterojunctions that improved the ethanol
sensing behavior [5, 21]. The electron affinity of TiO> and SrTiOs3 is 5.1 eV [5] and 4.0 eV [21],
respectively and the optical bandgap of SrTiO3z (~3.3 eV) [31] is slightly higher than the TiO»
(~3.2 eV) [2]. So, the conduction band electrons must be transferred from SrTiO3 to TiO; to
reach equilibrium. The highly defective surface of SrTiO; enhanced the dissociative adsorption
of the ambient oxygen which further interacted with ethanol molecules during sensing. The
oxidation of ethanol by the chemisorbed oxygen species (0,, 0 etc.) is responsible for the
injection of the additional electron to the conduction band of SrTiO3 and the extra electron are
then transferred to the conduction band of TiO2 as shown in Fig. 4.9(b). The core portion of the
TiO2 is mostly taking part in vertical electron transport between two electrodes [5,37]. The
conductivity of the TiO2 core is altered significantly in air and in reducing ambient showing the
overall change in sensor resistance. So, the formation of SrTiO3-TiO; heterojunction enhanced
the electron exchange in the core part of the TiO: nanotubes that eventually enhance the
sensitivity of the sensors. Effective surface area also plays a pivotal role in gas/VOC sensing and
due to excess growth of SrTiO3 on TiO; nanotubes restricts the exposure of the outer and inner
surface of the nanotube to the ambient. So, the formation of SrTiO3-TiO> heterojunction
enhances ethanol sensing. But, horizontal growth of SrTiO3 on TiO; nanotubes reduces the
effective surface area reducing the interaction with the target species. Due to the combined effect
of both the phenomenon, S1 sensor, with moderate growth of SrTO3 exhibited an exceptionally
high response towards ethanol. The response was reduced gradually in S2 and S3 possibly due to
the excess growth of SrTiO3 on TiO2 nanotubes. So, the current study confirms that the growth of

an appropriate amount of SrTiO3 can improve the sensing capabilities of the material.

4.7 Conclusion

In the current chapter, ultrafast and highly stable sensors were developed by establishing SrTiO3-
TiO2 nanostructures-based composite for the detection of ethanol till ppb level for breath analysis
application. An anodic growth of anatase TiO2 nanotubes array on Ti substrate which was then
treated with one-step hydrothermal by using aqueous solution of Sr(OH)>- 8H2O precursors

(0.25-25 mM) to synthesized SrTiOs-TiO> heterostructured nanotube arrays. The surface
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morphology and growth of the grains at the exterior wall of the TiO» nanotube arrays were found
to be different for each concentration of the Sr(OH)>- 8H»O precursors. The addition of SrTiOs, a
high number of defects was generated due to the substitution of some Ti*" by Sr'? ions that
ultimately assisted in more absorption and fast capture of ethanol analytes. Owning to the
advantages in the structure and electronic characteristics, the SrTiO3-TiO, sensor showed
extraordinary sensing properties towards ethanol 150 °C optimum temperature and 80% RH.
Overall, SrTiO3-TiOz sensor with ultra-high response (~556/50 ppm) in smallest response time of
0.4 s under a highly humid atmosphere is a great finding for ethanol marker detection for breath
analysis. The very low detection limit (2.94 ppb) of sensor towards ethanol makes it highly
applicable for breath analysis application. In breath analysis the long-term stability is essential
for reliability of the sensor and SrTiO3-TiO2 sensor showed excellent stability with negligible
attenuation in sensos signal. The sensing performance was slightly unstable in different humid
atmospheres (20%-80% RH). The highly stable sensing properties and up to mark humidity
resistant nature of TiO nanotubes after the SrTiO3; addition gives an indication to explore SrTiO3
in more detail to develop it an exceptionally good humidity tolerant sensing material for breath

analysis application.
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Chapter-5
SrTiOs perovskite nanostructures and its Pd
nanoparticle modification for humidity-tolerant

and selective ethanol Sensing

5.1 Introduction

A real-time sensor for breath VOC detection requires great sensing characteristics with minimum
influence of real-time obstacles. The main factors which significantly raise a concern about the
reliability of the breath VOC sensors are (i) temperature variation, (ii) ambient humidity and (iii)
the presence of cross-interfering VOCs [1-4]. Among them, humidity is one of the most
concerning factors, especially for breath analysis where sensors need to detect traces of
gases/volatile organic compounds (VOCs) in the presence of more than 80% humidified ambient
[1]. In a humid environment, water molecules are attached to the interacting sites of the sensor.
As a result, the number of active sites to adsorb the target analyte(s) gets reduced and eventually
influences baseline resistance, limits the sensor response, response/recovery speed, and
ultimately deteriorates the long-term stability of the sensors [3,5-7].

In this regard, SrTiO3 (STO) can be a preferred material for robust breath volatile organic
compounds (VOCs) detection due to its tunable semiconducting bandgap and porous
morphology and long-term sensor performance, good thermal, chemical and microstructural
stability, high reliability, and low processing cost [8-11]. SrTiO3 also provides a high-density
defect state at its interface and can easily be modified by controlling the oxygen stoichiometry
[8,9,11-13]. SrTiO; and its composites have been successfully employed in sensing different
VOCs and gases such as H> [10, 14], ethanol [8,9,12], O2[15], ozone [16] and NO [17]. Trabelsi
et al. reported oxygen vacancy modulated SrTiOs for effective ethanol sensing at room
temperature. The data concluded that sensors with optimized oxygen vacancy content showed
good semiconducting and ethanol sensing properties [8].

Additionally, many researchers are focusing on the development of various morphological
nanostructures to achieve improved specific surface area, variated surface properties (porosity,

surface roughness) and defect density for better gas sensing characteristics [18,19]. A variety of
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synthesis routes like sol-gel, mechanochemical, combustion, etc. have also been reported for the
SrTiO; but they were lacking in significant morphological variation and specific surface area
[13]. Hydrothermal route is the best alternative way which provides different morphologies by
modulating reaction parameters like; temperature, reaction time etc. [13,19,20]. Hydrothermal
SrTiO; prepared by reacting TiO> powder (rutile or anatase) with a soluble Sr salt (SrCla,
Sr(NO3)2, Sr(OH)2 [19-22]. The [13,20,22,23]. Dong et al. synthesized different type of SrTiO3
nanocrystals by varying alcohols like ethanol, 1,4-butanediol, ethylene glycol, 1,2-propanediol,
etc. [20]. A wide variety of morphologies of SrTiO3 like nanocubes, nanoparticles, nanosphere,
nanofiber, nanotubes, etc. are developed by hydrothermal treatment [21,22,24,25].

To further minimize the effect of environmental humidity, many strategies such as the
conductivity modulation of sensing materials [7,26,27], surface functionalization [28, 29], noble
metals addition [30-32], operating temperature [32], enhancement of porosity/roughness
[6,28,33,34] have been introduced. A few research groups found that the use of metal
functionalization (Ag [30], Pd/Sn [32]) or the addition of overlayer (CeO2 on CuBr) [29] on
sensing material that blocks the interaction between moisture and sensing layer to improve the
robustness of the sensors towards humidity. Apart from this noble metal nanoparticles (Au [9],
Pd [35], Pt [36]) functionalization in sensing material improves the sensing properties through
electronic and chemical sensitization effects. These sensitization effects increase the sensitivity,
improve selectivity and decrease the overall operating temperature of the sensors [35].

In this chapter, we revealed a general strategy to comprehensively manipulate the morphologies
of SrTiOs; semiconductor perovskite, evolving from 1-D nanoforms to 0-D morphology by a
facile one-pot hydrothermal synthesis at 180 °C for different reaction times. The underlying
factors, that caused the dimensional evolution are insightfully investigated. The elemental growth
mechanisms, dimensional breaking, crystal structure transformations and surface property
modulations are extensively studied for the developed SrTiOs; nanostructures. With this new
understanding, high quality SrTiOs thin films are synthesized with various controlled
morphologies like nanobush, nanograss, nanorods, nanospheres and nano-hollow spheres.
Detailed morphology-dependent VOC sensing behaviors of SrTiO3; nanoforms are carefully
studied. 1D branched SrTiO3; nanograss and hollow spheres showed impressive sensing activity
towards low ethanol concentrations in 80% relative humidity. Later on, the ethanol sensing

performance of the STO-hollow sphere sensor was improved with the addition of Pd nanoparticle
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catalyst. To the best of our knowledge, there are no such reports on high-performance perovskite
gas sensors with a high gas response, ultrafast response/recovery speed and selectivity regardless

of the atmospheric humidity for breath analysis application.

5.2 SrTiOs perovskite nanostructures

5.2.1 Synthesis

The schematic representation in Fig. 5.1 summarizes the synthesis steps for the morphology
evolution of SrTiO3 nanostructures. In a typical route, Sr(OH)>-8H>O was dispersed in 75 mL of
deionized water under a stirring state and when the solution became transparent anatase-TiO»
nanoparticles solution was added dropwise in the above solution under stirring. Sr(OH)2-8H20
and TiO> solution were added to arrange the mole ratio as 1 and 2. The pH of the mixed solution
was adjusted to about 9.0 using 1M NaOH solution. The hydrothermal method can actively
control the size and morphology of produced nanostructures by varying reaction parameters like
precursors, concentration, temperature and reaction time [13]. In this direction, we have
developed different SrTiO3 morphologies by varying only the reaction time of hydrothermal. The

resulting suspension

Fig. 5.1. Schematic representation of the experimental procedure used to synthesize various
SrTi0Os3 nanostructures.

was transferred to a 100 mL Teflon-lined stainless-steel autoclave and heated to 180 °C for
various desired periods 10, 14, 18, 20, 24 h, respectively. After the completion of the reactions,
the reactor was cooled to room temperature and the final precipitated material was collected. The

contents were then washed multiple times with absolute ethanol and deionized water to remove
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excess NaOH and other impurities until the pH value of the liquid reached 7. The solid
precipitates were dried in an oven for 14 h at 80 °C. When the reaction was performed for the
shortest time (10 h), nanobushes of SrTiO3; were obtained showing the incomplete growth of the
nanograss structure. When the reaction time increased to 14 h fully grown nanograss was
obtained. Later, the nanorods were obtained at a high reaction time (18 h). On the other side, as
the reaction time was 22 h the nanorods started to convert into nanospheres as both the
morphologies were observed. The longest reaction time (24 h) showed the fully grown
nanospheres of SrTiOsz. After 24 h, increase in reaction time did not show any change in the
morphology after nanosphere formation. Thermal annealing was performed for all the resulting
materials at two different temperatures, 300 C and 600 °C for 6 h to enhance the mechanical and
electrical stability as well as to enhance the functionalization of SrTiO3; with oxygen species.
After the annealing at 600 °C, the morphology and distribution of all nanostructures get
deteriorated except the nanospheres. The nanospheres were converted into hollow spheres after
the high temperature (600 °C) annealing (Fig. 5.1). Additionally, the morphologies obtained from
reaction times 10 h and 22 h are marked as intermediate growth stages of SrTiO3 and not carried

out for further studies.

5.2.2 Crystallization mechanism of SrTiO3

Fig. 5.2. (a) TEM and FESEM image of sol-gel derived TiO2 nanoparticles, (b) formation of
SrTiO3 nanospheres from nanorods, (c) step by step synthesis mechanism of SrTiOs;
morphologies at different reaction conditions.
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The synthesis conditions were carefully analysed to elucidate the synthesis mechanism of these

massive structural and crystal transformations of SrTiO3 nanostructures as given in Fig. 5.2. The
synthesis of SrTiO; from anatase-TiOz and Sr(OH):-8H20 is the combined involvement of
dissolution and precipitation. Titania precursor (Ti0O>) is dissolved in the highly alkaline medium
as pH plays a significant role in the dissolution and determines the crystallinity of the perovskite
by homogenous nucleation in the liquid phase [13, 23]. TiO is not only a Ti precursor but also
acts as a skeleton or seed layer for the growth of SrTiO3 as shown in Fig. 5.2 [37]. In the first
step, Ti-O bonds in titania are broken by a hydrolytic attack that results in a soluble
hydroxytitanium [Ti(OH)s]* complex [37,38]. The respective reaction is given below.

TiO,(aq) + 20H (aq) + 2H,0(I) - [Ti(0OH)¢] 2 (aq) (5.1)

The highly alkaline NaOH medium (pH> 10) enables the rapid solubility and the formation of
[Ti(OH)s]* which is capable of reaction with strontium ions and consequently determines the
crystallization rate of the final product [13]. In the presence of a mineralizer (NaOH) at an
optimum temperature, the dissolution of precursors is fast and a high nucleation rate leads to the
formation of more regular aggregates at a comparatively small reaction time (Fig. 5.2). Later, the

precipitation of SrTiO3 perovskite occurs as per the following reaction.
Sr*2(aq) + [Ti(OH)¢] %(aq) — SrTiO5 (s) + 3H,0 (5.2)

[Ti(OH)g]™2 species are supposed to be highly active which react with Sr*? and form new
nucleus for SrTiO; formation according to the nucleation process shown in equation 2 [37]. The
nucleation process was further carried out and the growth of large nuclei continued in the vicinity
of the TiO; surface as shown in Fig. 5.2. The early growth after the initial surface nucleation is
mostly determined by the surface density of nuclei [13].

In the hydrothermal process, phase transformation of the materials occurs and a series of stable
intermediate nanostructures are formed (Fig. 5.2) depending on the solubility of the nanocrystals,
which are strongly influenced by synthesis conditions such as mineralizers concentration,
reaction time, temperature, etc. [13,39]. As shown in Fig. 5.1, the evolution of nanostructures
may follow the four-stage model i.e., dissolution—crystallization—aggregative growth—
recrystallization [40]. After the dissolution, crystallization and nucleation process, the

aggregative growth of nuclei is taken place due to the Van Der Waals forces. These aggregates
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are seen to have more regular shapes after the structural rearrangements (Fig. 5.2(c)). Sol-gel
derived TiO; nanoparticles, as shown in Fig. 5.2(a), acted as the seed layer in the hydrothermal
reaction. The anisotropic growth of SrTiO3 from the TiO> seed layer was then transformed into
nanograss morphology after 14 h of reaction time (Fig. 5.2(c)). Later on, an increase in reaction
time up to 18 h leads to merging branches to form solid rods like morphology (Fig. 5.2). As the
reaction proceeds, recrystallization occurs at a higher reaction time, leading to a more regular
shape of the particles of SrTiO3 (nanospheres). The formation of nanospheres was started by
breaking or shredding nanorods, which worked as a growth point of small spheres, as shown in
FESEM images in Fig. 5.2(b). At 20 h reaction time, the small nanospheres started to grow but
still, the rods were the dominant morphology as shown in Fig. 5.2(b). Similar morphological
evolution has also been reported in the hydrothermal growth of lead zirconate titanate
nanostructures [41]. The large nanospheres (Fig. 5.1 and 5.2(c)) formation takes place by the
Ostwald ripening process where reduction in surface energy is the primary driving force for the
crystal growth and the evolution of large nanospheres, which is due to the difference in solubility
between larger and smaller particles [13,25]. Nanospheres containing many small nanopores and
annealing at higher temperature promote the crystallographic fusion and coalesce of nanopores
by forming larger nanocavities or mesopores as shown in Fig. 5.1 and 5.2(c) [13]. These
mesopores formation introduced a new hollow sphere morphology with further improved surface

properties of SrTiOs.

5.2.3 Characterization

Morphological characterization

Fig. 5.1 summarizes the morphological evolutions in SrTiO3 nanostructures at different operating
times of hydrothermal reaction. Four significant morphologies i.e., nanograsses (S1), nanorods
(S2), nanospheres (S3) and nano-hollow spheres (S4) are described in detail in Fig. 5.3. A
solution of 1M Sr(OH)>-8H,O+NaOH and 2 M TiO> was treated with hydrothermal reaction at
180 °C for 14 hours and the resulting SrTiO3 was further annealed at 300 °C for 6 hours. The
synthesized SrTiOs showed uniform grass-like morphology with needle-shaped laterally
distributed brunches (Fig. 5.3 (a, b)). The average diameter of the individual needle was
measured as ~300 nm (inset of Fig. 5.3 (b)). With the increase of hydrothermal reaction time up
to 18 hours, the lateral branches merge and promote the formation of wider and thicker nanorods

(S2) as shown in Fig. 5.3(c, d). The branches are preferably agglomerated at the top/tip portion
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Fig. 5.3. FESEM images of (a, b) Nanograss (S1), (c, d) Nanorods (S2), (e, f) Nanospheres (S3)
and (g,h) Hollow sphere (S4), respectively; HRTEM images and SEAD patterns (inset of figure)
of (i) Nanograss (S1), (j) Nanorods (S2), (k) Nanospheres (S3) and (I) Hollow sphere (S4)
samples.

which eventually made the nodes and the blade part of the nanorods wider than the remaining
parts (Fig. 5.3(d)). After the transformation of grasses into rod-like morphology, the average
diameter was increased up to 700 nm (figure 3d). The effective length of the nanorod was 3.2 um

(inset of Fig. 5.3(d)). The highest reaction or nucleation time resulted in the transformation of
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nanorods into nanospheres morphology (S3) of SrTiOs (Fig. 5.3(e, f)). The intermediate stage,
after 20 h reaction time exhibited a partial and discrete formation of nanospheres decorated over
the nanorods (Fig. 5.1 and 5.2). The nanorods started to vanish at the longest hydrothermal
reaction time of 24 h and final nanospheres (S3) morphology was originated. The uniform,
compact, and stable distribution of nanospheres was observed in the FESEM image in Fig. 5.3(e,
f). The inset of Fig. 5.3(e) shows the size distribution analysis (using ImagelJ software) where the
average diameter of nanospheres is measured as 282.3 nm. Later on, due to the consequence of
high annealing temperature nanospheres were converted into the hollow spheres (S4) of SrTiO3
as shown in Fig. 5.3(g, h). The high annealing temperature resulted in the formation of
mesopores on nanospheres and the size of these nanopores is in the range of 40-50 nm (Fig.
5.3(h)). Interestingly, the average size of nanospheres gets reduced significantly after its
transformation to hollow spheres and the resulting average size is calculated as 132.5 nm (Fig.
5.3(g)). These nanocavities effectively improved the surface area to volume ratio of the SrTiO3
nanospheres.

In order to give more insight into the structural details, high-resolution transmission electron
microscopy (HRTEM) was performed for all four samples i.e., S1-S4 (Fig. 5.3(i-1)). HRTEM
images of nanorods, nanosphere and hollow spheres clearly show the parallelism of the lattice
fringes throughout the crystallite for the cubic phase of SrTiO3 and the anatase TiO:2 in Fig.
5.3(j), (k) and (1), respectively. Two types of lattice fringes attributed to (101) and (110) are
observed, which have a respective interplanar spacing of 0.353 and 0.277 nm corresponding to
the (anatase) A-TiO> and cubic-SrTiO; for all SrTiO3 submicron/nanostructures (Fig. 5.3(i-1)),
respectively. Moreover, it can be seen in Fig. 5.3(i-1) that there is a clear interface between
SrTiO3 and TiO: that signifies the existence of TiO: in the final product which is further
confirmed by the XRD analysis. The selected area electron diffraction (SAED) patterns are
recorded and shown in the inset of HRTEM data. The diffraction rings consisted of numerous
diffraction spots, which are the characteristics of a multi-crystalline structure [21]. The SEAD
pattern consisted of numerous spots and clear rings signifying the highly crystalline nature of the
resulting nanostructures correlated with the XRD data (inset (Fig. 5.3(i-1)). The clear pattern of
several rings with good intensity indicates that the area comprises more than one crystalline
phase. The pattern was indexed to mix crystallites of Cubic- SrTiO3, anatase (A) and rutile (R) as

seen in the diffraction rings.
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Fig. 5.4. AFM 3D topography images of (a) Nanograss (S1), (b) Nanorods (S2), (¢) Nanospheres
(S3) and (d) Hollow sphere (S4) samples.

The surface roughness of the prepared morphologically variated samples was studied with
atomic force microscopy. The topographic images (Fig. 5.4) revealed the top surface properties
of the S1-S4 samples. 1 pum x 1 um area was considered for the surface scan of all the samples
and the statistical parameters like RMS surface roughness (Sq) and mean roughness (Sa) were
measured with Gwyddion software and listed in Table 1. The data reveals that the S1 (Fig.
5.4(a)) sample with the more pronounced RMS value with the hydrophobic nature has the
highest irregularity in nanograss morphology than other variations in the nanometer range. In the
case of nanorods (S2) (Fig. 5.4(b)) the RMS is quite high but uniformity on the top surface leads
to a decrease in surface roughness (Table 5.1). On the other hand, 0D nanospheres (S3) (Fig.
5.4(c)) with the highest continuity led to the lowest RMS value but hollow spheres (S4) (Fig.
5.4(d)) lead to irregular surface topography and improved RMS value possibly due to the
existence of mesopores which resulted in rough and porous topology at nanometer scale [6,28].
Moreover, all the morphologies of SrTiO3 developed in the current study showed higher surface

roughness than the previously reported SrTiO3 nanoforms [16,34].

Table 5.1 Surface property measurement of S1-S4 samples from AFM topographic images.

Sample RMS surface roughness (Sq)- Mean roughness (Sa)-nm
nm
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S1 100.8 79.4

S2 72.6 58.4
S3 25.2 19.3
S4 28.9 223

Table 5.2 BET analysis of S1-S4 samples.

Sample a5, BET (m?%/g) Pore volume (cm3/g)
S1 3.0993 1.4786
S2 6.4902 3.7585
S3 5.9138 8.9862
S4 6.7981 9.1952

Further, a nitrogen adsorption-desorption study was carried out to obtain information about the
specific surface area (m?/g) and porosity (cm?/g) of all four morphologies listed in Table 5.2. The
BET surface area was found to be maximum in hollow sphere morphology (S4) due to the
availability of mesopores and lowest in grass morphology (S1). Nanorods (S2) and nanospheres
(S3) also showed appreciably high surface areas comparable to hollow spheres (S4).
Additionally, the average pore volume was found to increase gradually from S1-S4 samples

(Table 5.2) which are also helpful in the diffusion of gaseous analytes during the interaction.

Structural characterization
X-ray diffraction (XRD) patterns of the SrTiO3 nanostructures with four different morphologies
are shown in Fig. 5.5. The significant XRD peaks correspond to both SrTiO3 and TiO».

Fig. 5.5. XRD patterns of Nanograss (S1), Nanorods (S2), Nanospheres (S3) and Hollow sphere
(S4).
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Diffraction patterns match well with the cubic SrTiO; phase (JCPDS No. 35-0734) that
correspond crystal faces like (110), (111), (200), (211), (220) and (310) [21,42]. The highest
intensity peak at 20 = 31.7° for the (110) crystal plane of SrTiO; was observed in all four
samples and correlated with HRTEM results (Fig. 5.3(i-1)). The peaks corresponding to the
anatase (JCPDS No. 21-1272) and rutile phases (JCPDS No. 88-1175) of TiO, were identified
and labeled in XRD spectra (Fig. 5.5) [43-44]. At lower reaction times (14 h and 18 h), the
relative intensity, peak area and the number of diffraction peaks for anatase and rutile crystal
structure of TiO2 were very much significant (Fig. 5.5). 24 h hydrothermal reaction followed by
thermal annealing at 600 °C (S4) exhibited the highest peak intensities for SrTiO3 along with the
highly crystalline behavior of the resulting material. Most of the TiO, peaks almost disappeared
in the case of the S3 and S4 samples (Fig. 5.5). Moreover, in S4, almost all the diffraction peaks

in the patterns could be indexed to a pure cubic phase of SrTiOs.

Chemical characterization

Fig. 5.6. (a) Ti 2p, (b) Sr 3d and (c) O Is XPS spectra of Nanograss (S1), Nanorods (S2),
Nanospheres (S3) and Hollow sphere (S4), respectively.

High-intensity binding energy Ti(2p) peaks for S1-S4 were recorded with a high-resolution scan
to observe the change in doublet peaks, i.e., Ti(2p)s.2 and Ti(2p)12 (Fig. 5.5(a)). Additionally, the
Ti 2p peaks are well de-convoluted into four peaks as Ti*" 2psp, Ti*" 2p3n, Ti** 2pis and Ti*t
2p12, which clearly demonstrates the existence of Ti2Os (Ti*") and TiO2 (Ti*') oxidation states
[45,46]. The detailed Ti (2p)32 and Ti (2p)12 area of peaks is summarized in Table 5.3 from Fig.
5.5(a). S1-S4 showed a relatively higher peak area for the Ti** oxidation state compared to the
Ti" showing the highly oxygen-functionalized surface of the samples (Table 5.3). The Sr 3d
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spectrum of SrTiO3 samples (S1-S4) showed two main peaks i.e., Sr 3ds» and Sr 3ds» (Fig.
5.5(b)). The two metallic peaks i.e. Sr(0) 3ds» and Sr(0) 3d3» correspond to the bonding of Sr-
atoms in the perovskite materials and two other oxidation peaks i.e. Sr-O 3ds» and Sr-O 3dip»
indicate the possible existence of Sr-OH, Sr-COs, Sr-Sr, and Sr-O bonds to the surface of the
samples [47,48]. In Fig. 5.5(b), the area of the defect components is comparatively more
pronounced than the peak area of metallic Sr, which eventually shows the high surface activeness
of the SrTiO3 samples. The corresponding area distribution is summarized in Table 5.4. Fig.
5.5(c) shows the high-resolution O(1ls) spectra of S1 to S4 samples. O(1s) spectra were
deconvoluted in three sub-peaks located at the binding energy near 530.5+0.3 eV (O%),
531.6+0.2 (O") and 532.5+£0.3 eV (O2) (Fig. 5.5(c)). The peak at the lowest binding energy
corresponds to chemically bonded lattice oxygen (Or), the middle one is associated with
unsaturated oxygen vacancies or surface defects (Ov) and the highest binding energy peak

corresponds to weakly bonded physiosorbed or chemisorbed (Oc) surface oxygen species.

Table 5.3 Area distribution measurement of S1-S4 samples from Ti 2p and Sr 3d spectra of XPS
results.

Sample  Ti*" (Area %) Ti*" (Area %) Sr(0) (Area %) Sr-O (Area %)
S1 28.2 71.8 58.2 41.8
S2 35.6 64.4 62.1 379
S3 13.6 86.4 67.9 32.1
S4 7 93 65.9 34.1

Table 5.4 Area distribution measurement of S1-S4 samples from Ols spectra of XPS
results.

Sample 0% (OL) O (Ov) 02(0c¢)
S1 14.4 37.9 47.7
S2 12 394 48.6
S3 27.7 32.7 39.6
S4 9.9 43.5 46.6

The area of fitted peaks for S1 to S4 is summarized in Table 5.3. Due to having a significantly
high surface area, the overall surface oxygen was found to be very high in the case of all the
SrTiO3 samples which was considered beneficial for gas sensing [49]. Oxygen vacancy type
defects (43.5%) were increased in the hollow sphere (S4) sample possibly due to the high

temperature (600 °C) thermal annealing.
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Surface wettability study

Fig. 5.7. The static water contact angles of the sensing film of S1-S4 samples.

In particular, we examined the surface wettability of all four (S1-S4) sensing films to understand
their anti-humidity properties (Fig. 5.7). The surface wettability is the measurement of the water
droplet contact angle where hydrophobic materials show high contact angle (90°< 6e < 150°)
[27,50]. A contact angle measurement device measured the static water contact angles (CAs) of a
deionized water droplet (8 pul) on the surface STO film.

The static contact angle of all four sensing layers was measured (Fig. 5.7(a-d)) and found to be
154.4°, 134.4°, 142.1° and 149.1° for S1-S4, respectively. However, the results confirm the
superior hydrophobic nature of the prepared STO films and are in agreement with the previously
reported works [27,50]. The high contact angle makes the water molecules harder to adsorb to
the surface of the STO films and the hindrance of sensing performance due to humidity is
minimized. Moreover, the water contact angle of STO films was found to be significantly high as
compared to a few popular hydrophobic materials such as polymethyl methacrylate (PMMA),
CeO, etc. [51,52].

5.2.4 Sensor study

VOC sensing

The VOC sensing performance of four evaluated morphologies (S1-S4) was examined. The
previously reported SrTiO3 nanostructures showed an incompetent response at an extremely high
operating temperature [9, 14]. However, the working temperature of a sensor influences the
surface state of the sensing layer and contact behavior during the sensing process [53]. All four
sensors were tested at a temperature range varying from 100- 200 °C, under exposure to 50 ppm

ethanol in 80% RH (Fig. 5.8). The initial sensing performance of all four sensors was
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Fig. 5.8. (a) Response magnitude; (b) response time; (c) recovery time; as a function of
temperature for S1-S4 sensors in 50 ppm of ethanol and 80% constant RH.

compared with three sensing properties, i.e., response magnitude, response time and recovery
time, as a function of operating temperature (150-250 °C) and shown in Fig. 5.8(a)—(c). The
change in morphologies showed a significant influence on sensing properties. S1 and S4
exhibited a very high response throughout the temperature range (100 °C-250 °C). All four
sensors showed the highest responses i.e., 69, 16.9, 11.1 and 78 for S1, S2, S3 and S4,
respectively at 150 °C. All the sensors showed a gradual increase of response from 100 °C to 150
°C and decreasing tendency exceeding 150 °C (at 200 °C). The study indicates that 150 °C is an
optimized temperature (Fig. 5.8(a)). However, the small electronegativity of SrTiO3 influenced
the easy formation of ionic bonds with oxygen atoms and then VOC analytes even at relatively
low temperature exhibited quite a high response (150 °C). Exceptionally, S2 exhibited a high
response (20) at 100 °C and showed monotonic decrement towards higher temperatures (Fig.
5.8(a)).

The response time (Tres) and the recovery time (Trec) are two important parameters highly
influenced by the operating temperature. Tres and Trec Were measured for all four sensors and
then represented as a function of temperature (150 and 200 °C) in Fig. 5.8(b, c). All the sensors
became faster with an increase in temperature. Two sensors i.e., S1 and S4 with a highly
activated sensing surface provided the highest sensitivity and very fast response (36 s and 150 s,
respectively) and recovery (34 s and 58 s, respectively) at 150 °C (Fig. 5.8(b, c)). After studying
the overall performances in Fig. 5.8(a-c), 150 °C was considered to be the optimized temperature
for all the sensors. Moreover, the fast response/recovery speed and high sensitivity of SrTiO3
nanostructured samples are attributed to the significantly high concentration of defects (such as

oxygen vacancies) and chemisorbed oxygen are found in XPS results (Fig. 5.8(d)).
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The real-time ethanol sensing was performed for all four morphologically variated SrTiO3
nanostructured based at 150 °C in the presence of 80% RH. In Fig. 5.9(a-d), all the sensors
responded in a positive direction of the Y-axis unfolding the p-type semiconducting behavior of

the SrTiO3 nanostructures [54]. The p-type conductivity of the SrTiO3; nanoforms possibly

Fig. 5.9. (a-d) Dynamic response of nanograss (S1), nanorods (S2), nanospheres (S3) and nano-
hollow sphere (S4) to different concentrations of ethanol varying from 500 ppb to 200 ppm; (e)
Sensor responses as a function of gas concentration; (f) selectivity behavior of all the four
sensors towards various volatile organic compounds at 150 °C in 80% RH.

originated from the p-TiO: nanoparticles used in hydrothermal synthesis [55]. The higher
concentration of Ti vacancy (Ti**) compared to the oxygen vacancy is responsible for the p-type
behavior of undoped TiO; [55,56]. In the transient measurement (Fig. 5.9(a-d)), ethanol
concentration varied from 0.5 to 200 ppm. In minimum ethanol concentration i.e., 0.5 ppm, all
four sensors i.e., S1-S4 offered responses like 12.4, 3.15, 4.25 and 15.1, respectively (Fig.
5.9(e)). However, it was noted that the response of the sensor was a near-linear relationship with
ethanol concentration varying from 0.5 to 200 ppm (Fig. 5.9(¢e)). The linear regression equations
for S1, S2, S3 and S4 are shown in Figure 7e with R? values > 0.92, 0.91, 0.89 and 0.933,
respectively [57]. The theoretical detection limit was calculated by using the slope of the
logarithmic plot (Fig. 5.9(¢)) and the standard deviation from the baseline of Fig. 5.9(a-d) at 150
°C [58]. Therefore, the calculated detection limit of S1, S2, S3 and S4 sensors are 78 ppb, 88.1
ppb, 152 ppb and 57 ppb, respectively at 150 °C in the presence of 80% RH.
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To study the influence of interfering VOC:s, all four sensors were tested with a different group of
VOCs like methanol (CH30H), ethanol (C.HsOH), 2-propanol (C3HgO), acetone (C3HgO),
formaldehyde (HCHO), n-pentane (CsHi2), toluene (C7Hs) and xylene (CsHio) of 50 ppm at 150
°C. All four SrTiO; sensors (S1-S4) yielded a unique and significant response to ethanol
compared to other VOC analytes tested (Fig. 5.9(f)). Among all the sensors, S4 showed the
highest response toward ethanol as compared to other sensors, the sensitivity of S4 was relatively
high for the analytes like methanol (6) and pentane (15) but significantly smaller than the ethanol
(Fig. 5.9(f)). The response of the sensing layer towards different analyte gases depends on their
adsorption and desorption kinetics and for better understanding, we have conducted the DFT
simulation study for (110) SrTiO3 system for all interactive VOCs. The repeatability was
investigated by measuring five successive sensing cycles of the S1-S4 sensors toward 50 ppm of
ethanol (Fig. 5.10(a)). Furthermore, the sensing response of the S1-S4 sensors toward ethanol

was stable with less than 1.5% signal fluctuation during successive sensing cycles (Fig. 5.10(a)).

Humidity study

The relative humidity is an unavoidable parameter because it changes according to weather,
season and location. In a typical application like breath analysis, relative humidity is found to be
very high (RH >80%) in exhaled breath and it drastically influences the sensing performance of a
gas/VOC sensor to detect any targeted breath component(s) [59-60]. This may be attributed to
the water vapor interactions with the negatively charged surface oxygen active sites on the
surface of the sensor, where they create chemical bonds in certain atomic sites and form a layer
of hydroxyl groups. The competitive adsorption of water molecules with other reacting analytes
leads to substantial changes in gas response. The typical water poisoning mechanism of the oxide
semiconductor is given by the following reaction: H,0 + Oy, or 054, <> 20H + e~ (2e7)
[29,30].

The responses of the morphologically varied SrTiO3 sensors are represented to detect 50 ppm
ethanol at 150 °C where the relative humidity levels vary from 0 to 80% (Fig. 5.10(b)). The
baseline sensors resistance was increased slightly with increased humidity from dry to 80% RH
as depicted in Fig. 5.10(b). The high porosity and mean surface roughness (Fig. 5.4(a-d)) of
SrTiO3 morphologies were in favour of the elimination of the effect of humidity (Fig. 5.10(b)).
Overall, the response to ethanol in humid air decreased slightly with an increase in relative

humidity level (bar charts of Fig. 5.10(b)). The influence of humidity on VOC sensing is
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partially evidenced in S2 and S3 where sensor response was decreased with an increase in the
humidity level (Fig. 5.10(b)). Probably, highly porous morphology significantly improved the
humidity-tolerant capabilities of those sensors. The hollow sphere morphology with a large

number of mesopores provided an irregular surface and gas molecules could easily diffuse easily

Fig. 5.10. (a) Reproducibility of the sensor on successive exposure to 50 ppm ethanol pulses for
all four sensors at 150 °C in 80% RH; (b) dynamic response curves of sensors in the exposure of
50 ppm ethanol at 150 °C under various humidity conditions (0—80% RH) and corresponding
bar chart presentation of the response characteristic of the S1-S4 sensors upon exposure to 50
ppm ethanol from dry air to 80% RH at 150 °C.

through these mesopores thus showing a negligible influence on humidity [6,28]. Moreover, the
SrTiO; sensors with different morphologies exhibited p-type conductivity that greatly enhanced
their anti-humidity ability and was optimal for sensing performance in harsh environments.

After the careful evaluation of the sensing characteristics of all four sensors, the S4 sensor
showed the best highest sensing response (R./Ra: 78 for 50 ppm ethanol) with significant
humidity-independent behavior. Undoubtedly, the STO hollow spheres sensors have
exceptionally good ethanol sensing properties and selectivity compared to the other reported

onces.

5.3 Pd modified SrTiO3 (STO) hollow spheres
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5.3.1 Synthesis
Pd modified STO hollow spheres

Hollow spheres were modified with Pd nanoparticles. Pd salt solution was prepared by emerging
17 mg of palladium chloride (PdCl2, Molychem) salt in 100 mL DI water and stabilized by the
dropwise addition of dilute HC] with continuous sonication. Later, the hollow sphere powder

(0.2

Fig. 5.11. Schematic representation of the experimental procedure used to prepare the Pd
modified SrTiO; hollow spheres-based sensing material.

mmol) was first dispersed in a 2 mL aqueous solution of PdCl> under stirring and then 5 mL of
ascorbic acid (AA, 0.1 M) and 5 ml of PEG (polyethylene glycol) were added (1:1). Then
suspension undergoes mechanical stirring for 4 h at room temperature the precipitate of Pd
modified hollow spheres was collected and washed multiple times with absolute ethanol and DI
water multiple times and dried at 80 °C in a vacuum oven. The sensor was marked with Pd-STO-
600 sample throughout the study. The schematic representation of synthesis procedure in given

in Fig. 5.11.

5.3.2 Characterization

Morphological characterization

The texture of the hollow spheres was changed due to the decoration of Pd nanoparticles (Pd-
STO-600, Fig. 5.12(a)). The average size of the Pd-STO-600 hollow sphere (148.8 nm) (Fig.
5.12(b)) was increased as compared to the STO-600 (132.5 nm) possibly due to the dense growth
of Pd nanoparticles on its surface (Fig. 5.12(a)). The TEM image in Fig. 5.12(c) exhibited

uniform decoration of Pd nanoparticles on the STO hollow sphere. Not only the size but also the
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catalytic properties during gaseous interaction were increased in the case of Pd-STO-600 [35,36].
The individual and discrete Pd nanoparticles are identified in TEM images (Fig. 5.12(d)) with an

average size of 3.75 nm. The high-resolution TEM (HRTEM) image of Pd-STO-600 in Fig.
5.12(e) revealed tausonite (110) crystallinity with a lattice spacing of 0.278 nm. The discrete and
high-resolution spots in the selected area electron diffraction (SAED) pattern in the inset of Fig.
5.12(e) confirmed the highly crystalline nature of the STO hollow spheres. The Pd crystallite of
(111) with a lattice spacing of 0.24 nm is evident on the tausonite (110) crystal plane of STO
(inset in Fig. 5.12(e)). Additionally, the lattice fringe of 0.35 nm agrees well with the (101) plane

of anatase

Fig. 5.12. FESEM images of (a) Pd-STO-600 hollow spheres, (b) Size distribution analysis by
Imagel software, (¢, d) TEM images at different magnifications; (¢) HRTEM images and the
inset is showing SEAD pattern and (f) AFM 3D topography images of Pd-STO-600 hollow
spheres.

TiO», whereas the lattice fringe of 0.318 nm corresponds to the (110) plane of rutile TiO> (inset
of Fig. 5.12(e)). All the crystal planes evidenced in the HRTEM image are well supported by the

XRD spectra in Fig. 5.13.
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The topographic image in Fig. 5.12(f) taken from the atomic force microscopy (AFM) revealed
the top surface properties of the Pd-STO-600 sample. The mean surface roughness (Sa) for Pd-
STO-600 was 58.6 nm which is significantly high compared to the previously reported data
[16,34]. Functionalization with Pd metal nanoparticles was also responsible for the enhanced

surface roughness [28, 30,3 1].

Structural characterization

The XRD spectra in Fig. 5.13 show the strongest peak at around 26 = 32° that confirming the
existence of the tausonite phase of STO and the crystal plane of (110) for all three samples
(JCPDS File No. 35-0734) [21,42]. A few other standard peaks at 39°, 47°, 52°, 57°, 67°, and 76°
are assigned to the (111), (200), (211), (220) and (310) planes of STO, respectively [21,42]. A

few

Fig. 5.13. XRD pattern of Pd-STO-600 sensor.

low-intensity anatase and rutile peaks in Fig. 5.13 confirm that the TiO> is not fully converted
into

STO [43,44]. The most significant peak in all three samples is observed at 26 = 24.2° which
corresponds to anatase (101) crystallinity (JCPDS File No. 21-1272) [44]. STO-600 and Pd-
STO-600 showed a low intensity peak at around 260 = 27.8° indicating rutile (110) crystallinity
(JCPDS File No. 88-1175).

Chemical characterization
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Fig. 5.14. XPS spectra of Pd-STO-600 (a) Ti 2p, (b) O 1s, (c) Sr 3d and (d) Pd 3d.

The high-resolution XPS spectrum of Ti 2p (Fig. 5.14(a)) shows two peaks at the binding
energies 459.1+ 0.3 eV and 464.40+ 0.4 eV, which can be ascribed to Ti 2p3» and Ti 2pie
respectively. Ti 2p peaks are de-convoluted into four peaks as Ti** 2ps» (457.98 eV), Ti*" 2psn
(458.55 eV), Ti*" 2p1/2(463.46 eV) and Ti*" 2p12 (464.45 eV) [45, 46]. The Ti*" state with a peak
area of 81.5 % in Pd-STO-600 confirms a highly oxidized surface. The fitted Ols spectra were a
combination of three peaks found at 530.4+ 0.4 eV, 531.9+ 0.1 eV, and 532.9+ 0.2 eV (Fig.
5.14(b)) which indicates the lattice oxygen, unsaturated oxygen vacancies and chemisorbed
oxygen species, respectively [49]. The Sr 3d spectra of the STO samples (Fig. 5.14(c)) showed
two main peaks of Sr 3ds» and Sr 3ds at 133.7 eV and 135.3 eV, respectively. The presence of
other two minor peaks at 134.3 and 136.2 eV, attributed to the non-perovskite bonding (Sr-OH,
Sr-Sr, and Sr-O) of SrTiO3 showing the surface sensitivity of the STO towards the interactive
analytes [47,48]. Therefore, the non-perovskite bonding peak area was increased in Pd-STO-600.
The Pd 3d spectrum of Pd-STO-600 (Fig. 5.14(d)) was deconvoluted into three doublets. The
doublets correspond to Pd 3ds» and Pd 3ds» states that appear around (335.5 and 341.0 eV),
(336.9 and 342.2) and (337.9 and 343.1) are attributed to the species of Pd(0), PdO and PdO>
respectively which directly interpret that the highly oxygen functionalized surface due to Pd
modification in Pd-STO-600 [61].
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Further, a nitrogen adsorption-desorption study of the Pd-STO-600 sample was carried out to
obtain information about the specific surface area (m?/g) and porosity (cm®/g). Pd-STO-600
sensor exhibited a specific surface area of 13.422 m?/g and porosity of 7.8365 cm*/g. The highest
surface area for Pd-STO-600 was attributed to the decoration of Pd nanoparticles on STO-600
hollow spheres, which could provide more surface-active sites and available space for the
adsorption of gas molecules resulting in excellent sensitivity. Average pore volume was found to
be a little less in Pd-STO-600 compared to STO-600 possibly due to the dense decoration of Pd
nanoparticles on the STO-hollow sphere surface. But Pd nanoparticles on the STO surface
catalyzed the removal of hydroxyls further improving the robustness of the materials towards

humidity [28].

Surface wettability study

Fig. 5.15. The static water contact angles of Pd-STO-600 sensing film.

In particular, we examined the surface wettability of the Pd-STO-600 sensing film to understand
its anti-humidity properties (Fig. 5.14). Pd-STO-600 showed a 147.6° contact angle of the
sensing film. However, the results confirm the intact hydrophobic nature of the prepared STO
After the Pd modification. The contact angle of Pd-STO-600 was slightly lesser than hollow
spheres (Fig. 5.14) but the addition of noble metals minimized the influence of humidity

significantly as discussed above [28,30,31].

5.3.3 Sensor study
VOC sensing
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Fig. 5.16. (a) Baseline resistance of the Pd-STO-600 sensor, (b) response of Pd-STO-600 sensor
to 50 ppm ethanol at different operating temperatures in 80% RH (generated at 35 °C), (c)
Response of sensors with different Pd content.

Fig. 5.16(a) is showing the change in the baseline resistance under different operating
temperatures. The results show that the resistance of the sensor decreased as the operating
temperature increased because thermal excitation energy induced more carriers to the conduction
band, thus leading to high conductivity and low resistance [2]. In the case of Pd-modified STO
(Pd-STO-600) baseline resistance (~15 kQ) was lowest due to uniform coverage of metallic Pd
nanoparticles to the STO hollow sphere surface which was confirmed by the TEM results (Fig.
5.12(c)).

Fig. 5.17. (a) selectivity behavior of all the three sensors towards various volatile organic
compounds, (b) Dynamic response to different concentrations of ethanol varying from 500 ppb
to 200 ppm, (c) Sensor responses as a function of gas concentration, (d) Reproducibility of the
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sensor on successive exposure to 50 ppm ethanol pulses, (e) long-term stability of the Pd-STO-
600 sensor at 150 °C operating temperature in 80% RH (generated at 35 °C).

To evaluate VOC sensing performance, the sensor was tested at different operating temperatures
varying from 50 to 250 °C in the exposure of 50 ppm ethanol (Fig. 5.16(b)). 150 °C was the
optimized temperature where all the sensors exhibited the highest response (Fig. 5.16(b)) [27].
The Pd loading effect on ethanol sensing was studied on STO hollow spheres. The most efficient
sensing performance was observed for a 1 mM solution of PdCl,. Apart from 1 mM solution,
three other PdCl, solutions were prepared i.e., 0.5 mM, 1.5 mM, and 2 mM and used to
functionalize STO hollow spheres. The response towards 50 ppm ethanol was tested for all four
samples at 150 °C and represented in the form of a bar chart plot in Fig. 5.16(c). The result
concluded that 0.5 mM Pd concentration is not enough for effective sensitization and 2 mM Pd
concentration results in a higher metallic sensing surface which also diminishes the sensing
response. The intermediate 1 mM and 1.5 mM both were most suitable for Pd functionalization
but at 1 mM sensor showed the highest response which was later used in further sensing studies
of the Pd-STO-600 sensor. On the other hand, Pd-STO-600 was most interactive with the target
analytes exhibiting the highest response (106.4+ 2.5 at 150 °C) among all the three sensors (Fig.
5.16(b)). Pd-STO-600 with the highest response even at all temperatures might be due to the
catalytic properties of Pd nanoparticles which improved the sensing performance of the STO
layer [35,36]. To investigate the selectivity of the Pd-STO-600 sensor, the dynamic sensing
responses were tested for 50 ppm concentration of a variety of VOCs under 80% RH (generated
at 35 °C) at 150 °C of sensor operating temperature (Fig. 5.17(a)). As Pd is a well-known sensing
material for efficient H> detection, the selectivity of the sensors was tested in the presence of 2%
H>. Pd-STO-600 exhibited 6 response value in 2% H> which is 16 times lower than the response
towards 50 ppm ethanol (Fig. 5.17(a)). Pd-STO-600 sensor showed the natural selectivity
towards ethanol. Interestingly, methanol and formaldehyde were the most inactive VOCs during
the study (Fig. 5.17(a)). Pd-STO-600 with a highly active sensing surface was found to be
partially active towards aromatic VOCs (toluene (4) and Xylene (3.4)) (Fig. 5.17(a)). The reason
behind the high ethanol selective behavior of STO sensors was probably attributed to the various
oxidation states involved in distinctive catalytic activities of STO which promoted the oxidation
of ethanol vapor as it shows an affinity with oxygen and multivalent characteristics [62]. Apart

from this, the high reactivity of anionic oxygen, the controlled morphology of STO also
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supported the selective detection of ethanol [62,63]. Additionally, the lowest selectivity towards
the smaller molecular size VOCs i.e. methanol and formaldehyde may be due to their less
electron-donating capabilities compared to ethanol [64]. On the other hand, poor selectivity
towards the VOCs like 2-propanol, n-pentane, toluene and xylene may be attributed to their large
molecular size which causes hindrance in the entering and diffusion of analytes molecules
through the STO mesopores [62].

The transient response of the Pd-STO-600 sensor was measured in varied ethanol concentrations
in 80% RH (generated at 35 °C) at an operating temperature of 150 °C (Fig. 5.17(b)). Pd-STO-
600 showed a much higher response than STO hollow spheres for all concentrations of ethanol
(Fig. 5.17(b)). Additionally, the Pd-STO-600 sensor exhibited the fastest adsorption and
desorption of ethanol molecules indicating the chemical sensitization properties of Pd
nanoparticles [10,35,36]. Sensing responses were in a near-linear relationship within the ethanol
concentration range of 0.5 to 200 ppm. The correlation coefficient (R?) of the fitting result was
calculated as 0.93 for Pd-STO-600 which supports the appreciably good linearity of the sensor
(Fig. 5.17(c)).

To evaluate the reproducibility, the Pd-STO-600 sensor was exposed to 50 ppm ethanol for
multiple consecutive cycles, purging ethanol for a fixed duration under an 80% RH environment
(generated at 35 °C) (Fig. 5.17(d)). For long-term stability testing, the Pd-STO-600 sensor was
exposed to 50 ppm ethanol at an interval of one day for 15 days (Fig. 5.17(e)). The response
magnitude during the test was found relatively stable with a negligible attenuation of 3% which

further indicates the promising stability of the STO hollow sphere sensors.

Humidity study

The anti-humidity property of the Pd-STO-600 sensor was carefully evaluated and shown in Fig.
5.18(a, b). The Pd-STO-600 sensors were tested in different humidity conditions (dry air to 80%
RH) for 50 ppm of ethanol as shown in Fig. 5.18(a). However, the baseline resistance and
response characteristics were almost constant with the increase in relative humidity for all two
sensors. A negligibly small decrement in the baseline resistance was observed while changing the
ambient from dry air to 80% RH air. Pd-STO-600 was the most humidity-insensitive sensor and
exhibited the highest response among the three sensors in the presence of 80% RH (Fig. 5.18(a)).

Pd nanoparticles act as a hydroxyl absorber drastically decreasing the response toward humidity
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Fig. 5.18. (a) Dynamic response curves of sensor in the exposure of 50 ppm ethanol at 150 °C
under various humidity conditions, (b) The response and recover characteristics of the Pd-STO-
600 sensor upon exposure to 50 ppm ethanol in dry air in 80% RH (generated at 35 °C) at 150 °C
sensor operating temperature.

[32]. Additionally, Pd nanoparticles in Pd-STO-600, dominate the electronic exchange between
STO and the ambient by generating new O?~ adsorption sites and preventing the adsorption of
OH™ to the STO surface [30-32].

Fig. 5.18(b) shows the comparative analysis of response—recovery characteristics of STO-based
sensors in dry and 80% humid ambient with 50 ppm ethanol at 150 °C sensor operating
temperature. A negligible attenuation was observed in response and recovery characteristics of
sensors in 80% RH. The response/recover times are 15 s/ 37 s for Pd-STO-600 in Air and 80%
RH, respectively.

Table 5.5. Comparative sensing performance analysis of SrTiO3; nanostructures for 50 ppm
ethanol in 80% RH at 150 °C.

Sensor Morphology Sensitivity Tres/Trec (S) LOD R?
(Rv/Ra) (ppb)

S1 Nanograss 69 36/34 78 0.91

S2 Nanorods 16 85/124 88.1 0.89

S3 Nanospheres 12 101/134 152 073

S4 Hollow spheres 75 150/58 57 0.95

Pd-STO-600 Hollow spheres 106.4 15/37 50 0.96

Table 5.5 shows a comparative analysis of the ethanol sensing performance of SrTiO; based
nanostructures at 150 °C and 80% RH. Among all prepared nanostructures, STO hollow spheres
showed highly sensitive nature towards ethanol and significant humidity independent behavior
with superior hydrophobic properties. Further, Pd modification of the sensor results in improved

sensing properties like response, response/recovery time and humidity tolerant nature.
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5.3.4 Sensing mechanism of Pd-ST(O-600 hollow spheres

In the case of unmodified STO sensors, hole transport was conducted through the Schottky
barrier formed between two consecutive SrTiO3z hollow spheres (S-S junctions) as shown in Fig.
5.19(a). On the other hand, Pd/SrTiO3; Schottky junctions (M-S junctions) were introduced in the
hole transport path that improved the VOC sensing behavior of Pd-STO-600 significantly (Fig.
5.19(b)).

Fig. 5.20(a, b) are showing the Schottky junctions between p-SrTiOs3/p-SrTiO; and p-
SrTiOs3/Pd/p-SrTiOs, respectively. The schematic in Fig. 5.20(a, b) are well supported by the
TEM image shown Fig. 5.12(c) where two distinct cases are visible i.e. (i) direct contact between
two STO hollow spheres, and (ii) the connection between two STO hollow sphere through Pd
nanoparticles are clearly visible. In the air, oxygen functionalized groups (0>, O-, Oy are
adsorbed to both the inner and outer sides of the sphere through the mesopores and engaged the
free dangling bonds lowering the free electron concentration to the STO surface. As a result, the
majority carrier holes are accumulated on the STO hollow sphere surface forming a surface
potential (qQVp-air) as shown in the energy band diagram in Fig. 5.20(c). Ethanol is a strong
reducing agent and is considered to form a surface donor state on p-SrTiOs. In the case of p-type
SrTiOs, the release of electrons by the surface donor state is expected to lead to a decrease in the
effective hole concentration as well as the surface potential (qQVb-voc). As a result, thickness of
the hole accumulation region near the STO surface is diminished limiting the overall
conductivity of the sensor (Fig. 5.20(c)) [65,66]. However, in hollow sphere structure, both inner
and outer surfaces are exposed to the gaseous ambient leading towards a significant modulation

of conductivity influenced by target species.
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Fig. 5.19. Possible hole transport through the (a) p-SrTiOs; hollow spheres, and (b) Pd
nanoparticle decorated p-SrTiO3 hollow spheres.
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Fig. 5.20. (a) Schematic of intergranular junction between two adjacent hollow spheres,
(b) junction between PdOx and STO hollow sphere, corresponding energy band of (c¢)
STO-STO (S-S) junction and (d) PAOx-STO (M-S) junction in air and VOC ambient.

To model the current through STO-hollow spheres, Eq. 5.3 is written by considering Io as the
current in flat band condition (i.e., inert ambient) and qVp-air and qVe-voc as the developed
surface potential in the exposure of air and ethanol, respectively. Therefore, k is the Boltzmann’s
constant and T is the temperature [65]. As the qVb-air™> qVb-voc in p-type sensor, current must be

higher in air compared to the VOC ambient.

Vy_
qVp—a /VOC) (5.3)

kT
By using Eq. 5.3, response magnitude (RM) in VOC ambient for intergranular S-S junctions of

Lairjvoc = Ioexp(

p-SrTiO3 hollow spheres can be written as in Eq. 5.4.

(qu—air - qu—VOC)
kT

RM = exp (5.4)

In case of surface modification with Pd metallic nanoparticles, two types of mechanisms are

mainly involved i.e. (i) “electronic sensitization” which involves the formation of discrete
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Schottky junctions and attributes the improved sensing performance to the modulation of the
nano-Schottky barriers (Fig. 5.20(b, d)) and (ii) “chemical sensitization” where the catalytic
activity of Pd nanoparticles make faster the dissociation of target analytes [56,67,68]. The
various oxidation states of Pd (Fig. 5.14(d)) not only enhanced the chemical sensitization but
also influenced the electronic sensitization expanding the work function (5.12 e¢V) of Pd in air.
The formation of various oxidation states (PdOx) increased the work function of Pd (q'¥pd-air) and
decreased the barrier height (q@v-.ir) of the M-S junction in air (Fig. 5.20(d)) [67]. A hole-
depleted region is also created in p-SrTiO3 due to the work function difference between PdOx and
p-SrTiOs. In exposure to the VOC (ethanol), PdOx are reduced fractionally decreasing the work
function of Pd (qWp4-voc) that eventually increase the barrier height (q@b-air) of the M-S junction.
So, Pd-STO-600 exhibits larger increment in resistance due to extended barrier height (q¥'pd¢-voc
> qW¥pd-air) in VOC ambient. The barrier height of M-S junction (with p-type SrTiO3) in air/VOC
can be represented by the Eq. 5.5, where E; is the bandgap, qy is the electron affinity of

semiconductor and q¥ is the work function of material.

qPp—airvoc = Eg—srrioz + QXsrri  — Q'IUPd air. (5.5)
voC

Considering, the modulation of barrier height of M-S junction in air and VOC ambient, response

magnitude (RM) can be estimated in Eq. 5.6.

. (@@b-voc — QPb-air)

RM =
ex T

(5.6)

So, the above discussion confirmed that the variation in built-in potential of S-S junction was
principally responsible for the VOC sensing in pure STO-hollow sphere sensor. Whereas, the
dual effects i.e. (i) variation in built-in potential of S-S junction and (ii) the change in barrier
height of M-S junction simultaneously responsible for the VOC sensing in Pd- STO-600. So, the

Pd-modified p-SrTiO3 hollow sphere sensor showed better sensitivity in ethanol.

5.4 Conclusion
In summary, morphology of the SrTiO; was transformed gradually from nanobush, nanograss,

nanorods and nanospheres after 10, 14, 18 and 24 h of hydrothermal reactions, respectively.
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Nanospheres were further annealed at 600 °C and transformed into nano-hollow spheres
morphology. The exhaled breath contains a large amount of humidity and become a critical
factor in chemiresistive sensors for breath VOC detection. The high surface roughness and
hydrophobic surface of SrTiO; nanoforms motivated us to fabricate the robust sensors for
reliable breath VOC detection. All of the SrTiO3 nanoforms showed superior humidity tolerant
sensing of the VOCs. The SrTO3; nanoforms showed negligible deviation in ethanol sensing in
the range (20%- 80% RH) of humid environment. The highly stable and ethanol sensitive
properties of SrTO; nanoforms sensors were a great achievement in case of breath analysis
application. The superior hydrophobicity and moisture resistance behaviour of STO which
confirmed by the surface wettability measurement. Among them, hollow sphere was highly
sensitive (Rv/R, of 78) towards ethanol at 150 °C and 80% RH.

Later on, Pd nanoparticles were functionalized on the STO-hollow sphere layer (Pd-STO-600) by
chemical route. The Pd-STO-600 sensor with excellent selectivity and ultra-high sensitivity
(106.4/ 50 ppm) towards ethanol with fast response /recovery time (38 s/47 s) is highly suitable
for breath ethanol sensing. Thereafter, the advanced sensing characteristics of the mesoporous p-
type SrTiO; hollow sphere along with Pd modifications were principally controlled by Schottky
barrier model.

Moreover, perovskite materials can be a preferred for robust and humidity tolerant volatile
organic compounds (VOCs) detection for breath analysis application. This material is highly
applicable for breath ethanol detection with excellent reliability in sensing data at different

humidity from RH 20% to RH 80% (generated at 35 °C).
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Chapter-6
SrTiO; passivated MXene (TizC:Tx) for efficient

acetone detection

6.1 Introduction

Mxene is a new-age 2D material that attracted wide attention from researchers due to its plenty
of excellent physicochemical, electronic and mechanical properties. A variety of applications
such as; supercapacitors [1], photocatalytic degradation [2], hydrogen evolution [3], Li-ion
batteries [3] and gas sensing [4] are employed with MXenes and achieve marvelous outcomes
and benefits. In general, MXene is a carbide and nitride of transition metal with a general
formula of Mn+1XnTx, here Tx representing the surface terminations, such as -O, -OH, -F, etc.
which are bonded to the outer M layers [3]. Mxenes originated from their parental MAX phase
where the ‘A’ element (Al Si, P, S, Ga, etc.) is selectively etched using a suitable etchant such as
HF, LIf/HCI, etc. [5,6]. The extremely high specific surface area, miscellaneous chemical and
electronic properties, improved surface properties, integrability with planar electronic devices
and good hydrophilicity make the MXenes appropriate as promising gas sensing material [7,8].
Most interestingly, MXenes can adsorb many terminations functional groups on its surface, and
by modulating these surface groups, MXene can change its semiconducting properties which are
highly favorable in gas/VOC sensing [5,6]. Pristine MXenes such as Ti3C,Tx [9,10], TizC> [5,11],
V4CsTx [12], and MoCTx [13] are used for the detection of various gases and VOCs. Mainly,
NH; [5], acetone [9,12], and toluene [13] are detected by different types of pristine MXenes.
However, low thermal and chemical stability of MXenes, and drift in sensing properties is a
highly concerning factor for device fabrication as the fabricated sensors undergo various
environmental conditions. To overcome these limitations researchers emphasized to synthesis
MXene-based composite for advanced-level detection VOCs like acetone [14-17, 19]. In this
scenario, oxidation of MXene is quite easy way to synthesize MXene/TiO> composite [7,8]. The
partial oxidation increases specific surface area, defects, or oxygen functional groups, formation
of multiple Schottky barriers (SB) and stability in the MXene-based sensors [7].

Breath analysis involves the efficient detection of breath VOCs in exhaled breath of humans and
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gathering considerable attention from researchers. The complexity of exhaled breath is well
known and requires a sensor system with high selectivity towards biomarker VOCs at the sub-
ppm level to work under extreme physiological environments (saturated humidity, > 50% RH)
[18]. Acetone is the prominent breath marker for diabetes mellitus and the concertation of
acetone ranges between 300-900 ppb which was increased to ~2.2 and ~1.7 ppm in patients
[14]. Researchers have tried to synthesize various MXene composites to make a more compatible
sensor for detection and achieving higher selectivity [15], low ppb detection [14,16], higher
sensitivity [17] and faster detection rate [19] for breath analysis application. A few researches
have been reported on pristine MXene based sensors for breath acetone detection but have not
considered the effect of humidity on the sensing performance [14,15]. Majhi et al. reported
accordion-like TizC>Tx based sensors for the detection sub ppb level acetone for breath analysis
with a lower detection limit of 250 ppb at room temperature [15].

MXene and its composite-based sensors are highly affected by humidity in which baseline
resistance is shifted significantly modulating the sensor response [14,17,19]. Mxene shows
hydrophilic properties and a high-humidity interactive nature [20-24]. To achieve humidity
stability in MXene, several techniques have been adopted to create a hydrophobic overlayer on
hydrophilic material (i.e., Mxenes) [20,25-27]. In this regard, overlayer or coating of perovskite
like SrTiO3 on an MXene sensor could be a remarkable approach because SrTiO3 shows highly
hydrophobic properties, morphological stability, good thermal and chemical stability, tunable
semiconducting properties and porous morphology [28-31]. In our previous chapters, we have
found that SrTiO3 is highly humidity tolerant material.

In the current study, we are reporting a novel approach to establish stable MXene-based sensors
appropriate to work under highly humid atmospheres. To achieve this, a passivation layer of
SrTiO3 was grownup on MXene by using a hydrothermal route. An MXene channel uniformly
covered with a thin SrTiO3 overlayer prevented the direct interactions of water molecules. The
SrTiO3 coated MXene sensor (STO/MX-12) exhibited excellent humidity-tolerant sensing
towards acetone and ensured ultrahigh response, good selectivity, excellent reversibility, and
rapid response/recovery at optimized 150 °C. Such unprecedented sensing capabilities in terms
of sensing response, baseline resistance, and response/recovery time was well maintained at each

humidity level (20 to 80% RH). In addition, the sensor showed a noticeable response (Rv/Ra)
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value of 2.2 to the very low concentration (100 ppb) of acetone which confirmed its potentials in

breath acetone detection to diagnose the disease like diabetes mellitus.

6.2 Synthesis

Fig. 6.1. Synthesis flow of MXene and its composites by various routes.

Synthesis of TiOyMX

Ti3C,Tx MXene powder was first partially oxidized by annealing at 350 °C for 24 h in air
ambient. Annealing at such a specific temperature was further encouraged by the results from
previous literature, 350 °C was the safest temperature where the maximum of the MXene

materials sustain their properties and form a noticeable amount of semiconducting TiO> [4,8].

Synthesis of STO/MX

A hydrothermal reaction was carried out where 30 mg of TiO2/Ti3C2Tx powder was dispersed in
an 80 mL aqueous solution of 15 mg Sr(OH)>- 8H>O. The suspension was transferred in a
Teflon-lined autoclave and placed inside a hot oven for a hydrothermal reaction to prepare
STO/Ti3C,Tx hybrid heterostructures. The hydrothermal reaction was done for two different
reaction times i.e., 12 h and 18 h, and a constant 180 °C reaction temperature. Later, the resulting
precipitate was washed multiple times with water and ethanol to eliminate organic impurities and
dried in the air.

The suspension of all four samples (MX, TiO2/MX, STO/MX-12, and STO/MX-18) was
prepared by adding 0.5 mg powder in 1 ml of distilled water followed by sonication for 20

minutes. 5 pL of dispersed suspensions were drop casted onto the 150 nm thick Au interdigitized
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electrodes. Four sensors, prepared by the above-discussed methods, are marked as; MX,
TiO2/MX, STO/MX-12
and STO/MX-18. The overall flow of synthesis procedure is given in Fig. 6.1.

6.3 Characterizations

Morphological characterizations

Fig. 6.2. FESEM images of (a) MAX phase before exfoliation; (b) MX; (c¢) TiO2/MX; (d)
STO/MX-12 and (e) STO/MX-18 nanocomposites; (f) EDX elemental mapping images of Ti, C,
O and Sr of STO/MX-12 sample; (g-i) TEM images of MXene; TiO2/MX; STO/MX-12,
respectively and (j-1) HRTEM images of STO/MX-12 sample.

The FESEM analysis was performed to understand the morphological changes in MXene sheets
with the different compositional changes (Fig. 6.2(a-¢)). Fig. 6.2(a) shows the tightly bounded
sheets in the unetched MAX phase (TizAlC,). The Unetched MAX phase was further treated

with suitable etchants and delaminating agents to achieve a typical accordion-like multilayer
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structure with a smooth surface of Ti3CoTx MXene (Fig. 6.2(a)). The exfoliated sheets with a
wide separation indicated the successful removal of Al from the MAX phase as shown in Fig.
6.2(b). The inset image (Fig. 6.2(b)) shows a close view of the spaced layer with average
interlamination spacing of 200 nm. Oxidation of MXene at an optimum temperature leads to the
formation of TiO> into the material which also improves the interlayer spacing between the
hierarchical structure (Fig. 6.2(b)). The formation of TiO2 in MXene sheets resulted in an
increased interlayer spacing (inset of Fig. 6.2(b)). The amount of oxidation depends mainly upon
oxidation temperature and time [8]. The Sr(OH)..8H2O reaction with TiO2/MXene for 12 h
resulted in the overlayer of SrTiO3 (STO) on MXene sheets and the thickness of the individual
sheets was increased simultaneously by decreasing their separation (Fig. 6.2(c)). The inset shows
the uniform deposition of STO on sheets with an average inter-sheet spacing of 158 nm (Fig.
6.2(b)). A significant change in the STO decoration was observed when the reaction time was
increased up to 18 h and sheets were densely coated with STO nanoparticles (Fig. 6.2(d)).
Consequently, the excess STO leads to the lowest spacing between the sheets with an average
value of 120 nm (inset of Fig. 6.2(d)). The EDS mapping estimated the chemical distribution in
STO/MX-12 sample and confirmed the signals of Ti, C, O and Sr (Fig. 6.2(f)). The distribution
of Sr and O elements in the STO/MX-12 composite was homogeneous in the characterized area.
The results confirmed the uniform growth of STO on Ti3C,Tx sheets (Fig. 6.2(f)).

The detailed analysis of structural changes in MXene and composites was studied with TEM and
HRTEM analysis. Fig. 6.2(g) shows the TEM image of MXene sheets lying on each other.
TiO2/MX TEM image (Fig. 6.2(h)) displays some nonuniformity on the top of the sheets. The
TEM image of STO/MX-12 shows the clear decoration of STO on a single MXene sheet (Fig.
6.2(1)). Moreover, the HRTEM images of a selected area from the TEM image (Fig. 6.2(1))
showed the coexistence of lattice fringes of all three MXene, TiO> and STO (Fig. 6.2(j-1)). The
estimated lattice fringes spacing for MXene, TiO», and STO were 0.96 nm, 0.35 nm and 0.28 nm
attributed to the (002) [22,32], (101) [33] and (110) [28] crystal planes, respectively. These
results demonstrate the successful formation of the heterogeneous interface between MXene,
TiOz and STO in STO/MX-12 nanocomposite to facilitate improved VOC sensing properties
[42].

Structural characterizations
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To examine the formation of TiO2 and then STO on the Ti;C>;Tx MXene in more detail we
executed X-ray diffraction (XRD), Raman spectroscopy and X-ray photoelectron spectroscopy
(XPS) experiments as shown in Fig. 6.3. The XRD spectra in Fig. 6.3(a) show the diffraction
peaks for all four samples. The MX sample has a number of diffraction peaks at 9.34°, 18.6° and
27.9°

Fig. 6.3. (a) XRD spectra; (b); Raman spectra of MX, TiO»/MX, STO/MX-12 and STO/MX-18
nanocomposites, respectively.

attributed to (002), (004) and (006) crystallinity in 2D TizCoTx MXene which is also a
consequence of the Al etching from the TizAlC>; MAX phase [34, 35]. The series of MXene
peaks confirms a layered structure of stacked sheets with an interplanar distance of 0.96 nm [36].
Oxidation of MXene results in the peak of anatase TiO; at 24.9° corresponding to (101) anatase
plane as visible in Fig. 6.3(a). The broader peak could be due to the formation of the small
crystallite size of TiO: or plenty of lattice defects during the oxidation process (300 °C) [37]. The
STO formation in the remaining two samples leads to the characteristic peaks of cubic symmetry
at 32.4° matching with (110) crystal plane as shown in Fig. 6.3(a) [38]. The intensity and
sharpness of the peaks were increased in STO/MX-18 sample compared to the 12h sample (Fig.
6.3(a)). The XRD results were completely coincidence with the TEM and HRTEM results (Fig.
6.2).

Raman spectra were recorded to identify the structural modifications in the materials (Fig.

6.3(b)). In pure Ti3C>Tx, the peaks at 390 and 620 cm™! belong to the Alg signals arising from
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the presence of —OH, —O, and—F functional groups on the surface. The vibration modes for Ti-Al
were missing in the resulting spectrum, confirming the successful etching [39,40]. The two
broad peaks at 1350 and 1570 cm™ were observed corresponding to the D and G peaks resulting
from the formation of graphitic carbon during the etching process [39,40]. The oxidation process
results in a strong band at 149 cm™!, illuminating anatase-TiO> as shown in Fig. 6.3(b) [41]. The
STO overlayer formation in STO/MX-12 and STO/MX-18 samples, consequences in four bands
at 210, 307, 609 and 990 cm™ as shown in Fig. 6.3(b) [38]. The graphitic carbon in MXene acts
as an electron channel between the TizCoTx, TiO2 and STO as they are closely connected with
each other [39]. The Raman spectra of STO/MX-12 and STO/MX-18 samples show the existence
of D and G peaks indicating the interaction and coexistence of STO over TizCoTx. Whereas, the
intensity of D and G peaks started decreasing as the formation of TiO2 and STO proceeded (Fig.
6.3(b)). The Ip/Ig value of TiO2/MXene composite increased compared with that of pure MXene,
indicating slight damage to the graphitized carbon during oxidation (Fig. 6.3(b)). But STO
addition leads to a decrease in D peak which consequently decreases the Ip/Ic STO/MXene
samples compared to the TiO2/MX confirming the decreased defect density in the form of
surface functional groups in STO-modified samples [39,40]. Moreover, the above results verified

strong interaction and boosted charge transfer between the MXene and STO [40].

Chemical characterization

Fig. 6.4. XPS spectra for (a) Ti 2p; (b) C 1s; (c) O 1s and (d) Sr 3d of MX, TiO2/MX, STO/MX-
12 and STO/MX-18 nanocomposites, respectively.

Fig. 6.4(a) shows the Ti 2p peaks for the MX, TiO>/MX and STO/MX samples with four
doublets for Ti 2pi» and Ti 2p3» whereas each doublet is separated by 5.9 eV. The pristine
TisC2Tx was deconvoluted into four peaks corresponding to the Ti—C (Ti"), Ti—X (Ti*"), TixOy
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(Ti*"), and TiO2 (Ti*"), respectively, where Ti—X corresponds to substoichiometric titanium

carbide or titanium oxycarbides (Table 6.1) [6, 42]. In TiO2/MXene, the peak intensity and area

of TiO> was increased and for other peaks were decreased (Table 6.2). The SrTiO3; formation

leads to the highest intensity oxidation peak (Ti") in STO/MX-12 and STO/MX-18 while Ti-C

peak is decreased as shown in Fig. 6.4(a) [34]. Fig. 6.4(b) shows the C 1s spectra fitted into four

peaks corresponding to the

Table 6.1. Binding energy (eV) of the deconvoluted peaks of MX, TiO»/MX and STO/MX

samples.

Sample 2ps3n 2p12 O1s Cls Sr-0 Sr-O
(Ti-C, Ti-X, (Ti-C, Ti-X, (Ti-O, Ti-OH, | (C-Ti, C=C, | (3ds2,3ds2) | (3ds2,3dsz)
Tix-0, Ti02) | Tix-0, Ti02) | C-0) C-0, C-F)

MX 455.3,456.7, 461, 462.3, 530.6, 532.3, 281.9,285.1, | - -
458.9,459.3 464.3,465.3 533.1 285.9,289.2

TiOx/MX 455.1,456.5, 461.2,462.3, 530.7, 532.1, 281.9,285.2, | - -
459, 459.4 464.5, 465.4 533.2 286.1, 289.4

STO/MX-12 | 455.1,456.7, 460.9, 462.5, 530.5, 532.1, 281.7,285.3, | 134,135.9 134.8, 136.6
458.3,459.3 464.4,465.3 532.9 286.1, 289.2

STO/MX-18 | 455.2,456.8, 460.7, 462.5, 530.4,532.2, 281.9,285.3, | 134.1,135.9 | 134.8,136.7
458.2,459.2 464.5,465.4 533.3 286.1,289.4

Table 6.2. Relative area (%) estimation of the deconvoluted peaks of MX, TiO2/MX and

STO/MX samples.

Sample 2ps3n 2p1e O1s Cls Sr-0 Sr-O
(Ti-C, Ti-X, (Ti-C, Ti-X, ( Ti-O, Ti-OH, (C-Ti, C=C, | (3ds2,3d32) | (3ds2,3ds2)
Ti,-0, TiO2) | Ti»-0, Ti02) | C-0) C-0, C-F)

MX 82,154,243, 16,3,12.8,8.3 28.7,34.7,36.2 12.9,43.1, - -
22 36.7,7.3

TiO/MX 7.1,13.9,19.5, | 6.7, 3.5, 6.8, 22.3,34.3,43.1 7.9,49.1, - -
30.7 11.8 36.2,6.8

STO/MX-12 | 3.4,34,11.4, |6.2,2.6,12, 21.8,33.7,44.5 8.7,60.3, 60.3 39.7
459 14.7 26.5,4.5

STO/MX-18 | 5.2,4.3,7.7, 6.4,59,11.6, | 48.5,39.7,11.8 1.8,50.4, 63.7 36.3
46.7 11.8 344,134

C-Ti, C=C, C-0O, and C-F, respectively (Table 6.1). The intensity of the C-Ti peak starts

decreasing as the oxidation and Sr modification are progressed because the Ti-C bonds on the

surface and edges start breaking and converting into Ti-O and Sr-O bonds as visible in Fig.
6.4(b) [7]. The O 1S spectra (Fig. 6.4(c)) were deconvoluted into three peaks credited to Ti-OH,
Ti-O-Ti, and C-OH, respectively (Table 6.1) [22]. In pristine MXene, plentiful oxygen functional

groups are present on the surface and edges which are beneficial for gas or VOC sensing. These

oxygen functional groups are also sensitive to humidity and significantly modulate the sensing
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characteristics [24]. But the STO overlayer formation in STO/MX-12 and STO/MX-18 samples
result in increasing peak intensity of the Ti-O band and simultaneous decreasing peak intensity
for O-H and C-O band that indicates the fractional removal of hydroxyl groups from MXene
surface [7,42]. The Sr 3d spectra of STO/MX-12 and STO/MX-18 samples are given in Fig.
6.4(d). The peaks were fitted in two doublets consisting of two peaks which correspond to
perovskite (Sr-(0)) and non-perovskites bonding in STO such as Sr-OH, Sr-CO, Sr-Sr, and Sr-O
bonds at the surface (Table 6.1) [28,43]. STO/MX-12 exhibited more non-perovskite bonds as
compared to the 18h sample (Fig. 6.4(d)).

Surface wettability study

The surface water contact angle of all four MXene-based sensor films was analyzed as shown in
Fig. 6.5. After the long hydrothermal treatment, the sensors based on STO/MX-12 and STO/MX-
18 composites exhibit obvious humidity-tolerant response properties. From the hydrophilic
nature of pure MXene with a contact angle of 43° (Fig. 6.5(a)) [24,47] to achieving an excellent
hydrophobic sensing surface by STO coating and achieving a contact angle of 104° and 113° for

Fig. 6.5. (a-d) Contact angle results of MX, TiO2/MX, STO/MX-12 and STO/MX-18
nanocomposites, respectively.

STO/MX-12 and STO/MX-18 sensors, respectively (Fig. 6.5(c, d)). Pristine MXene disperses in
water because of the hydrophilic functional groups (e.g., =O, —OH, and —F) on their surface [27].
Still, water repellent nature of STO@Ti3C2Tx could be due to the hydrophobic properties of STO
(Fig. 6.5).

6.4 Sensor study
VOC sensing
The VOC sensing characteristics of all the Mxene-based sensors are tested by considering the

simulations effect of ambient humidity. The baseline resistance of the sensors was tested in two
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different ambient i.e., dry air and 80% humid air when the operating temperature varied from 25-
200 °C (Fig. 6.6(a)). The treatment of metallic conductive MAX phase in suitable etchant
consequences in different functional (~OH, —O, or —F) groups and abundant adsorption sites that
exhibited p-type semiconducting properties in MXene [4]. After oxidation, the baseline
resistance of MXene was increased from 1.56 MQ to 1.98 MQ at 25 °C in the air (Fig. 6.6(a))
[7,8]. SrTiO3 passivation decreases the baseline resistance up to 0.22 and 0.12 MQ for STO/MX-
12 and STO/MX-18, respectively at 25 °C in air (Fig. 6.6(a)). The electrical resistance of sensors
was decreased monotonously with an increase in operating temperature from 25 to 200 °C [44].

The baseline resistance of the sensors was deviated in the presence of humidity at different

Fig. 6.6. (a) baseline resistance vs temperature curve in air and 80% RH; (b) response vs
temperature curve in air and 80% RH for MX, TiO2/MX, STO/MX-12 and STO/MX-18
nanocomposites, respectively.

temperatures and summarized in Fig. 6.6(a). The baseline resistance of pure MXene is highly
influenced by 80% RH and the value was increased from 1.56 MQ to 2.4 MQ at 25 °C. STO
passivated MXene-based sensors exhibited a negligible change in baseline resistance in 80% RH
compared to the dry air at all temperatures (Fig. 6.6(a)).

The changes in sensor response in air and 80% RH at different operating temperatures were
recorded for 50 ppm acetone and summarized in Fig. 6.6(b). MX sensor showed a moderate
response at lower temperatures (<100 °C) and a relatively high response (2.7 at 150 °C) at
elevated temperatures owing to its highly functionalized surface with improved specific surface
area [4]. The response was significantly disturbed (decreased) in the MX sensor in the presence

of 80% RH as shown in Fig. 6.6(b). MX sensors are drastically affected by humidity [35, 46] due
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to the presence of large hydroxyl (OH) and fluorine (F) groups that ultimately enhance the
hydrophilic property of TizC,.Tx MXene [23]. After the formation of TiO> on MXene, the
response was increased further (2.95 at 150 °C) but the influence of humidity was intact (Fig.
6.6(b)) [7,45]. A drastic change in VOC sensing was observed in STO-passivated MXene.
STO/MX-12 and STO/MX-18 sensors showed very small responses at lower temperatures (25-
100 °C) because the perovskite materials require more activation energy to interact with the
VOC molecules [44]. But the response was drastically increased beyond 100 °C and STO/MX-12
showed the highest response (3.7 at 150 °C) towards acetone among all four sensors. The
response further deteriorated slightly in STO/MX-18. The most important observation was
insignificant interference of 80% RH

in response to STO passivated MXene sensor (Fig. 6.6(b)).

Fig. 6.7. (a) Selective acetone response curve among different interfering VOCs for 50 ppm
concertation; (b) repeated cycle study; (c) transient curve for a range of acetone concentrations
(200 -0.1 ppm); (d) linear relation between response vs acetone concentration and (e) long term
stability curve of STO/MX-12 nanocomposite at 150 °C and 80% RH atmosphere.

Moreover, STO/MX-12 sensor was found to be the best-performing sensor for humidity-tolerant

acetone sensing. The transient response, selectivity, long-term stability, and repeatability were
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tested for STO/MX-12sensor for real-time applications. In order to investigate the cross-sensing
response of the STO/MX-12sensor, various VOCs were exposed to the film at 150 °C in the
presence of 80% RH ambient. Fig. 6.7(a) displays 0.7, 0.28, 0.1, 0.8, 3.7, 0.88, 0.97, and 1.08
sensing responses for 50 ppm concentration of formaldehyde (HCHO), methanol (CH3OH),
ethanol (CoHsOH), 2-propanol (C3H7OH), acetone (C3H¢O), benzene (CsHs), xylene (CsHio), n-
pentane (CsHiz), respectively (Fig. 6.7(a)). The sensor showed the highest response toward
acetone while the response for HCHO, CoHsOH and C3H70OH was significantly low. The results
indicate that the Ti3C,Tx channel in STO/MX-12 sensor has a good responsive behavior towards
the hydrogen bonding VOCs and is undoubtedly controlled by the terminal hydroxyl (—OH)
groups on the surface [6]. However, SrTiOs addition helped to achieve acceptable selectivity
towards acetone among all hydrogen-bonded reducing VOCs attributed to their less reactive
nature towards the methanol and formaldehyde VOCs as the catalytic activities are dependent on
oxidation states of STO. Additionally, previous reports claimed that the bond disaggregation
energy of acetone is smaller than the maximum participating VOCs providing a superior
possibility of interaction with the adsorbed oxygen species [19]. The repeated response recovery
characteristics of the sensor were monitored for 50 ppm acetone (Fig. 6.7(b)). The sensor
maintained its original response-recovery amplitude without any apparent fluctuations during the
eight consecutive cycles, ensuring that the sensor could show excellent reproducibility compared
to the previously reported MXene-based sensors [5,6]. The real-time transient sensing
characteristics of the STO/MX-12 sensor was further inspected by controlling the acetone
concentration from 0.1 to 200 ppm at 150 °C and 80% RH (Fig. 6.7(c)). As expected for the
semiconductor sensor, as we increased the acetone concentration, the response increased and the
experimental detection limit could be 100 ppb as shown in Fig. 6.7(c). On the basis of the
response value at the corresponding acetone concentration, a linear curve of the sensor was
plotted and found the linear relationship; Y = 0.0122x + 3.25594 (Fig. 6.7(d)). The sensor
showed acceptable linearity in response to the broad acetone concentration range and might have
numerous real-time applications based on humidity-tolerant acetone sensors. The theoretic limit
of detection (LOD) was achieved as 27 ppb. Furthermore, the long-term stability was tested with
STO/MX-12 sensor for 25 days on the interval of 1 day and preserved the study parameter
constant, as shown in Fig. 6.7(e). This excellent stability may be attributed to the high chemical
and thermally stable nature of the SrTiO3 perovskite layer on the MXene channel [28,29].
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Humidity study

To evaluate the role of SrTiO3 (STO) passivation on MXene for humidity tolerant sensing, a
detailed study was conducted for all four sensors at the different values of RH i.e., 0% (dry air),
20%, 40%, 60%, 80% and shown in Fig. 6.8. Four parameters of the sensors i.e., baseline
resistance, response, response time and recovery time were targeted to study in the presence of
different levels of RH at their optimum temperature i.e., 150 °C. For direct visualization of the
changes in those parameters in different RH conditions, a radar plot was preferred (Fig. 6.8). In

support, the transient response of all four sensors toward 50 ppm of acetone in the presence of

Fig. 6.8. (a-d) showing resistance vs time curve at different humidity levels (air, 20%, 40%, 60%
and 80% RH) and the radar plots showing the change in sensing parameters i.e., baseline
resistance, response, response/recovery time with a change in humidity for 50 ppm acetone and
150 °C operating temperature.
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different humid backgrounds is added to Fig. 6.8. The increase of sensor resistance in the
exposure of reducing acetone vapor envisaged the p-type conductivity of all the sensors [4,5,28].

The baseline resistance of MX and TiO2/MX sensors was greatly influenced by ambient
humidity whereas SrTiO; passivation on MXene worked professionally and the baseline
resistance was not even a bit affected by any (0-80%) humidity level in STO/MX-12 and
STO/MX-18 sensors (Fig. 6.8(c-d)). Similarly, sensor response was negligibly influenced by a
humid background in the case of SrTiO3 passivated MXene sensors that were clearly understood
from their uniform radar plot (Fig. 6.8(c, d). The increased humidity prevents the adsorption and
desorption of VOC molecules to the sensing layer and consequently response and recovery time
get increased [46]. The response/recovery time was increased in a pure MXene sensor as the
humidity had a negative impact on the gas/VOC sensing properties (Fig. 6.8(a)). However,
TiO2/MXene was fastest at higher humidity levels (60 and 80% RH) could be attributed to its
improved properties which make easy intercalation and desorption of VOCs (Fig. 6.8(b)) [22].
The study confirms that the STO/MX-12 sensor is the best-performing sensor regarding uniform
baseline resistance, response towards 50 ppm acetone, and response/recovery time at each
humidity level at 150 °C (Fig. 6.8(d)). Moreover, the active participation of the STO layer which
not only improved the humidity tolerance but also some of their gaseous adsorption sites (XPS
data in Fig. 6.4(d)) help in more VOC interaction (Fig. 6.8(b)) [28,31]. After the long
hydrothermal treatment, the sensors based on STO/MX-12 and STO/MX-18 composites exhibit
prominent humidity-tolerant response properties. To realize the humidity tolerant property of
SrTiO3 passivated MXene, static water contact angle measurement was performed for all four
samples and represented in Fig. 6.8. Such humidity tolerant properties are attributed to the
following aspects: (i) reduced interlayer distances of MXene induced by overlayer formation of
SrTiOs that facilitate water molecule repulsion from the surface; (ii) super hydrophobic layer of
SrTiOs (Fig. 6.5) blocks the interaction between moisture and MXene nanosheets and repel the
adsorption of water molecules to the top surface; (iii) the budlike and rough nanostructure with a
good contact angle can provide weaker contacts between the sensing material and water

molecules.

6.5 Sensing mechanism
MXene is a semiconducting material having different surface functional groups (-OH, -O, or -F)

after the etching of the metallic MAX phase with a suitable etchant [48,49]. Generally, the
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Ti3C,Tx MXene shows a p-type sensing response where resistance is increased during the
interaction with reducing VOCs. Surface groups (=0, -OH) and active defect sites on the MXene
react with the VOC analytes during the adsorption process and change the electrical conductivity
of MXene [14,17]. When acetone interacted with the adsorbed oxygen species on the MXene
layer, the captured electrons were released back to the TizCoTx channel causing an increase in
electrical resistance [17]. The possible reaction is given in eq. 6.1 [14].

CH;COCH; + 80 (adsorbed) —» 3C0,+ 3H,0 (adsorbed) + 8e~ (6.1)
However, pure MXene is highly reactive with water molecules or humidity, which immobilizes
surface reactive sites, resulting in an interference to acetone sensing [50]. Furthermore, the
hydrophilic groups on Ti3C;Tx MXene can easily be hydrolyzed in a TixCy(OH), (hydroxyl
functionalized MXene) as an intermediate compound in a humid environment as shown in eq.
6.2 [51,52]. Even long-term exposure to humidity or bulk water layers on TizC2Tx leads to the

formation of permanent oxide as shown in eq. 6.3 [52].

Ti;C, Ty + H,0 - Ti,C,(OH), (2)

Ti,C,(OH), - TiO, 3)
The physical oxidation process led to the formation of semiconducting TiO> in the TiO2/MX
sensor. The baseline resistance of the TiO»/MX sensor was decreased compared to the MX
sensor showing the formation of p-n heterojunction between the material [7,8]. The formation of
TiO; on the MXene surface definitely improves its surface properties by enriching the active site
[45]. However, the resistance of the TiO2/MX sensor was increased during the interaction with
reducing vapor that predict the formation of TiO> on the top surface and MXene is still the base
channel material [7,42]. Lastly, the STO overlayer formation on MXene showed a significant
decrease in baseline resistance; 0.22 MQ and 0.12 MQ for STO/MX-12 and STO/MX-18 sensors
confirming the changes in semiconducting properties of the hybrid material. The STO formation
on MXene sheets works in two ways. Firstly, the SrTiO3 formation from the TiO> results in the
substitution of some Ti*" by Sr*" ions that increase defects in terms of oxygen vacancies in the
MXene sheets [53,54]. The increased defects, significantly modulate the activation energy and
provide more interaction sites [45]. In the STO/MX-12 sensor, all three materials; MXene, TiO»,
and STO participated in the VOC adsorption as confirmed by the XRD results (Fig. 6.3(a)). The
acetone interaction with the MX/STO-12 sensor results in maximum acetone adsorption, and

highest resistance variation than MX and TiO2/MX sensors. Secondly, SrTiO3 was introduced to
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eliminate the effect of humidity on the MXene sheets and enable easy and fast transportation of
VOC analytes. The highly humidity stable (Fig. 6.2(e)) and porous STO is the top layer and
reacts with water molecules instead of TizC,Tx, which blocks the interaction between moisture
and the MXene layer. It is important to note that the response to 50 ppm acetone decreased from
3.7 (STO/MX-12) to 1.8 (STO/MX-18) with the thickening of the STO overlayer (Fig. 6.5(b)).
The thickening of STO on MXene decreases the porosity of the layer and MXene sheets will be
less participative in the VOC interaction. The optimum thickness of the STO overlayer on
MXene (STO/MX-12) in the present study shows the synergistic effects of a hybrid between
MXene, TiO;, and STO, resulting in high acetone response and humidity independence sensing

characteristics.

6.6 Conclusion

In summary, MXene with excellent acetone sensing properties showed limitations of poor signal

stability and high humidity influence and requires a solution for reliable and real time breath
VOC detection. To achieve the stable acetone sensing properties, MXene was undergone the
physical oxidation process to to create a thin TiO2 layer on MXene sheets (TiO2/MX) which was
further treated with the Sr(OH), by hydrothermal route to develop SrTiOs passivated MXene
(STO/MX). We have taken this novel approach to create an overlayer of SrTiO3 on MXene
sheets to block the interaction between moisture and hydrophilic MXene sheets. A surface
wettability study predicted the improved hydrophobic property of MXene after the SrTiOs;
overlayer formation. The STO/MX-12 sensor showed the best sensing performance with a
natural selective nature towards acetone. STO/MX-12 sensor exhibited excellent response (2.2 in
100 ppb) towards acetone with 27 ppb of LOD at 150 °C in 80% RH ambient which is
completely fulfilling the requirement of breath acetone detection for breath analysis.
Additionally, STO/MX sensors successfully achieved stable and humidity-independent sensing
of acetone in a wide range of humidity (0—80% RH). These research outcomes make the

STO/MX-12 sensor a highly appropriate for real time breath acetone detection.
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Chapter 7

Summary, conclusion and scope of future work

7.1 Summary of the current work

The current study involves the effective detection of VOCs mostly available in human breath by
using nanomaterials-based chemiresistive sensor systems. Chemiresistive sensors for breath
analysis should possess specific characteristics such as; (i) highly sensitive towards the particular
breath marker, (ii) sensors with fast response time and recovery time (iii) sensors providing high
selectivity towards a particular VOC among a number of cross-interfering VOCs, (iv) low
operating temperature, (v) sensors having the lower detection limit down till ppb level with good
response value and (vi) low humidity impact on the sensing properties to meet the criteria of
effective breath VOC detection. To achieve these goals a variety of approaches have been
employed and among all of them formation of nanocomposites of two highly compatible
nanomaterials is the most effective way. Different routes have been employed to synthesize
nanocomposites of Titanium oxide, carbide and titanate perovskite materials. Two different types
of TiO> nanostructures; TiO» nanoparticles (0-D) and TiO> nanotubes (1-D) have been
synthesized by the sol-gel and electrochemical anodization routes, respectively. Anatase TiO»
nanoparticles and highly oriented TiO2 nanotubes have distinct semiconducting properties with
p-type and n-type semiconducting nature, respectively. Additionally, pure p-type Ti3C2Tx MXene
was synthesized by the chemical etching route where a suitable etchant was used to exfoliate the
MAX phase with a good interlayer spacing.

To achieve high selectivity and stability in terms of the lifetime of the sensor and humidity-
tolerant nature at an optimum operating temperature, a significant number of composites with
SrTiO3 were synthesized from the pure nanostructures resulting in the formation of different
heterojunctions. SrTiO3/TiO2 nanotube array, SrTiOs nanostructures, and MXene/SrTiO3
nanosheets-based nanocomposites have been synthesized by a one-step hydrothermal route.
Further, the nanomaterial was also functionalized by nanoparticles and quantum dots to enhance
the sensing properties.

Different nanostructures and their nanocomposites were taken into account to form discrete

Schottky junctions. All the fabricated nanomaterials and their hybrids were subjected to various

166



morphological, structural, and chemical characterization including SEM, TEM or HRTEM,
XRD, Raman spectroscopy, XPS, and EDS. Nanoparticles, hollow spheres, nanograss,
nanosheets etc. were used to deposited on interdigitated Au finger electrodes to from planner
type chemiresistive structure sensors. On the other hand, vertically aligned 1-D structured
nanoforms like TiO2 nanotubes are configured into metal-insulator-metal (MIM) type sensors.

It was an attempt to make sensor systems have the synergetic properties of both the participating
nanomaterials and results in a significant improvement in the sensing results. The first work
mainly involves MoS: quantum dots functionalized TiO2 nanotubes for the selective detection of
the xylene VOC marker at a low operating temperature. In another study, a sensor system was
designed based on SrTiOs nanomaterials in different nanoforms derived from the TiO>
nanoparticles percussor solution. SrTiO; semiconducting perovskite was utilized to form
different nanoforms at different hydrothermal reaction times. The superior physical and chemical
stability, tunable defect density and superhydrophobic properties of SrTiO3 make it desirable for
highly stable VOC sensing applications. A number of nanoforms such as; nanograss, nanorods,
nanospheres and hollow spheres were synthesized and underwent the humidity-tolerant VOC
sensing study. Later the best-responded hollow spheres of SrTiO3 were functionalized with Pd
nanoparticles to improve the sensitization properties of the material. Lastly, the overlayer of
SrTiO3 on hydrophilic Ti3C,Tx MXene sheets resulted in humidity-inactive and highly stable
acetone sensing properties. Table 6.1 enlists the novel sensors fabricated with their morphology,
response magnitude towards target VOC, operating temperature, response/recovery time and

deviation in response in a humid environment.

7.2 Conclusion

The main aim of this work was designing of nanomaterial based chemiresistive sensors for
breath analysis application. To fulfill the requirements like higher selectivity, lower detection
limit, stability and humidity-tolerant for breath VOC detection we have prepared different
nanomaterials and their hybrid based chemiresistive sensors. The detailed study involved
synthesis and fabrication of titanium oxide, carbide and titanate perovskite nanomaterials and
their hybrid based chemiresistive sensors to make them more accurate for breath VOC detection.
Firstly, we have successfully synthesized nanotubes and nanoparticles of titanium oxide,

different nanostructures like nanograss, nanorods, nanospheres and hollow spheres of SrTiO3 and
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Ti3C,Tx MXene sheets by different chemical routes. Further some selective nanomaterials like
TiO2 nanotubes and SrTiO3z hollow spheres were successfully hybridized with MoS, quantum
dots and Pd nanoparticles, respectively. A detail morphological, structural and chemical
characterizations of synthesized nanomaterials and their hybrids were done. Later on, we have
successfully fabricated the vertical and planner chemiresistive sensors to testing them for VOCs
which are mostly considered as potential marker of a diseases. The sensors were tested in terms
of selectivity, lower ppb detection, humidity tolerant sensing with long term stability to make
them suitable for breath analysis application. Among various chemiresistive sensor some of them
were showed maximum applicability in VOC detection for breath analysis application.

The first one was MoS; functionalized TiO> nanotube sensor, where we have achieved highly
selective sensing of xylene breath marker at low operating temperature. The MoS2/TiO> sensor
showed extraordinary selectivity towards xylene over different interfering VOCs. The detection
of xylene in chemically similar VOCs like benzene and toluene is the most difficult task but the
sensor achieved the excellent xylene selective behavior with lowest response towards these
VOCs. Additionally, the sensor responded at low operating temperature of 75 °C which is very
difficult in metal oxide-based sensors. In another study of nanotube-based sensor we have
achieved very low limit of detection towards ethanol. SrTiO3-TiO> heterostructured nanotube
array showed the outstanding sensitivity towards ethanol (~556/50 ppm) in the shortest response
time of 0.4 s. The sensor showed the lowest detection limit of 2.94 ppb as shown in Table 7.1.
The long term stability of the sensor was also exceptional where sensor showed a negligible
influence on baseline resistance and response value even after 60 days. To accomplish the
humidity tolerant VOC sensing, SrTiOs perovskite-based sensors were studied. From the SrTiO3
nanograss sensors we have achieved exceptionally high contact angle of 154.4° which is
showing the superhydrophobic properties of the material. The SrTiO3 nanograss displayed zero
influence of humidity interference on ethanol sensing. Later, Pd modification in SrTiO3 hollow
spheres was done to achieve the humidity tolerant ethanol selective sensing at 150 °C. Another
interesting outcome was found from the SrTiO3/Ti3C2Tx sensor. The sensor showed the lower
ppb (100 ppb) acetone sensing among all of the reported sensors. The hydrophilic properties of
Ti3C,Tx MXene was minimized by the overlayer of hydrophobic SrTiO3 and sensor achieved
minimum interference of humidity on acetone sensing. The detailed sensing performance of all

of the sensors are incorporated in Table

168



7.1. Moreover, we have achieved some of the set goals such as high selectivity, low LOD and
humidity tolerant sensing etc. for VOC sensing for breath analysis applications by using various
chemiresistive sensors. But we were lacking in the optimization of the sensors mainly in terms of
low temperature sensing. Most of the sensors were working at the 150 °C operating temperature.
specifically, the long term and humidity stability of MoS»/TiO> sensor was not good enough for
the employment in the breath analysis application. SrTiO3/MXene sensor was not very much

selective towards acetone.

Table 7.1. The sensing performance of various fabricated devices under different environmental
conditions.

Sensor Device | Target | Detection | LOD | Response | Op. Response/ | Humidity | Contact
vOC range (Rv/Ra)/ Temp. | Recovery tolerant angle
marker (ppb) | 50 ppm (°C) time (s) ©)

MoS,/TiO2 MIM Xylene | 0.5-150 33 2.97 75 38/335 No 68

nanotubes ppm

SrTiOs/TiO, | MIM Ethanol | 0.25-200 2.94 556 150 0.4/50 yes 84

nanotubes ppm

SrTiO; Planar | Ethanol | 0.5-200 78 69 150 36/34 yes 154.4

Nanograss ppm

Pd-SrTiO3 Planar | Ethanol | 0.5-200 50 106.4 150 15/37 yes 147.6

hollow ppm

spheres

SrTiO3/Ti3C | Planar | Acetone | 0.1-200 27 3.7 150 17/6 yes 104

2 Tx ppm

Nanosheets

7.3 Scope of future work
1. Testing and optimization of sensors in the presence of breath samples of individuals by
collaborating with hospitals.
2. Use of sensors array for the prototype development.
3. Use of machine learning approaches to further processing of the sensor data for real-time

disease monitoring.
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