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Abstract

In the realm of gas sensing technologies, there has been a remarkable upswing in demand for
sensors that are not only flexible and wearable but also versatile, able to monitor a variety of
environmental markers from pollutant levels to human respiratory rates. This dissertation delves
into the exploration and advancement of these wearable, flexible gas sensors made from
conducting polymers (CPs), emphasizing their potential when integrated with Carbon Nanotubes

(CNTs) and two-dimensional (2D) materials, such as graphene and MXenes.

For the first time, disposable masks, predominantly comprised of polypropylene (PP) fibers, were
leveraged as flexible substrates for wearable sensing applications. When combined with
conducting polymers and bolstered by CNTs or 2D materials, these disposable or discarded masks
facilitate a straightforward synthesis process, leading to cost-effective and high-sensing
performance (e.g., excellent sensitivity and selectivity, rapid response/recovery time towards

target gas) nanocomposites.

The pivotal discoveries of this dissertation include:

Breath Analysis and Odor Detection: Our innovatively crafted wearable wireless Bluetooth sensors
displayed exceptional promise in breath analysis, particularly in charting human respiratory rates.
Furthermore, these sensors proved adept in identifying foul-smelling gases for potential health

monitoring and detecting food degradation.

Effects of External Factors: Through meticulous experimentation, we discerned the sensors'

reactions under diverse conditions, such as varying synthesis sequences, gas concentrations,



temperature shifts, humidity levels, component ratios, and even in different physical states like
bending or folding. While these sensors might retain their sensitivity, subtle variations were
noticed. These can be ascribed to the intrinsic qualities of the conducting polymers and their

interplay with the embedded nanostructures.

Sensing Mechanism Exploration: A thorough exploration into the sensing mechanism highlighted
the collaborative roles, such as the formation of heterojunctions, enhanced conductivity, and
increased specific surface areas, of the conducting polymer when integrated into a hybrid structure
with other materials. This synergy not only boosted the sensor's capability but also provided

insights into the dynamics of charge carrier transfers and their pivotal role in gas detection.

The notable improvements in the performance of the fabricated flexible gas sensors underline the
immense potential in melding conducting polymers with cutting-edge nanomaterials. Harnessing
waste masks for such sophisticated purposes accentuates the potential for eco-friendly
advancements in wearable technology. The potential applications of these enhanced sensors span
medical diagnostics, environmental surveillance, and industrial safety measures. By leveraging the
unique properties of conducting polymers and amalgamating them with nanostructures, we have
developed advanced, flexible, wearable gas sensing devices, setting the stage for a future where

these sensors are an integral part of our daily lives.
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Chapter 1 Introduction

1.1 Background and motivation

Breath analysis has steadily emerged as an essential non-invasive diagnostic tool for evaluating
human health. The composition of human exhaled breath comprises approximately 79% nitrogen,
16% oxygen, 4% carbon dioxide, water, and thousands of trace gases !. Variations in the content
of these trace gases can be indicative of specific health conditions. COz, a predominant greenhouse
gas, has witnessed a surge in environmental levels due to increased fossil fuel consumption.
Additionally, CO2 serves as a crucial biomarker for diagnosing respiratory diseases 2. High
concentrations of CO: in enclosed spaces can lead to reduced oxygen availability, further resulting

in respiratory ailments such as asthma, allergies, and dizziness °.

Among trace gases explored for a biomarker, volatile sulfur compounds (VSCs) - notably methyl
mercaptan (CH4S), dimethyl sulfide (C2HeS), and hydrogen sulfide (H2S) - play a pivotal role in
detecting halitosis associated with periodontal disease and renal failure. Moreover, ammonia
(NH3), present in human exhalation, acts as a biomarker for specific conditions, finding its
application in non-invasive clinical diagnostics like end-stage renal disease (ESRD) monitoring,
pylorus helicobacter detection, and hepatic encephalopathy diagnosis. Traditional methodologies
like gas chromatography (GC), mass spectrometry (MS), and selected ion flow tube mass
spectrometry (SIFT-MS) have been employed for breath monitoring . Yet, these techniques are
not amenable to on-the-go, real-time analysis of low-concentration gases due to their intricate

processing, substantial cost, cumbersome size, and extended analysis duration.



Conducting polymers (CPs), including polyaniline (PANI), polypyrrole (PPy), and poly(3,4-
ethylenedioxythiophene) (PEDOT), have garnered substantial interest in crafting flexible gas
sensors tailored for environmental and health monitoring. Of these, PANI exhibits remarkable
potential for crafting flexible NH3 sensors. However, pure CPs tend to deprotonate in the air,
leading to a pronounced decline in their long-term stability. To circumvent this stability
conundrum, research has ventured into CP-carbon series materials and CP-metal oxide
semiconductor composites. However, these CP-based composite sensors often grapple with subpar
sensing attributes, manifesting as diminished sensitivity and selectivity, sluggish response kinetics,
and extended recovery durations. Besides, the literature still lacks an exhaustive exploration into
the sensing mechanism of CP-based composites. Furthermore, an overarching challenge that
persists is the fabrication of a lightweight, wearable device that seamlessly integrates with wireless
systems, enabling efficient and swift monitoring of respiratory rates for potential ailment

diagnosis.

1.2 Objectives of research

In this dissertation, we address the development of superior gas sensors integrated into wearable
substrates by overcoming the aforementioned limitations: the ambiguous sensing mechanism of
CP-based composites and challenges such as limited adaptability, high operational temperatures,

and insufficient sensing performance.

Prompted by the environmental concerns stemming from discarded masks and the research
challenges associated with CPs, we repurposed disposable or waste masks as flexible substrates.
By melding CPs with CNT or other 2D materials like graphene and MXenes, we architect a

nanocomposite that significantly enhances sensing performance, making it apt for breath analysis
2



and food spoilage monitoring. Additionally, this work delves into the refined sensing mechanisms
underpinning the heightened performance of CP-based hybrids by examining the influence of
variables such as gas concentration, temperature, humidity, component ratios, and physical

alterations like folding and bending on the sensor's properties.

Based on the previously discussed motivations, this dissertation is structured to emphasize four

primary tasks presented in Chapters 3-6:

Chapter 3: Flexible Mask Sensors Based on CNT/PANI Nanocomposite for Ammonia Sensing
and Breath Analysis. In this chapter, our primary focus is to enhance the stability and sensitivity
of PANI-based ammonia sensors. We employed disposable masks as flexible substrates to develop
a porous PP/CNT/PANI nanocomposite gas sensor. This involved drop-coating a surfactant-
augmented CNT aqueous solution onto the mask's porous polypropylene fibers, succeeded by in-
situ polymerization of aniline on the PP/CNT structure. The resulting gas sensor displays
remarkable stability due to van der Waals forces and n—r interactions between CNT and PANI. Its
sensitivity is enhanced by improved charge transfer channels and a porous structure that facilitates
ammonia gas adsorption. Importantly, the sensor can detect breathing patterns in real-time,
signifying the potential for noninvasive human breath monitoring. A significant portion of breath
signals originate from ammonia and moisture in exhaled breath. While volatile sulfur compounds,
CO2, and volatile organic compounds in exhaled breath slightly influence the sensing signals, we

delve deeper into their effects in Chapters 4-6.

Chapter 4: Graphene/PANI Functionalized Mask Sensors for Ammonia and Volatile Sulfur
Compounds Detection. Expanding on the previous chapter, we investigated the influence of VSC

on breath sensing patterns. We sought to improve sensitivity and assess how humidity affects NH3
3



and H2S sensing performance. A flexible PP/G/PANI hybrid gas sensor was fabricated through
dip-coating, followed by in-situ polymerization using a discarded disposable mask as substrate.
The sensor's morphology, structure, surface chemistry, and surface area were characterized using
SEM, EDS-mapping, FTIR, and BET analysis. We introduced an odor-sensing system capable of
identifying malodorous gases in exhaled breath, a promising diagnostic tool for kidney diseases.
The superior sensing capabilities can arise from the efficient conducting paths formed by the

G/PANI network and the hierarchical porous architecture of the PP/G/PANI.

Chapter 5: Conductive TisCoTx/PANI-PP Composite Sensor for CO2 Detection and Human
Respiratory Rate Monitoring. To examine the impact of CO2 on breath sensing patterns, emphasize
enhancing selectivity and sensitivity and explore the heterojunctions effects on sensing
mechanism. We present the TisC2Tx/PANI-PP hybrid sensor, crafted by incorporating ammonium
persulfate (APS) into a TisC:Tx-infused aniline solution, which then underwent in-situ
polymerization and film deposition on a mask substrate. This composite sensor is adept at
monitoring human respiratory rates in real-time, and we explored factors influencing the breath
signal dynamics. The stellar performance of the Ti3C2Tx/PANI-PP sensor can be attributed to the
heterojunctions between Ti3CoTx and PANI, heightened conductivity, and expanded specific

surface area.

Chapter 6: Wearable Ethanol Sensor for Drunk Driving Monitoring Based on Ti3C2Tx /Polypyrrole
Functionalized Face Mask. To examine the effect of ethanol on breath-sensing patterns while
aiming to boost the gas sensor's response time. We created the PP/TisCoTx/PPy composite gas
sensor by spray-coating MXene onto a face mask surface, then in-situ polymerized aniline on the

MXene-PP film using APS. The enhanced sensing performance of the PP/Ti3C2Tx /PPy composite



sensor can be traced back to the rich functional groups, such as amino groups in PPy and terminal

groups in Ti3C2Tx, combined with the Schottky junction between Ti3C2Tx and PPy.

These chapters comprehensively address the challenges and explore the potential of flexible,

wearable sensors for diverse applications.



Chapter 2 Research background

2.1 Conducting polymers

Polymers were considered to be electrical insulators before the invention of conducting polymers
(conjugate polymers), but these organic polymers have unique electrical and optical properties
similar to those of inorganic semiconductors !. A conjugated carbon chain consists of alternating
single and double bonds, where the highly delocalized, polarized, and electron-dense m bonds are
responsible for its electrical and optical behavior. Typical conducting polymers include
polyacetylene (PA), polyaniline (PANI), polypyrrole (PPy), polythiophene (PTH), poly(para-
phenylene) (PPP), poly(phenylenevinylene) (PPV), and polyfuran (PF) 2, as shown in Figure 2-1.
Alan G. MacDiarmid and physicist Alan J. Heeger 3 discovered (SN)x sulfur nitride metal, an
inorganic material, which showed higher electrical conductivity when doped with bromine, and
this finding led to the investigation of conducting polyacetylene. The solubility and processability
of conducting polymers depend mainly upon the attached side chains, and the attached dopant ions
give them mechanical, electrical and optical properties. Conducting polymers are crystalline and
partially amorphous. Conducting polymers consist of both localized and delocalized states, and
the delocalization of @ bonds depends heavily upon disorder, and this delocalization plays an
essential role in the generation of charge carriers like polarons, bipolarons, solitons, etc., which
are responsible for the transition from insulator to metal. Conducting polymers were synthesized
using various methods, including chemical oxidation, electrochemical polymerization, vapor
phase synthesis, hydrothermal, solvothermal, template-assisted, electrospinning, self-assembly,
and photochemical methods, the inclusion method, the solid state method, and plasma

polymerization 4. Generally, conducting polymers have low electrical conductivity and optical



properties in their pristine state; however, doping with suitable materials can give them excellent

properties.
poly(p-phenylene) Polypyrrol Polythiophene
poly(p-phynylene vinylene) ~ Polyacetylyne Polyaniline

Figure 2-1. Structural illustration of different conducting polymers.

Polyaniline is the most promising and most explored among conducting polymers, and polyaniline
has good mechanical property, high processability, tunable conducting and optical properties. >
The conductivity of polyaniline is dependent upon the dopant concentration, and it gives metal-
like conductivity only when the pH is less than 3. Polyaniline exists in different forms. They are
classified as leuco-emeraldine, emeraldine, and pernigraniline, by their oxidation state, i.e., leuco-
emeraldine exists in a sufficiently reduced state, and pernigraniline exists in a fully oxidized state,
as shown in Figure 2-2. Polyaniline becomes conductive only when it is in a moderately oxidized
state and acts as an insulator in a fully oxidized state. The synthesis of polyaniline by the chemical

oxidation method is shown in Figure 2-3.
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Figure 2-2. Structural illustration of different forms of polyaniline.
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Figure 2-3. Synthesis of polyaniline by the chemical oxidation method.

Polypyrrole is unique due to its increased commercial interest because of its high stability,
enhanced conductivity, and it is relatively easy to form homopolymer and composites from it.
Polypyrrole was first prepared by the chemical oxidation of a pyrrole monomer in the presence of

hydrogen peroxide, and it is a black powdery material 7 8. Polypyrrole behaves like an insulating
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material in its undoped virgin state, and it shows a constant conductivity of 10 s m™' when doped
with halogenic electron acceptors such as bromine or iodine. It is not crystalline, and acts as
amorphous in nature, but bulk polypyrrole has 15% crystallinity, and the crystalline region is in
the monoclinic phase. For electrochemically synthesized polypyrrole with a thickness of 1 um and
a yellow blackish color, transformation occurs by an increase in protonation concentration and it
has higher stability in air and high thermal stability in the range of 300 °C; thermal degradation
can occur due to the loss of dopant anions.

Nowadays, conducting polymers have attracted much attention in the field of battery,
supercapacitors, biomedical, gas sensors (as shown in Figure 2-4) due to their good electrical
conductivity, facile synthesis process, low operating temperature, and inherent compatibility with

polymer substrates °.

Supercapacitor Capacitor

Chemical sensor CEMI shielding v

Antistatic agent

Figure 2-4. Schematic illustration of applications of conducting polymers and their composites.
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2.2 Flexible and wearable gas sensing devices

Nowadays, the growing demands for portable and wearable electronics have promoted increasing
academic interest in flexible electronics '°. Conventional silicon based materials and organic
semiconductors have been widely investigated for flexible electronics but their low stability and

flexibility greatly limit the further practical application °

. Comparatively, low-dimension
materials, such as CNTs, with excellent electrical and optical properties, higher carrier mobility
and size-related intriguing physical properties, are becoming promising materials in the
construction of flexible electronics in terms of their room-temperature operability, rapid signal
response, ease of use, and selectivity '!.

A typical CNT based flexible sensor was reported by Srikanth Ammu and co-workers, which was
made from single walled carbon nanotube thin films on cellulose (paper and cloth) via inkjet-
printed method '2. Resistance changes were observed in relation to Clz and NO:2 vapor with
concentration of 5 to 100 ppm at room temperature due to the weak charge-transfer between CNTs
and gases '3, It was demonstrated that flexible substrate selection was an important factor for sensor
recovery performance. Porous cellulosic substrates facilitated the gas recovery in ambient
environment at room temperature, while flexible polyethylene terephthalate (PET) substrates
required photoirradiation treatment for recovery ® 4. Despite the impressive flexibility of CNT
based sensors, the signal response speed is too sluggish for practical real time application due to
the weak adhesion of gas molecules on sensing materials. Motivated by this, Huan Liu and co-
workers reported PbS colloidal quantum dots (CQD) on a flexible paper substrate via the layer-
by-layer spin-coating deposition technique '°. The porous thin CQD film of 80 nm guaranteed the
rapid diffusion of gas, which enabled the rapid response at room temperature, high sensitivity,

good reversibility, and outstanding mechanical bending ability. In brief, rational design of one

10



dimensional materials or patterned nanoparticles with excellent sensing properties and good
adhesion to flexible substrates is a feasible strategy for flexible sensor construction.

Recently, flexible conductive polymer film-based gas sensors have attracted widely scientific
attention for environment and human health monitoring (as shown in Figure 2-5) due to their

wearability, flexibility, transparency, and compatibility over curved substrates of integrated

electronics %17,
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Figure 2-5. a) Scheme of fabrication of PANI networks based transparent conducting film on PET
substrate. b) Sensing mechanism of acid-doped PANI toward NH3. ¢) The gas sensing of the PANI
network-containing transparent film (red) and the particle-like PANI (black) upon exposure
towards NHs. d) Gas sensing selectivity test of the PANI network-containing transparent film.
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2.3 Breath analysis and disease diagnosis

Respiration is an uninterrupted vital biomechanical behavior that lasts throughout human's whole
life, regardless of health condition. However, it has traditionally been an underutilized resource
even though it encompasses profuse physiological information '®. Compared with blood analysis
and endoscopy, respiration analysis is a fast, non-invasive, painless, low-cost, and convenient
approach for early illness diagnosis and real-time physiological monitoring '°. Assessment of the
diaphragmatic movement during breathing (dash line, as shown in Figure 2-6) can provide the
early recognition of human diseases like abnormalities apnea, asthma, cardiac arrest, and lung
cancer. Furthermore, the obstructive sleep apnea syndrome (SAS), arising from the collapse of the
soft tissues at upper respiratory tract, poses a huge hazard in human health and safety and the
potential causes for various diseases, such as diabetes, hypertension, stroke and even nocturnal
death. Monitoring the respiratory behaviors and status favors the immediate alarms for SAS
occurrence and appropriate treatment in time, which is of great significance to decrease the risk of
respiratory diseases and possibility of sudden death ?°. Aside from the detection of physical
respiratory biomechanical motions, respiration also dominates the air exchange process between
alveolar spaces of the lung and the ambient atmosphere. The exhaled gases are a mixture of as
many as 500 different chemical compounds, including carbon dioxide, nitrogen, oxygen, water
vapor, and volatile organic components 2!. The constituents and concentration of the respiratory
gases can serve as the biomarkers to provide a large amount of biochemical and physiological
information on the bronchi and pulmonary alveoli for disease diagnosis and earlier intervention 2.
The ancient Greek physicians used to diagnose the potential diseases by smelling the odor of
patient's breath. The Israel scientists proposed a method to predict the possibility of gastric cancer

by identifying the concentration of five VOCs (2-propenenitrile, 2-butoxyethanol, furfural and 6-
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methyl-5-hepten-2-one and isoprene) from the exhalation of patients via nanomaterial-based
sensors '°. Nowadays, with the rapid development of modern medicine, respiration monitoring has
been proven to be a promising and useful approach for a variety of disease predictions, especially
suitable for the underdeveloped countries. As shown in Figure 1, a variety of breathing gases have
been utilized as the biomarkers for early illness prognosis of internal organs, that is, ammonia is

20-22

the biomarker for kidney disease, and ethanol can be employed as an indicator for liver

cirrhosis. The methane (CH4) breath test offers a facile, non-invasive and inexpensive means of
identifying small intestinal bacterial overgrowth (SIBO) 2. More than 30 ppb nitrogen monoxide
indicates the possibility of asthma due to the airway inflammation. Approximately 22% of the 86
million people in the United States with prediabetes are unaware of their condition, and acetone
concentration in their exhalation gas can be regarded as an indicator to reflect the illness status 2.
Furthermore, dimethyl sulfide and 1-methylthio-propane were found to be among the compounds

able to distinguish lung cancer patients from healthy volunteers. Table 2-1 lists the physiologic

origins of endogenous breath molecules 2°.
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Figure 2-6. Respiratory gases for physiological and pathological assessment.
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Table 2-1. Physiological origins and concentration of endogenous breath molecules.

Compound Physiclogical basis Concentration
Acetaldehyde Ethanol metabolism ppb
Acetone Decarboxylation of acetoacetate ppm
Ammonia Protein metabolism ppb
Carbon Disulfide Gut bacteria ppb
Carbon Monoxide Production catalyzed by heme oxygenase ppm
Carbonyl Sulhde Gut bacteria ppb
Ethane Lipid peroxidation ppb
Ethanol Gut bacteria ppb
Hydrocarbons Lipid peroxidation/metabolism ppb
Hydrogen Gut bacteria ppm
Isoprene Cholesterol biosynthesis ppb
Methane Gut bacteria ppm
Methanethiol Methionine metabolism ppb
Methanol Metabolism of fruit ppb
Methylamine Protein metabolism ppb
Nitric oxide Production catalyzed by nitric oxide synthase ppb
Pentane Lipid peroxidation ppb

2.4 Volatile sulfur compounds, volatile organic compounds detection

Human exhaled breath contains thousands of trace gases, except for 79% of nitrogen, 16% of
oxygen, and 4% of carbon dioxide ?°. The concentration variations in these trace gases are related
to specific pathologies ?’. Among them, volatile organic compounds (VOCs) are prominent air
pollutants in both industrial processes and urban environments. These compounds can evaporate
into the atmosphere at room temperature and standard atmospheric pressure, leading to the

formation of harmful pollutants. Prolonged exposure to VOCs can adversely affect the human
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nervous system, kidneys, and liver. VOCs encompass a variety of compounds, including alcohols,
acids, ketones, aldehydes, ethers, and esters. Some of these have the potential to cause cancer and
other severe health issues, posing long-term risks to human health and atmospheric quality 2% 27
Interestingly, trace levels of VOCs can also be detected in human exhalation. These trace
compounds can act as biological indicators, offering valuable insight for non-invasive early disease
diagnosis by providing key physiological and metabolic information. Ethanol, a commonly known
VOC, is extensively used in various sectors such as biochemistry, pharmaceuticals, paint
manufacturing, and the food and beverage industry. It's important to note that ethanol vapor is
highly flammable and can present a significant explosion risk, with explosive concentrations
ranging between 3.3-19.0%.

Besides, volatile sulfur compounds (VSCs), including hydrogen sulfide (H2S), methyl mercaptan
(CHa4S), and dimethyl sulfide (C2HesS) are considered to be indicators of halitosis. Volatile sulfur
compounds (VSCs), dimethyl disulfide (DMDS), methyl sulfide (DMS), and carbon disulfide
(CS2) are serious concerns, as environmental pollutants because of their high neurotoxicity 5.
DMDS has an extremely unpleasant smell like pungent garlic and contact or inhalation of DMDS
may irritate or damage the eyes and respiratory system. Exposure to high-concentration DMS in
the short term may cause stomach pain and diarrhea, and even lung congestion. H2S impairs
cellular metabolism, causing the so-called "histotoxic hypoxia". At high concentrations, H2S can
cause respiratory paralysis with consequent asphyxia. Moreover, CS: affects the olfactory organs
29 VSCs need to be detected in a highly sensitive and discriminative/selective manner because of
its relevance to diagnosis of diseases and approach towards different treatment methods for human
health. In nature, some mammals use about hundreds of receptors to identify elements to detect

and discriminate thousands of different odors. Halitosis is related to periodontal diseases with
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VSCs at trace amount of ppb-ppm 3°. Humans with halitosis have H2S concentrations from 80 ppb
(2.3 uM) up to 2 ppm (57 uM). Traditionally, trace VSCs in-breath are always determined by gas
chromatography (GC) *! and mass spectrometry (MS) 2. However, these methods mostly require
expensive instruments, complicated sample pretreatments, and long analysis time. Gas sensor ** is
another class for H2S detection, but the sensor always needs to be heated to a high temperature.
Therefore, there is a strong demand for developing a simple and portable device with high
sensitivity for the real-time monitoring of VSCs in exhaled breath 3%,

The greenhouse effect produced by industrial and human activity is currently a problem because
it contributes to global warming, which changes the climatic patterns, affecting the marine life,
agriculture activities, etc. One of the main greenhouse gases highly produced in the environment
due to the consumption of fossil fuels is carbon dioxide (COz). The excessive presence of this gas
is not convenient for the energetic equilibrium of the earth because it absorbs the short wavelengths
reflected from the earth to the space, which provokes an increase of the earth's temperature.
Consequently, the climate patterns also change, producing droughts, floods, and ice melting at the
poles 3. In addition, the high concentration of CO2 in confined spaces causes a diminution of the
oxygen available to breathe, which in turn, causes respiratory diseases such as asthma, allergies,
and dizziness®. According to the American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE), the maximum concentrations of CO2 should be 350—-800 ppm
and 1000 ppm for outdoor and indoor places, respectively. If those limits are not respected, people
can experience headaches, sore throat and nasal irritation *°. Due to these reasons above, it is
suitable the control, monitoring and detection of carbon dioxide concentration in places such as

factories (where chemicals or cooling systems are produced), food industries related with
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carbonated beverages, agro-industries related with the production of fertilizers, medical centers

where incubators are employed and indoor places such as schools, offices, etc 37 3%,

2.5 2D materials

Two-dimensional (2D) materials, such as black phosphorus (BP), graphene, graphene oxide (GO),
hexagonal boron nitride (h-BN), and transition metal dichalcogenides (TMDs), have also been
employed in flexible gas sensors due to their versatile surface chemistry, low electronic noise,
large specific surface area, and outstanding electrical properties. However, their relatively low
sensitivity and interference from humidity limit their sensing applications. Comparably, ever since
their discovery in 2011, 2D transition-metal carbides/nitrides (collectively denoted as MXenes)
are attracting enormous research interests 3°. As illustrated in Figure 2-7, MXenes have a general
formula of Mn+1XnTx, where n =1, 2, or 3, representing three common structures. M stands for an
early transition metal, such as Ti, Mo, and V, X refers to carbon/nitrogen, while Tx represents
various surface terminations, for example, fluorine (—F), hydroxyl (—OH), and/or oxygen (=0O) *°.
In case of double transition-metal MXenes, the M atoms can exist either in random (solid solution)
or ordered arrangement, where the ordered phase is energetically more stable. Typically, MXenes
possess excellent mechanical strength, good thermal conductivity, tunable bandgap from
semiconducting to metallic, and hydrophilic surfaces with abundant functional groups that can be
postmodified and solution processed *!'. These characteristics render MXenes an ideal platform as
sensing materials for a number of applications.

At present, the commonly used strategy for preparing MXene nanosheets is the top-down etching
from MAX phases (Mn+1AXn), Where A represents an A-group element (e.g., Al and Si). Generally,
the M—A bond is considered to be metallic, whereas the M—X bond features multiple characters of

ionic, metallic, and covalent. Therefore, in contrast to the exfoliation of graphene, the metallic M—
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A bond is difficult to break by mechanical shearing. Nevertheless, it is feasible to be selectively
etched rather than M—X bonds. The preparation of MXenes typically includes two steps, namely
the selective etching of A and the delamination of MXenes.
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Figure 2-7. Compositions of MXenes were predicted theoretically and obtained experimentally.

The quantification of gaseous species, such as CO, NO, CO2, NO2, NHs, H2S, and SOx, are of
essential importance for human health, industry safety, emission, and air quality monitoring.
Because of its 2D layered structure and adjustable surface terminations, MXenes are considered
an ideal platform for gas sensing. The suitability of Ti2CO2 MXene as sensing material for NH3
was predicted using DFT calculations by Yu and co-workers. Ti2CO2 ' was the semiconductor
and showed strong adsorption to NH3 at Ti sites with a binding energy of —0.37 eV (Figure 2-8a).

Comparably, due to the weak interaction, Ti2CO2 has no response to H2, CO2, O2, CO, N2, NO2,
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and CHa4 (Figure 2-8b). The suitability of semiconducting M2CO2 (M = Sc, Ti, Zr, Hf) for NH3
sensing was also theoretically evaluated, and the results showed that the effective release/trapping
of NH3 on M2COz can be controlled by the charge state of M. This conclusion was supported by
Khakbaz and co-workers *> who analyzed the gas sensing performance of Ti3C2Tx in the presence
of different surface terminations and water molecules. The binding energy between NH3 and the
Ti sites near to O atoms is 60%—180% larger than that adjacent to F atoms, indicating that the

Ti3C2Tx with a low content of F terminations was preferred for NH3 sensing.

Figure 2-8. (a) The density of states of the single-layer Ti2CO2 upon the adsorption of NH3 and
COoz. (b) The side and top views of the adsorption of H2, CO2, O2, NH3, CO, N2, NO2, and CH4 on
T12COa.

2.6 Disposable masks and waste masks

At present, the number of COVID-19 infections is close to 300 million, which endangers more
than 200 countries and regions in the world. A resource that attracts global attention is personal
protection equipment (PPE), especially disposable surgical masks, which can prevent breathing

droplets from entering the lungs and largely reduce the risk of infection. It is estimated that last
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year, due to the popularity of COVID-19, Africa's daily masks exceeded 700 million, Asia's daily
usage exceeded 2.2 billion, and the world's monthly masks exceeded 129 billion.

Disposable surgical masks, as a potential flexible substrate for gas sensors, have been ignored by
people for a long time. During the COVID-19 pandemic, it was estimated that the daily use of
surgical masks exceeded 130 billion all over the world per month **. Disposable surgical masks
consist of non-biodegradable plastic, polypropylene (PP), which means that it costs hundreds of

years to decompose in the environment >

. The usual treatment methods for surgical masks include
sending them to landfills or incinerated. These conventional ways will generate garbage and cause
environmental pollution. It is worth noting that some reports have used waste masks for superior
microwave absorption *, desalinating seawater *°, and antibacterial applications #° ,(as shown in

Figure 2-9) in the past two years. Nevertheless, to our best knowledge, there is no report using

surgical masks for gas sensors.

PVA+PEO+
CNF

+ Photocatalytic antibacterial '\
- High efficiency filtration \_\
* Reusability )

+ Biodegradability

Figure 2-9. Concept of functional and structural designing of reusable mask. Biodegradable PVA,
PEO, and nanocellulose were electro-spun into nanomeshes that was followed by depositing
photocatalytic N-TiOx.
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Chapter 3 Flexible mask sensors based on CNT/PANI nanocomposite for

ammonia sensing and breath analysis

3.1 Introduction

Respiration is an uninterrupted biomechanical behavior and one of the basic physiological
parameters. Breath analysis with a low-cost, rapid, non-invasive, and painless early diagnosis
method is of great significance for managing human health and reducing the risk of respiratory
diseases !%-2!:26:47 Real-time respiratory rate monitoring can serve as a vital reference index for
the non-invasive detection of cardiac or arterial vascular function '*22, Abnormal respiratory is an
important indicator of deterioration in a patient’s health *®. It is also reported that abnormal
respiratory rate physiological parameters can be used to monitor typical COVID-19 symptoms *.
Breath analysis by identifying chemical compounds or biomarkers in exhaled human breath has
been an efficient approach to assess metabolic disorders or dysfunction in the human body. Various
volatile organic compounds (VOC) such as alcohols, ketones, aldehydes, acids and non-VOC such
as ammonia, carbon dioxide, and NOx are related to physiological and metabolic processes in the
human body 2%

In particular, ammonia, an essential compound in exhaled gas, is considered a biomarker for the
non-invasive clinical diagnosis of liver or kidney disease >2*°!52, The concentration of NH3 in
the exhaled breath of healthy individuals is about 0.4-1.8 ppm, while that in end-stage renal disease
patients is around 0.8-14.7 ppm *?. Currently, gas chromatography (GC) combined with mass
spectrometry or ion mobility spectrometry is used to analyze exhaled gas. This method shows a
ppb to ppm sensitivity with analysis of multiple compounds. However, such GC-based methods
still have limits on their utility in healthcare applications due to bulky volume, high cost, and long

54-56

diagnosing time by sample collection and pre-concentration procedures . Hence, the
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development of a portable and wearable device to measure trace concentrations of ammonia in
exhaled breath can be of great significance for medical diagnosis.

For the past few years, conducting polymers, such as polyaniline (PANI), Polythiophene (PTh),
poly(3,4ethylenedioxythiophene) (PEDOT), and polypyrrole (PPy) have been widely investigated
as chemiresistive sensing materials for their integration into flexible and wearable technology >
%%, Such conducting polymers have demonstrated the potential for ammonia gas sensors due to
their excellent electrical conductivity mechanical properties, and inherent compatibility with
polymer substrates '% 1% In particular, PANI has attracted more attention due to its ease of
synthesis, high reactivity with ammonia gas, and low operating temperature ! It is also reported
that surface charge characteristics can be easily improved by changing dopants during the
polymerization process %*%*. Bandgar et al. ®° synthesized a low-temperature ammonia sensor by
in-situ polymerization of aniline, showing 99% reproducibility and rapid response with the
response value of 26% in 100 ppm NH3 atmosphere. However, PANI tends to deprotonate in the
air, and the charge transfer between polymer chains is poor, so the conductivity of the prepared
PANI film is significantly reduced after a few hours 2. Besides, pure PANI-based gas sensors have
apparent disadvantages such as poor long-term stability, low sensitivity, and long response time
66,67 As approaches to address the aforementioned issues, PANI-carbon series materials (CNT or
reduced graphene oxide) or PANI-metal oxide semiconductor (MOS) materials have been
investigated for high-performance conductive film-based ammonia gas sensors *7°. Ding et al. !
fabricated a PANI-based composite sensor by aniline polymerization in 1-pyrenesulfonic acid-
functionalized single-walled carbon nanotubes (SWCNTSs) suspension, showing better sensitivity
and stability than pristine PANI sensor. Liu et al. > developed a polyaniline-cerium dioxide

(PANI-CeO2) nanocomposite sensor on a polyimide substrate through in-situ self-assembly
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method, the PANI-CeO2 ammonia sensor exhibited higher response and shorter recovery time than
the PANI one, good reproducibility, splendid selectivity, and low detection limit. Various recent
studies have explored the incorporation of conducting polymers onto flexible substrates for gas
sensors 7375 However, it is still remaining a great challenge to develop a lightweight and flexible
platform that can be implemented in wearable devices for sensitive and rapid detection of trace
concentrations of ammonia in exhaled breath.

Herein, we fabricated flexible PANI-based composite gas sensors with multi-walled carbon
nanotubes (MWCNTs) by incorporating composite sensing materials into polypropylene fibers of
a disposable face mask. The nanocomposite sensor showed good sensitivity, fast sensing
response/recovery time, room temperature operation, outstanding flexibility, and long-term
stability by a uniform coating of PANI/CNT onto porous PP fibers. Besides, the p-PP/CNT/PANI
nanocomposite sensor was able to demonstrate real-time human respiration for simultaneous

assessing respiratory health and detecting biomarkers.

Drop- Pt
| . L= ]
coating In-situ Drying +
/ \ Drying polymerlzation sliver painting
< A B \ S .
s" - “
ICNT /ICNT/PANI
CNT solution APS+1M HCI

Figure 3-1. Schematic illustration of the preparation of p-PP/CNT/PANI composite film.

3.2 Experimental section

3.2.1 Materials
Disposable masks were obtained from the Zhejiang Stage Leather Apparel Company (Zhejiang,

China), and the porous polypropylene non-woven filter layer (denoted as p-PP) of the disposable
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mask (after a simple alcohol treatment) was used in this study. Ammonium persulfate (APS), 37%
hydrochloric acid, sodium dodecyl benzene sulfonate (SDBS), aniline, and multi-walled carbon
nanotubes were obtained from Sigma-Aldrich, USA. The silver painting was bought from VWR

(127185-15G).

3.2.2 Preparation of p-PP/CNT composite film

CNT aqueous solutions with different concentrations (1 mg/mL, 0.5 mg/mL, 0.2 mg/mL) were
prepared by mixing 0.03 g, 0.015 g, 0.006 g CNT with 30 mL deionized (DI) water through
ultrasound (3510R-MTH, 330W) treatment for 20 min, respectively. During the mixing process,
a small amount of SDBS was added to enhance the dispersion of CNTs "® 77, Afterward, the p-PP
film was drop-coated by the as-prepared CNT suspension. After air drying, the p-PP film was
drop-coated by the CNT suspension again for preparing the final p-PP/CNT composite film.

3.2.3 Preparation of p-PP/CNT/PANI composite film

Aniline monomer (0.2 mL, 0.4 mL, 4 mL, corresponding to approximate 0.85 mg/mL PANI, 1.7
mg/mL PANI, 17 mg/mL PANI) was added into 1 M HCI aqueous solution (200 mL) in a flask.
APS (0.23 g, 0.46 g, 4.6 g) in precooled 1 M HCI solution (40 mL) was poured into the above
monomer solution, which was shaken for 30 s and left at 25 °C. Then, a PP substrate and a PP/CNT
composite film were immersed in the above solution, respectively. The in-situ polymerization was
performed at room temperature for one hour with magnetic stirring (300 rpm). Afterward, the p-
PP/CNT/PANI composite films were washed with DI water three times. After air drying, the
composite films were cut into small pieces with the dimension of 8§ mm by 12 mm. Finally, silver
paint was coated on both sides of the specimen as an electrode material. The ratio of raw materials
in the composites was calculated based on the weight percentage of p-PP, CNT, and PANI. The
flow chart of the preparation procedure of p-PP/CNT/PANI film is illustrated in Figure 3-1.
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3.2.4 Preparation of flexible mask sensor device

The inner layer of the disposable mask was cut by scissors, p-PP/CNT/PANI hybrid was pasted
between the inner layer and the filter layer of the mask. Two wires were connected silver painting
edges of the PP/CNT/PANI hybrid to the source meter, respectively. The schematic diagram is
shown in Figure 3-1a. During the breath test, the tester wears the mask sensor device for short

breath, long breath, and deep breath detection.

3.2.5 Gas-Sensing Measurements

To test the gas sensing properties, sensor samples were loaded into a test chamber connected with
various gases controlled by mass flow controllers (MKS1179A, MKS Instruments, Andover, MA,
USA), as shown in Figure 3-2. The different gases were introduced into the cylinder chamber to
react with the sensor platform, and the resistance change was measured by a Kethley 2400 source
meter. Before ammonia and CO gas sensing, the total gas flow was fixed at 100 sccm by combining
two gases: pure nitrogen 80 sccm (MFC 1) and pure oxygen 20 sccm (MFC 2). When gas sensing,
the total gas flow was fixed by combining three gases: pure nitrogen (MFC 1), pure oxygen (MFC
2), and 100 sccm of 106 ppm (Cgas) target gas diluted in nitrogen gas (MFC 3). The analyte

concentration was calsulated by the following equation:

Canalyte= Cgas * MFC 3/ ( MFC 1 + MFC 2 + MFC 3) (1)

In this case, the concentration of ammonia (Canalyte) is about 50 ppm. For a 50 ppm concentration
of acetone (Canalyte) gas sensing, 80 sccm of pure nitrogen (MFC 1), 20 sccm of pure oxygen (MFC
2), and 11 sccm of 500 ppm acetone diluted in nitrogen (MFC 3) were injected. For a 50 ppm
methane gas sensing, 80 sccm of pure nitrogen (MFC 1), 20 sccm of pure oxygen (MFC 2), and

33 sccm of 200 ppm methane diluted in nitrogen (MFC 3) were injected. The bubbler was used to

25



generate analyte vapors (glycol, ethanol, ethylene glycol, isopropyl alcohol, and acetic acid).
Synthetic air containing 80 sccm nitrogen and 20 sccm oxygen was continuously blown into the
gas chamber. During bubbling, use a mass flow controller to divide 80 sccm of nitrogen into a
carrier part and a dilution part. The gas carrier is bubbled through the liquid analyte of interest for
target gas injection and then mixed with dilution air in the gas chamber. All operations were
performed at room temperature (24 + 1°C), and the data acquisition was controlled with a
customized Labview program. The response of ammonia gas is defined as the normalized

resistance change:

R=(Re — Ro) / Ro )

Where Rg is the resistance of the sample after exposure to gas analytes, and Ro is the initial

resistance of the film in the ambient condition.

100 scom MFC 3 MFC power supply readout
20 sccm Teded
———————— MFC2 SR T

. L] . - o
80 sccm
c1

Data acquisition
computer

Test chamber

-~ P/ICNT/PANI fil
Gas out
< i N
Ag painting

Figure 3-2. Schematic diagram of the gas sensing process.
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3.2.6 Material Characterizations

The JEOL JSM-7000F scanning electron microscope (SEM) equipped with an energy dispersive
spectrometer mapping (EDS-mapping) was used to examine the morphology of the composite film
and qualitative elemental analysis, operated at an acceleration voltage of 20 kV.

The surface chemistry of the composite sensor was characterized by Fourier-transform infrared
spectroscopy (FT-IR, Thermo Nicolet 6700). The spectra were recorded in the wavenumber

ranging from 4000 to 400 cm ™! at a resolution of 4 cm™.

3.3 Results and discussion

3.3.1 Morphology and structure

The surface morphology of the p-PP, p-PP/CNT, p-PP/PANI, and p-PP/CNT/PANI films were
characterized by SEM. As shown in Figure 3-3a, the pure p-PP sample consists of long-straight
fibers with porous structure between different fibers. Figure 3-3d shows that the p-PP surface
was evenly covered with a thin strip of CNT and exhibited relatively rough morphology compared
with the pure p-PP sample. From Figure 3-3b-c, we can observe that a large amount of flocculent
PANI uniformly covered the PP fibers. In Figure 3-3e-f, CNTs were coated with PANI
nanoparticles, and noticeable pores appeared on the surface of the composite film. Compared with
the p-PP/PANI film, the inter-connected p-PP/CNT/PANI network film with a large surface area
and more voids can provide much more active adsorption sites, thereby promoting sensing
properties ’®. To examine the dispersed state of the composite film, EDS mapping was conducted,
and the results are shown in Figure 3-3g-i. It was found that the p-PP/CNT/PANI film contains
three different elements. A large amount of C and N elements was observed in the composite film.
In addition, a relatively small amount of chlorine was observed due to doping a small amount of

ClI during the polymerization of the aniline monomer .
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Figure 3-3. SEM images of (a) p-PP fibers, (b, ¢) p-PP/PANI (57:43) fibers, (d) p-PP/CNT (70:30)
network, (e, f) p-PP/CNT/PANI (46:20:34) network, and (g, h, 1) typical EDS elemental mapping
of p-PP/CNT/PANI composite film.

FTIR spectra were further characterized to study the surface chemistry of the composites. As
shown in Figure 3-4, all samples present polypropylene peaks. For the pure p-PP sample, the
absorption peak located at 837 cm™! represents C—CH3 stretching vibration, the peaks at 989 cm™!
and 1160 cm™! correspond to —CH3 rocking vibration, the band at 1639 cm™ is attributed to —CH3
symmetric bending vibration and the peaks at 1452 cm™!, 2830 cm™, 2916 cm! are attributed to —
CH2 symmetric bending, —CH: symmetric stretching and —CH2 asymmetric stretching,

respectively 7% %%, For the p-PP/PANI sample, the band at 1560 cm™! is due to C=C extension of
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the quinoid ring, the peak at 1456 cm ! represents the benzenoid ring, and the band at 1299 cm™!
is attributed to C—N stretching of the secondary amine, and the peak at 1129 cm™ is due to in-
plane bending of C-H 8!. For the p-PP/CNT/PANI composite, the absorption peaks centered at
1576 cm ' ,1463 cm ! and 1305 cm™! can be attributed to the C=C stretching vibration of the
quinoid ring, the benzenoid ring, and C—N stretch of the secondary amine in the PANI chains,
respectively. The p-PP/CNT/PANI composite also presented the shift of these bands towards
higher wavenumber compared with p-PP/PANI, indicating the interaction between CNT and PANI
chain. The aromatic structure of PANI is expected to interact with the surface of the CNT via n-
stacking % * These results confirmed the successful preparation of PP/CNT/PANI composite

structures.
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Figure 3-4. FTIR spectra of the p-PP, p-PP/CNT (70:30), p-PP/PANI (57:43), and p-
PP/PANI/CNT (46:20:34) composite films.
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3.3.2 Gas-sensing properties of p-PP/CNT/PANI composite sensor

The sensing performance of flexible p-PP/CNT/PANI composites was characterized under various
NH3 concentrations at room temperature. The effects of CNT concentrations incorporated into
PANI on sensing properties were examined in Figure 3-5. As shown in Figure 3-5a, the CNT film
sensor does not show the resistance change towards ammonia gas, proving that CNT alone does
not respond to ammonia gas. With the increasing content of PANI in CNT/PANI composites, the
resistance change towards ammonia gas increases. As shown in Figure 3-5b, the p-PP/PANI film
has the lowest resistance change to ammonia gas. With the content of CNT increasing, the
resistance change towards ammonia gas improves gradually. When the concentration of CNT is
0.5 mg/mL, the sensing response can be achieved as high as 452%. However, as CNT
concentrations exceed 0.5 mg/mL, too many CNTs are accumulated on the composite surface,
which may have negative effect on the sensing response value. In addition, the composite sensor
with 0.5 mg/mL CNT and 1.7 mg/mL PANI is further investigated at different NH3 gas
concentrations. As shown in Figure 3-5¢, the increase of NH3 concentration from 500 ppb to 70
ppm resulted in a gradual increase of the resistance change, while the response time gradually
decreased. After the NH3 is introduced, the resistance falls back to the original state with little
baseline drift, indicating a typical p-type semiconducting behavior of p-PP/CNT/PANI composite
film and good reversibility of the sensor. As shown in Figure 3-5d, the response of the composite
sensor shows a good linear relationship with NH3 concentrations. Figure 3-5e shows the cycling
test of the resistance change for the flexible sensor towards 70 ppm NHs3. The result suggests the
sensor has good repeatability with a relatively fast response time (93 seconds) and recovery time

(36 seconds).
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Selectivity is a significant parameter of gas sensors, determining whether the sensor can be used
in complex atmospheric environments. Therefore, various interfering gases , CO2, CO and volatile
organic compounds (VOCs), including acetone, methane, glycol, ethanol, ethylene glycol,
isopropyl alcohol, and acetic acid, were examined for the selectivity evaluation of the p-
PP/CNT/PANI sensor. The response and resistance change of the gas sensor towards 50 ppm CO2
and CO are shown in Figure3-6a. The response values of the composite sensor toward the various
gases are presented in Figure 3-5f. The p-PP/CNT/PANI sensor has the highest response to NHs,
which is at least 20 times higher than other interfering gases, proving that the flexible p-

PP/CNT/PANI sensor has excellent selectivity on ammonia gas at room temperature.
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Figure 3-5. (a) 0.5 mg/mL CNT with varying concentrations of PANI film sensor towards 50 ppm
NHs. (b) 1.7 mg/mL PANI with varying concentrations of CNT film sensor towards 50 ppm NH3s.
(c) Dynamic resistance changes of flexible p-PP/CNT/PANI (0.5 mg/mL CNT, 1.7 mg/mL PANI)
composite sensor. (inset shows the resistance change towards 1 ppm NH3 in detail) (d) Sensor
response as a function of ammonia gas concentration. (¢) The sensing cycling test for p-
PP/CNT/PANI composite at 70 ppm NHs. (f) Selectivity study to 50 ppm NH3,CO2, CO and
volatile organic compounds for the flexible p-PP/CNT/PANI sensor at room temperature, the
humidity of the test chamber is 18%-24%.

In order to investigate sensing properties of wearability and flexibility of sensors in breathing
environments, the effects of temperature, humidity and bending states of the p-PP/CNT/PANI
composites on the sensing response towards NH3 were summarized in Fig 3-6. The effect of
different temperatures on sensing response is shown in Figure 3-6a, with the increase in
temperature, the sensor response presented a stepwise increase trend due to the improved ammonia
gas absorption and desorption process at a higher temperature®®. The initial resistance change of
the p-PP/CNT/PANI sensor in the air around room temperature is shown in Figure 3-6b. The
sensor response as a function of operating temperature towards NHs, indicating the 1°C
temperature change has a smaller effect on sensor signal than 1 ppm of ammonia concentration
change. The resistance change of the p-PP/CNT/PANI sensor under 0-80% RH circumstances in

the air was observed in Figure 3-6¢. The resistance will decrease with an increase the humidity
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due to the further protonation of PANI through absorbed water or the generation of hydrogen ions
85. 86 However, the resistance of the p-PP/CNT/PANI sensor will increase with the increase of
humidity when exposing 10 or 70 ppm NH3, as shown in Figure 3-6, ¢, d. This was attributed to
the water adsorption leading to the PANI swelling, chains distorting, and an increase in disorder
at high humidity, which improves the resistance ®’. Moreover, the sensing response to various
concentrations of ammonia in different humidity was compared in Figure 3-6e, suggesting the
influence of humidity under high concentrations of ammonia is larger than under low
concentrations. Nevertheless, the 1% RH change has a much smaller effect on sensor signal than
1 ppm of ammonia concentration change.

The long-term stability of the sensor in the period of continuous 20 days in the air and target gas
at room temperature were shown in Figure 3-6f. The p-PP/CNT/PANI sensor has demonstrated a
stable resistance or response for 20 days, indicating the excellent stability. The resistance change
of the p-PP/CNT/PANI sensor at different bending angles is shown in Figure 3-6g. The response
of the p-PP/CNT/PANI sensor under different bending states is observed in Figure 3-6h. The
response value of the p-PP/CNT/PANI sensor has an only slight increase with the increase of
bending angles, suggesting the excellent flexibility of the composite sensor. Finally, the sensing
properties of the developed p-PP/CNT/PANI composite sensor were compared with other flexible
ammonia sensors, and the results are shown in Table 3-1. The p-PP/CNT/PANI sensor exhibits

excellent ammonia sensing performance and can be used for respiratory rate detection.
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Figure 3-6. The effect of different temperature, humidity conditions, and bending states on sensor
response towards NH3 gas. (a) The response of the p-PP/CNT/PANI sensor under 20-40°C towards
70 ppm NH3 at different temperatures, RT is room temperature. (b) Sensor response as a function
of operating temperature. (¢) The response and resistance change of the p-PP/CNT/PANI sensor
under 0-80% RH circumstance towards 70 ppm NH3 at room temperature. (d) The response and
resistance change of the p-PP/CNT/PANI sensor under 0-80% RH circumstance towards 10 ppm
NHs. (e) Sensor response as a function of humidity towards 10 ppm and 70ppm NH3 at room
temperature. (f) Long-term stability of the sensor in the period of continuous 20 days towards 70
ppm NH3 at room temperature. (g) Resistance change of the p-PP/CNT/PANI sensor under 70 ppm
of NHs at different bending angles, a-f represent 0, 30, 60, 90, 120, and 150 bending angles,
respectively. (h) Response of the p-PP/CNT/PANI sensor under 70 ppm of NHs at different
bending states at room temperature.
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Table 3-1. Comparison of sensing performance for the PANI-based flexible gas sensors
synthesized in this work and some other previously reported.

Ref Substr Response Testi Res Studied Sensing RT Fle
ate value ng /Rec Detection Materials xib
gas Time Range le
1 PET 025  NHs; 85/50s  5-1000ppm  PANI VoA
(50ppm)
2 fabric 0.40 NHs / 1-8 ppb PANTV/ fabrics \ \
(8ppb)
3 PET 0.26  NHs 19s/36  10-100ppm PANI \ \
(100ppm) S
4 PET 25 NHs  85/20s  0.2-50 ppm PANI/MWCNT < \
(50 ppm)
5 fabric 0.62 NHs  9/30s 0.2-100 ppm  PANI/MWCNT % \
(20 ppm)
6 PET 117 NHs 47/60s 30-100 ppm  PANI/MWCNT < \
(50 ppm)
7 PVDF 0.32 NHs  76/26s  0.2-1ppm PANI/MWCNT < \
(1ppm) - PVDF
s p-PP 4.52 NHs  93s/36s 0.5-70ppm PANI/MWCNT ~
(70ppm)

3.3.3 Sensing mechanism of p-PP/CNT/PANI composite sensor

Polyaniline is a well-known p-type semiconductor in the form of emeraldine salt > **. NH3
molecule acts as a dopant for PANI. When the ammonia gas is introduced, the ammonia molecules
react with the N-H group of PANI to form NH4" and cause the localization of the polaron of PANI.
Thereby, the conductivity of the composite material is reduced. The reaction process is shown in

Figure 3-7a. Upon pausing the flow of ammonia, emeraldine salt form was recovered by
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desorption of adsorbed NH3 molecules. The reversible reaction proceeded to the left, and the NH4"
decomposed into NH3 and protons, restoring conductivity, and the PANI became doped.

The sensing mechanism of NH3 molecules on p-PP/CNT/PANI film was illustrated in Figure 3-
7b. Firstly, the p-PP/CNT/PANI composite film shows a relatively high surface area compared to
the p-PP/PANI film (as indicated in the SEM results), which is helpful to NH3 adsorption
corresponding to enhanced sensing response. Secondly, the p-PP/CNT/PANI composite film has
a unique interconnected network worked as efficient sensing channels to promote charge transfer
efficiency. Besides, the p-PP/CNT/PANI film has a porous structure, which means the film has
sufficient space for easy penetration of gas molecules and more adsorption sites to improve sensing

performance %,

@ O @ o

NH,* NH,*

Figure 3-7. (a) The protonation and deprotonation process of PANI. (b) The proposed gas sensing
mechanism of p-PP/CNT/PANI composite.

3.3.4 Wearable and flexible Sensor and breath monitoring

Respiratory rate detection was investigated for potential monitoring of breathing-related health
issues. As shown in Figure 3-8a, we designed a wearable breath sensor by integrating the p-
PP/CNT/PANI film into a disposable surgical mask. As shown in Figure 3-8b, breaths with
different durations and intensities influence the signals with different shapes and responses. When
the p-PP/CNT/PANI composite sensor detects short breaths at room temperature, the response
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value is only about 1.6%. However, during a long or deep breath, the response value can be raised
to 3.2% or 5.0%, respectively. We studied 1 ppm of ammonia concentration change, 1°C
temperature change, 1% RH change, and 1° bending angle change have effect on sensor response,
the slopes of factors were 0.06547, 0.02246, 0.00058, 0.00421, respectively. So the ammonia gas
concentration is the most important factor in response signal compared with other factors. Besides,
according to Figure Slc, the extremely high humidity (90% RH) must have a huge effect on
resistance change. Therefore, the breath signal may mainly cause by water and ammonia. The
higher intensity of breathing, the higher humidity (for breath analysis, the relative humidity
condition >90%RH), which leads to less resistance of the mask sensor, and different curves can be
observed. It should be noted that the curves went down with time, this is due to too many water
molecules getting adsorption on the mask sensor and they cannot be desorbed in a short time. In
addition, all breath tests of different durations and intensities exhibit fast response (only several
seconds) and recovery time. These results demonstrate that the p-PP/CNT/PANI sensor can be
used for real-time respiratory rate detection, showing great potential for human health monitoring

applications.

Figure 3-8. (a) Photograph of wearable breath sensor devise. (b) The Resistance-time curve of the
human breath test.
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3.4 Conclusion

This work used disposable masks as flexible substrates to fabricate p-PP/CNT/PANI gas sensors
for ammonia detection and breath monitoring. The fabricated sensors exhibited good sensitivity
ranging from 500 ppb to 70 ppm, fast response/recovery time, room temperature operation, reliable
flexibility and stability, and excellent selectivity to NH3 compared to other VOC gases. The
excellent sensing performance of the p-PP/CNT/PANI composite sensor is mainly attributed to the
p-PP/CNT/PANI interconnected network, which provides an improved relatively specific surface
area and efficient sensing channels to facilitate charge transport. Furthermore, the demonstrated
simple and real-time human breath testing device based on the p-PP/CNT/PANI composite film

shows a potential application for health assessment.
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Chapter 4 Graphene/PANI functionalized mask sensors for ammonia and

volatile sulfur compounds detection

4.1 Introduction

Breath analysis is becoming a vital non-invasive diagnostic method for assessing human health
conditions. Recently, monitoring COVID-19 through breath analysis was reported *°. Human
exhaled breath contains nitrogen, oxygen, carbon dioxide, water, and thousands of trace gases 2.
Their changes in the content of different trace gases correspond to specific pathologies *. Among
them, volatile sulfur compounds (VSCs), including methyl mercaptan (CH4S), dimethyl sulfide
(C2Hs6S), and hydrogen sulfide (H2S), are vital markers for the detection of halitosis related to
periodontal disease and kidney failure 2> *°. The concentration of VSCs in the exhaled breath of
patients with halitosis can range at ppm level °!. In addition, ammonia (NH3), one of the trace gases
in exhaled breath of humans, can be used as a typical biomarker for specific diseases and is often
used in non-invasive clinical diagnosis, such as end-stage renal disease (ESRD) monitoring 27,
detection of pylorus helicobacter ¢, diagnosis of hepatic encephalopathy 2, etc. According to the
Occupational Safety and Health Administration (OSHA), the minimum amount of NH3 found to
be irritating to the most sensitive individuals' eyes, throat, skin, and respiratory tract is 50 ppm .
Moreover, the concentration of NH3 in human breath gas is deficient, approximately 400-2000
ppb for healthy individuals and 800-15000 ppb for ESRD patients 2*. Traditionally, various
techniques such as gas chromatography (GC), mass spectrometry (MS), and selected ion flow tube
mass spectrometry (SIFT-MS) can be utilized for breath monitoring *>°*. However, these methods

are unsuitable for portable and real-time monitoring of low-concentration gases due to complex

processing, high price, bulky size, and long analysis time. Therefore, it is urgent and significant to
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develop a simple, real-time, portable device with high sensitivity, the low detection limit for VSCs
and ammonia analysis in exhaled breath and health assessment.

In the past decade, metal oxide semiconductors (MOSs) such as SnO2, ZnO, WO3, and MoO3 have
been used as sensing materials for NHz or VSCs gas sensors **%°, Nevertheless, MOS-based
sensors have obvious drawbacks of high operating temperature (100-300°C), high energy
consumption, and rigid and brittle nature °’. In recent years, the development of flexible and room
temperature gas sensors has become a research hotspot. Carbon-based nanomaterials, graphene
oxide (GO), and carbon nanotube (CNT), have been investigated for gas sensors due to their unique
electrical, physical, chemical properties and excellent stability, but the interference from humidity
and long recovery limit the performance '*°%%°. Conducting polymers, such as polyaniline (PANI)
100. 101 " polypyrrole (PPy) & 16192 and poly(3,4ethylenedioxythiophene) (PEDOT) #, have also
attracted extensive attention in the development of flexible gas sensors, in light of the facile
synthesis process, excellent electrical properties, mechanical flexibility, good biocompatibility,
inherent compatibility with polymer substrates, unique protonation and deprotonation processes.
Among them, PANI shows promising properties for preparing flexible NH3 sensors. Nevertheless,
pure PANI still suffers from several disadvantages, such as poor long-term stability, slow response
time, and prolonged recovery time '®. Therefore, PANI-based composites, such as PANI/SnOz,
PANI/WO3, PANI/rGO, and PANI/CNT, have been investigated for NH3 sensing applications '*+
107 Fan et al. ® demonstrated a room temperature PANI/WO3 composite sensor via in-situ
polymerization assisted by an ultrasonic spray method. The PANI/WOs sensor presented a 10 times
higher response to NH3 gas than the pure PANI sensor. Guo et al. ' prepared a hierarchically
nanostructured PANI/rGO composite sensor using polyethylene terephthalate as substrate. The

hybrid sensor exhibited over five times higher response than the pristine PANI sensor towards 100

41



ppm NH3 gas with reliable transparency (90.3% at 550 nm) and fast response/recovery time.

It is worth noting that disposable masks, mainly made up of polypropylene (PP) fibers, could be
potential flexible substrates for gas sensors. The Journal of Environmental Science and Technology
estimated that 129 billion masks are used and discarded each month globally during the COVID-
19 pandemic **. However, disposable masks are not biodegradable, which will cause severe
environmental damage to the ecosystem and its inhabitants after incorrect disposal. In the past
three years, there have been several reports of using waste disposable masks for microwave
absorption #, desalination of seawater %, and antibacterial materials “°. However, to our best
knowledge, there is no report of using waste masks for gas sensors in well-known journals.
Herein, for the first time, we fabricated a flexible PP/G/PANI hybrid gas sensor through dip-
coating and followed in-situ polymerization using a waste disposable mask as a flexible substrate.
The PP/G/PANI hybrid sensor exhibits excellent sensitivity and selectivity towards ammonia gas,
fast sensing response/recovery time, long-term stability, and ppb-level detection limit. Moreover,
comparing the different signals in the exhaled breath of the tested volunteer before and after
ingesting raw garlic, we found that the PP/G/PANI sensor can be used to detect the VSCs in the
exhaled breath at room temperature, showing the potential application for developing an odor

sensing system for detecting malodorous gases in exhaled breath for kidney disease diagnosis.

42



(@)

. -
= PP.-{-'S?"S::"“&‘-.-, "

7:";‘;'1‘}:: é,.,ﬁ.{;,&-&i‘g:_

PANI
- . In-situ PP/G/PANI Graphene
Sterilizing V" Dipping ¥ polymerization .
“{ 7 <f * B = »
Ethanol } GISDBS » A“";ﬂz’fps
p 1 5B
— I s
(b) MFC controller Data analysis
c c Test chamber Source meter
4 K ————
x o
o z

Figure 4-1. (a) Schematic illustration of the flexible PP/G/PANI hybrid sensor preparation

process. (b) The scheme of gas sensing testing system.

4.2 Experimental section

4.2.1 Materials

Disposable masks were obtained from Jiangsu Excellence Medical Supplies Company
(Changzhou, Jiangsu, China). The filter layer (denoted as PP, after a simple steam and ethanol
treatment) of the waste disposable mask was used in this study. Ammonium persulfate (APS),
36.5%-38% hydrochloric acid, sodium dodecyl benzene sulfonate (SDBS), and aniline monomer
were purchased from Sigma-Aldrich, USA., Graphene nanoplatelets aggregates (Z04G007) and

Tedlar bags were purchased from Alfa Aesar, USA, and sliver painting was purchased from VWR

(127185-15G).
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4.2.2 Fabrication of PP/G composite

Graphene aqueous solutions were prepared by mixing 0.15 g graphene nanoplatelets aggregates
with 30 mL DI water. SDBS with 0.15 g was added to the suspension to enhance graphene
dispersion "® 77, Then, the graphene suspension was treated by ultrasound (3510R-MTH, 330W)
for 30 min. Finally, the PP film was socked in the prepared graphene suspension for 3 h. After air
drying, the PP film was soaked in the graphene suspension again for fabrication of the PP/G

composite.

4.2.3 Materials Fabrication of PP/G/PANI composite

Aniline monomer with 0.4 mL was added into 200 mL 1 M HCI aqueous solution in a beaker (300
mL). A 0.46 g portion of APS was dissolved in precooled 1 M HCl solution (40 mL), and then the
APS-HCI solution was poured into the monomer-HCI suspension. The solution was shaken for
less than 1 min and left at room temperature. Afterward, the PP sample and PP/G hybrid sample
were soaked in the above mixed suspensions, respectively. The in-situ chemical polymerization
was stirred magnetically at 25°C for 60 min. The PP/PANI and PP/G/PANI hybrid films were
washed four times with DI water to remove the excess amount of hydrochloric acid and dried in
an oven at 30 °C for 8 h. The hybrid film was cut into 10 mm*10 mm and doped with silver
painting on both sides to decrease the connect resistance. The fabrication process of PP/G/PANI
composite film is shown in Figure 4-1a.

4.2.4 Gas-Sensing Measurements

The sensor samples were loaded into a closed chamber connected with various gases controlled by
a mass flow controller (MKS1179A, MKS Instruments, Andover, MA, USA), as shown in
Figure4-1b. The target gases were introduced into the test chamber to react with the sensor
platform, and the change of resistance was detected by Kethley 2400 source meter. Before gas
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sensing, the total gas flow was fixed at 80 sccm nitrogen (MFC 1) and 20 sccm oxygen (MFC 2).
When gas sensing, the total gas flow was fixed by combining all the mass flow controllers: MFC
1, MFC 2, and 100 ppm of ammonia (methane, hydrogen sulfide gas) diluted in nitrogen gas (MFC
3). A bubbler generated vapors of volatile organic compounds (acetic acid, acetone, ethanol,
methanol, and benzene). A hygrometer was used to measure the humidity in the test chamber. The
gas humidity was precisely controlled using the programmable MFC where carrier nitrogen gas
passes through a bubbler. All operations were carried out at room temperature (24.5+1°C) under
atmospheric conditions, and the data acquisition was controlled with a customized Labview
program "> 1% The sensor response of the sample was calculated from the normalized resistance
change:

R= (Rg —Ro)/Ro (1)
where Ro and Rg are the initial resistance of the sample in the ambient condition and the resistance

of the sample after exposure to the target gas, respectively.

4.2.5 Sensing of VSC contained in expired breath before and after ingesting raw garlic

The fresh breath of a healthy volunteer was exhaled into a 1 L Tedlar bag sealed tightly around the
mouth as a baseline sample. Afterward, the volunteer was asked to ingest 1.0 g of raw garlic, and
his exhaled breath was collected in a Tedlar bag after 10 minutes for sensor tests. Exhaled gas was
passed through two drying tubes filled with anhydrous calcium sulfate to reduce the interference

of high humidity on sensor results.

4.2.6 Material Characterizations

The morphology and qualitative elemental analysis of the samples were characterized by a
scanning electron microscope (SEM, JEOL JSM-7000F, USA) equipped with an energy dispersive
spectrometer mapping (EDS-mapping) at acceleration voltage of 20 kV. The surface chemistry of
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the testing samples was examined using Fourier-transform infrared spectroscopy (FT-IR, Thermo

Nicolet 6700). The spectra were recorded in the wavenumber range from 2000 to 400 cm™!.

4.3 Results and discussion

4.3.1 Morphology and structure

The morphology of PP, PP/G, PP/PANI, and PP/G/PANI samples were observed by SEM, and the
results are shown in Figure 4-2. The pure PP film displays straight fibers with a smooth surface.
From Figure 4-2b, we can see that the graphene particles are aggregating on the PP fibers. As
shown in Figure 4-2¢, a large amount of flocculent PANI uniformly covered the PP surface. In
Figure 4-2d, it can be found that lots of graphene particles are surrounded by PANI, suggesting
good chemical bonds between graphene and PANI polymer molecules. In addition, the PP/G/PANI
hybrid exhibited a porous network structure, which can effectively improve specific surface area

to promote gas adsorption of target gas molecules, thereby improving the sensing performance '%’.
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Figure 4-2. SEM images of (a) PP film, (b) PP/G film, (c) PP/PANI network, (d) PP/G/PANI
network.

To explore the dispersed state of the surface elements in the PP/G/PANI hybrid, the EDS mapping
characterization was performed, and the results are shown in Figure 4-3. It can be observed that
the PP/G/PANI hybrid contains three different elements. A large amount of carbon and nitrogen
elements were found in the composite film. Besides, a small amount of chlorine was also detected,

which indicated that the chlorine element was doped during the in-situ polymerization process of

PANI ¢,
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Figure 4-3. EDS-mapping of PP/G/PANI hybrid network. (a) Magnetified SEM of Figure 4-2d.
(b, c, d) Distribution of C, N, and CI elements.

To examine the change in surface chemistry, the functional groups of hybrid samples were
confirmed by FTIR as shown in Figure 4-4. All four samples present pronounced polypropylene
peaks. For a pristine PP film, the characteristic peak located at 847 cm™! corresponds to C—CH3
stretching vibration. The bands at 969 cm™' and 1160 cm™!, 1639 cm’!, and 1452 cmare are
attributed to —CH3 rocking vibration, -CH3 symmetric bending vibration, and —CH2 symmetric
bending, respectively 7%, The prominent characteristic peaks of PP/PANI are described below:
absorption peak at 1537 cm™!' (C=C stretch of the quinoid ring), 1453 ¢cm™' (benzenoid ring),

demonstrating the emeraldine form as an oxidation state of PANI. The peak was at 1300 cm™!
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(C—N stretch of the secondary amine), and 1163 cm™! (in-plane bending of C-H). For PP/G/PANI
composite film, the main absorption peaks centered at 1301 cm !, 1460 cm ! and 1540 cm™! can
be ascribed to the C—N stretch of the secondary amine, the benzenoid ring, and the C=C stretching
vibration of the quinoid ring, respectively. These characteristic peaks prove that the PP/G/PANI

hybrid has been successfully prepared.
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Figure 4-4. FTIR spectra of the PP, PP/G, PP/PANI, PP/G /PANI hybrids.

4.3.2 Gas sensing performance of flexible composite films
The sensing performance of the flexible gas sensors based on PP/G, PP/PANI, and PP/G/PANI
hybrid sensors were measured at room temperature. Figure 4-5a presents the dynamic response-

recovery curves of the PP/G, PP/PANI, and PP/G/PANI hybrid sensors towards various NH3
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concentrations ranging from 100 ppb to 75 ppm at room temperature. There was almost no sensing
response for the PP/G film due to no reaction between graphene and NHs molecules. When the
PP/PANI and PP/G/PANI hybrid sensors showed the noticeable response at a higher concentration
than 1 ppm. However, the PP/G/PANI hybrid sensors showed obvious response at low
concentration of ppb range. The PP/G/PANI hybrid sensor exhibited higher response values than
the PP/PANI sensor at all concentrations (for example, the response of the PP/G/PANI hybrid
sensor is 250% towards 50 ppm NH3, which is four times higher than that of the PP/PANI sensor).
These results imply that combining PANI with graphene was an effective strategy to improve the
sensor response. The response-concentration fitting curves of the PP/G/PANI hybrid sensor as
depicted in Figure 4-5b. The sensor exhibited outstanding linearity from 100 ppb to 75 ppm.
Selectivity is a critical parameter for evaluating gas sensor performance for practical
applications. Therefore, the selectivity of the PP/G/PANI hybrid sensor was characterized by
comparing the response to various gases, including NHs, H2S, acetic acid, acetone, ethanol,
methanol, benzene, and methane. It was evident from Figure 4-5c¢ that the PP/G/PANI hybrid
sensor exhibited strong specific adsorption of NH3s. The response value for NH3 gas was at least
30 times higher than other detection gases, demonstrating excellent selectivity of the as-fabricated
PP/G/PANI hybrid sensor. Furthermore, Figure 4-5d indicated the sensor possessed excellent
repeatability. (The original dynamic resistance changes of flexible PP/G/PANI composite towards
50 ppm NH3 and HzS at room temperature were shown same tendency). Meanwhile, the response
and recovery times of the PP/G/PANI hybrid sensor towards NH3 and H2S were calculated to be

114 s/ 138 sand 23 s / 22 s, respectively.
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Figure 4-5. (a) Dynamic response of flexible PP/G, PP/PANI, and PP/G/PANI hybrid sensor (inset
shows 100 ppb NH3 response curve in detail). (b) Sensor response as a function of NH3 gas
concentration. (c) Selectivity of flexible PP/G/PANI sensor towards 50 ppm NH3, H2S and other
organic gases. (d) The sensing reproducibility test for PP/G/PANI composite towards 50 ppm NH3
and H2S at room temperature, the humidity in the test chamber is 18%-23%.

To further investigate the gas sensing performance of the PP/G/PANI hybrid sensor, we studied
the effect of different temperatures, humidity, and degree of bending angles on the sensor response.
Figure 4-6a shows the response plots as a function of time for PP/G/PANI hybrid sensing at 15°C,
room temperature, and 35°C towards 50 ppm NH3 gas. With the increase of temperature, the sensor
response presented a stepwise increase trend due to the promoted NH3 gas adsorption at a higher
temperature 3. The effect of relative humidity on NHs sensing performance of the PP/G/PANI
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hybrid sensor was further investigated, and the results are shown in Figure 4-6b. The response
increased with increasing relative humidity in the range of 20-60%. The result may be related to
the further protonation of PANI through absorbed water or the generation of H3O" !,

As shown in Figure 4-6c¢, the flexibility properties of the PP/G/PANI hybrid sensor were evaluated
at 50 ppm NH3 at room temperature. The results showed that the response value of the sensor
showed negligible change in different bending states, which proves the excellent flexibility of the
hybrid sensor. Furthermore, long-term stability is an important index to assess the reliability of gas
sensors. Figure 4-6d showed the sensor response value was still close to 250% even after 30 days,
indicating high stability of the PP/G/PANI hybrid sensor.

Finally, the sensing performances of the PP/G-PANI hybrid film sensor and the other flexible
ammonia gas sensors reported previously were compared, as shown in Table 4-1. It was obvious
that the PP/G/PANI hybrid sensor possesses a good response value, short recovery time, and low

detectable concentration towards NH3 gas.
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Figure 4-6. (a)The response of PP/G/PANI sensor at different temperatures towards 50 ppm NH3,
RT is room temperature. (b) The response of the PP/G/PANI sensor at different humidifies towards
50 ppm NH3s at room temperature. (c) The effect of bending state on PP/G/PANI sensor. (Inset
shows the response curves of the composite sensor at different bending angles ranging from 0-
150°.) (d) Long-term stability of the PP/G/PANI sensor at room temperature.
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Table 4-1. Comparison of ammonia gas sensing performance for the PANI-based flexible gas
sensors fabricated reported in previous literatures with the present work results.

Ref  Response  Respons Recover Detection Sensing RT Flexib
Value e y Range Material le
Time Time
12 386% 213s 98s 25-200 PET/PANI yes yes
(25 ppm) ppm
113 20% >60s / 1-8 ppb  Fabrics/ PANI  yes yes
(4 ppb)
114 31.8% 145s 302s 0.05-100 PET/GO- yes yes
(50 ppb) ppm PANIHs
115 92% 9s 30s 0.2-100 Fabric/CNT/P no yes
(100 ppm) ppm ANI
88 60% 46s 198s 0.1-5 ppm PVDF/GP- yes yes
(1 ppm) PANI
116 101% 75s 1050s 0.1-5ppm  PVDF/PANI yes yes
(5 ppm)
250% 114s 23s 0.1-75
This (50 ppm ppm
work NH3) PP/G/PANI yes yes
10-50 ppm
28% 138s 22s
(50 ppm
H2S)

4.3.3 Sensing mechanism of the PP/G/PANI hybrid sensor

The sensing mechanism of PANI is reflected in the change of sensor resistance in the ammonia
atmosphere, which is related to the protonation/deprotonation process. When the protonated
polyaniline was exposed to NH3 gas circumstance, the NH3 molecules took away the protons in

the acidified polyaniline, resulting in the reduction of PANI from the conductive emeraldine salt
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state (PANI-ES) reduced to non-conductive intrinsic emeraldine base state (PANI-EB), its
electrical conductivity was significantly reduced, and the resistance increased. Conversely, the

reaction process was reversed when the sensor was exposed to the air atmosphere. The emeraldine

base state was converted into the emeraldine salt state, leading to a decrease in resistance 3% !4,
The reaction process is as follows:
PANI-NH (ES) + NH3 «> PANI (EB) + NH4" (2)

The sensing mechanism of the PP/G/PANI hybrid film is depicted in Figure 4-7. The enhanced
sensing performance of the PP/G/PANI sensor should be attributed to the following three
synergistic effects: the reversible acid-base doping/de-doping process of PANI, the sensing
enhancement effect of the efficient conducting paths formed by the G/PANI interconnected-
network structure, and the hierarchical porous microstructure of the PP substrate. When PANI
covers the graphene surface evenly, the graphene layer on the peripheral wall of the PANI may
lead to the formation of covalent bonds at defect sites and increase the conductivity of the
composite upon exposure to ammonia molecules **. In addition, the G/PP network structure can
form efficient conducting sensing paths and enhance charge transfer efficiency !'¢. Furthermore,
the hierarchical porous microstructure of the PP/G/PANI hybrid provides more space and
vacancies. Therefore, the relevantly large contact area may be able to provide sufficient NH3 gas
diffusion pathways and abundant active adsorption sites, which improves the sensing performance

of the PP/G/PANI sensor 8.
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PP/G/PANI network

Figure 4-7. The proposed gas sensing mechanism of the PP/G/PANI hybrid sensor.

4.3.4 Volatile sulfur compounds contained in the exhaled breath monitoring

To confirm that the fabricated hybrid sensor can be used for practical detection of VSCs contained
in exhaled breath, we investigated the sensing response of the PP/G/PANI hybrid sensor to the
exhaled breath of healthy volunteers before and after ingestion of raw garlic. Studies have shown
that garlic breath contains a variety of sulfur-containing gases, such as methyl mercaptan, dimethyl
sulfide, allyl mercaptan, allyl methyl sulfide, dimethyl disulfide, etc. **. Therefore, garlic breath is
a good sample for evaluating the sensing ability of exhaled VSCs and can be used as a detection
target. The sensing results are shown in Figure 4-8. (The original resistance changes of flexible
PP/G/PANI sensor towards VSCs in exhaled breath, pure H2S, and NH3 are shown same tendency).

When the PP/G/PANI hybrid sensor detects fresh breath at room temperature, the response value
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is only lower than 2%, which is due to the fresh breath of a healthy volunteer maintaining a tiny
amount of sulfur-containing gas. Notably, when detecting garlic breath of the healthy volunteer,
the response value can be reached 10%, which is close to pure H2S (10 ppm) and one-seventh of
the response of NH3 (10 ppm). It should be noted that the response and recovery time of detecting
garlic breathing is only about 20 seconds. These results prove that the PP/G/PANI hybrid sensor
can effectively detect VSCs in exhaled garlic gas, suggesting the potential application in breath

monitoring and kidney disease diagnosis.
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Figure 4-8. Photograph of flexible PP/G/PANI sensor for VSCs in exhaled breath, pure H2S and
NHj3 gas detection.

4.4 Conclusion

In this work, flexible PP/G/PANI hybrid gas sensors were fabricated using the waste disposable
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mask as the flexible substrate. It is observed that the flexible hybrid gas sensor exhibits ppb-level
detection limit, high response (378% towards 75 ppm NH3), remarkable response time, and
recovery time. The flexible PP/G/PANI hybrid gas sensor presents good repeatability, long-term
stability, and selectivity towards ammonia gas compared with H2S gas and other organic gases.
Moreover, the degree of bending angles has no apparent effect on the sensing results, which
strongly proves the excellent flexibility of the hybrid sensor. The enhancing sensing performance
of the hybrid sensor should be ascribed to the synergistic effects of the G/PANI interconnected-
network structure and the porous microstructure of the PP substrate. In addition, the PP/G/PANI
sensor can be used to detect VSCs contained in exhaled breath at room temperature, demonstrating

the potential application of the hybrid sensor for kidney disease diagnosis.
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Chapter 5 Conductive Ti;C>T+/PANI-PP composite sensor for CO; gas and

human respiratory rate detection

5.1 Introduction

Human respiration analysis is a rapid, painless, inexpensive, and non-invasive method for
maintaining health and diagnosing early illnesses 4> 1'7-11%_ It has been widely used for keeping
track of heart failure, lung cancer, asthma, and respiratory abnormalities. Such breath analysis is
essential for reducing respiratory diseases and preventing sudden death 26 !2°, There have been
publications in recent years on the monitoring and detection of COVID-19 in human breath 2% 121,
Human exhaled breath includes over 500 different compounds, such as oxygen, carbon dioxide,
nitrogen, water vapor, volatile organic components, and so forth 12> 2>, The concentration and
composition of these compounds carry a wealth of biochemical and physiological information,
making them potential biomarkers for disease and metabolic process assessment '8 21 34 124,
Among them, COz as one of the greenhouse gases, has been of great interest in monitoring air
quality in enclosed crowded spaces and respiratory diseases. The American Society of Heating,
Refrigerating, and Air-Conditioning Engineers (ASHRAE) recommends that the CO:
concentrations in indoor spaces should not exceed 1000 ppm, while outdoor spaces should not
exceed 350-800 ppm 2. Concentrations over 1000 ppm may cause headaches, nasal or respiratory
inflammation, and fatigue '*. Additionally, recent research has shown that SARS-CoV-2/COVID-
19 can be transmitted through aerosols, making indoor transmission easier than outdoor
transmission 27> 128, The risk of infection is increased by excess CO2 indoors, which is primarily
caused by human exhalation. But the specific level of CO:z associated with COVID-19 infection
risk is largely unknown due to insufficient data on measured CO> conditions '?® 2. A variety of

measuring techniques have been used for CO: detection, including optical spectroscopy '*, gas
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) 93, 131 132

chromatography (GC , surface and bulk acoustic waves °~, and nondispersive infrared
(NDIR) spectroscopy > 133. However, these methods have limitations on bulky size, high price,
complex processing, external power supply, etc. Therefore, the development of low-cost, portable,
and wearable devices for the detection of COz is essential for environmental and human health

state assessment.

For the past few decades, metal oxide semiconductors (MOSs) and ceramic materials such as
AL0O3, CdO, ZnO, TiO2, SnO2, NiO, and BaTiOs have been utilized in the development of CO2
sensors using chemi-resistive sensing technology '**13¢. Kanaparthi et al. 7 fabricated a resistive
gas sensor based on ZnO nanoflakes to detect CO2 gas, exhibiting highly sensitive, reversible, and
ultrafast detection with excellent sensitivity (0.1125) and a fast response time (less than 20 s) at
250°C. Joshi et al. '*® synthesized an Ag@CuO/BaTiO3 composite by a simple hydrothermal
method. It was demonstrated that the obtained composite CO2 sensor exhibited exceptional
stability and sensitivity, high repeatability and accuracy, and a rapid recovery time at 120 °C.
However, these MOSs and ceramic materials suffer from drawbacks, such as their rigid and brittle

nature, high operating temperature, and large energy consumption '3 394,

Conducting polymers (CPs), such as polyaniline (PANI) and poly(3,4ethylenedioxythiophene)
(PEDOT), have been investigated as flexible and room temperature CO:2 sensing materials due to
their desirable mechanical and electrical properties, unique protonation and deprotonation
processes, and facile synthesis process * %% 7% 139 Nevertheless, pure CP presents disadvantages,
such as sluggish response time, prolonged recovery time, and limited stability '“°. Therefore, CP-
based composites have been explored to improve sensing characteristics. Barde et al. '*! developed
a CO2 sensor based on PANI/NaO2 composite films using an ex-situ technique, and the composite

sensor exhibited a rapid response time and a higher response value (60%) when compared to the
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pure PANI (38%) sensor. Sonker et al. '“> prepared a CO: sensor based on PANI-TiO>
nanocomposite film via a spin coating technique, which showed a response and response/recovery
time of 53% and 6.2/5.7 min to 1000 ppm CO2 at 30°C, respectively. The sensing response was

20 times higher than pristine TiO2 and 7 times higher than pristine PANI.

Two-dimensional (2D) materials, such as graphene '** %, black phosphorus 4, and MoS: 46
147 have shown excellent performance as gas sensors due to their high specific surface area,
versatile surface chemistry, low electronic noise, and good stability at room temperature. Although
the practical application of these 2D material-based gas sensors can be limited by long recovery
time and interference from humidity conditions, the unique 2D materials can diversify the
synthesized structure via a composite form and enhance their sensing properties '+ ', MXenes
are a new family of 2D materials composed of transition metal carbides and nitrides. They have
been extensively studied in the sensor field due to their high sensitivity to acetone, ammonia,
methane, and ethanol, thanks to their metallic conductivity, favorable hydrophilicity, and abundant
surface functional groups ** 4% 148149 ‘Moreover, MXenes were used for CO: selective reduction
or adsorption through its spontaneous crossing of transition states '°% 13!, Therefore, MXenes can
be excellent candidates for CO2 sensing material. Combing MXene with PANI can provide a
flexible and wearable sensing device for high-performance CO2 detection and human respiratory

monitoring.

Herein, we demonstrate TisC2Tx/PANI-PP composite sensor to present rapid response and
recovery time, reliable long-term stability, ppm-level detection limit, admirable selectivity and
sensitivity towards COz. Besides, we report wearability study by investigating the effect of
humidity, temperature, different bending and folding states on the sensing properties. Finally, the

fabricated wearable wireless Bluetooth sensing devices demonstrate the capability of detecting
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human respiratory rate, indicating the potential application of this Ti3C2Tx/PANI-PP composite for

developing a breath sensing system for early respiration disease diagnosis.
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Figure 5-1. (a) The schematic of preparation of the delaminated Ti3C2Tx and Ti3C2Tx/PANI-PP
composite. (b) Schematic diagram of the CO2 sensing system.
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5.2 Experimental section

5.2.1 Materials

Disposable masks were purchased from Guangzhou Montana West Industrial Company
(Guangzhou, Guangdong Province, China). The filter layer (denoted as PP) of the mask was used
as the flexible substrate in this study. Ammonium persulphate (APS, 98% purity), aniline
monomer, hydrochloric acid (36.5-38%, ACS grade, BDH), copper sheet and sliver paint (127185-
15G) were purchased from VWR. Titanium powder (325 mesh, 99.5%), aluminum powder (325
mesh, 99.5%), titanium carbide powder (99.5%, Alfa Aesar), and lithium fluoride (325 mesh,
98.5%) were purchased from Alfa Aesar.

5.2.2 Synthesis of the Ti3AlC2 MAX Phase

Ti3AlC2 was synthesized by mixing TiC powder, titanium powder, and aluminum powder, in a
molar ratio of 2:1:1. The above mixture was ball milled with zirconia balls for 18 h and heated in
a furnace at 1400 °C for 4 h at a heating rate of 5°C/min. The resulting mixture was milled to 400

mesh and the Ti3AlC2 Max Phase was obtained.

5.2.3 Synthesis of Ti3C2Tx MXene Solution

Delaminated Ti3C2Tx was prepared in a mixed acid environment, as reported in literature [61].
Briefly, 1 g of Ti3AIC2 was slowly added to a 20 mL mixture of HF (49 wt%), HCI1 (12 M), and
deionized water (DI) water with a molar ratio of 1:6:3. The mixture was stirred using a Teflon-
coated magnetic stirring bar at 35°C for 24 h. After etching, the multilayer Ti3C2Tx was washed
with DI water and centrifugated at 3500 rpm for 5 min until the pH of the supernatant was close
to 6. The sediment was then mixed with a 50 mL solution containing 1 g of LiCl and stirred for 18

h at room temperature. Finally, the solution was centrifuged at 3500 rpm until a dark supernatant
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remained, indicating complete delamination of Ti3C2Tx in water. The obtained Ti3C2Tx solution
was stored in a refrigerator for further use.

5.2.4 Fabrication of Ti3sC2Tx-PP Composite

PP was utilized as the flexible substrate for composite sensors. The PP film was soaked in ethanol
solution and then in DI water to remove contaminants. Afterward, the PP film was spray-coated
using the Ti3C2Tx MXene solution on both sides. After air drying, the Ti3C2Tx-PP composite was
obtained.

5.2.5 Fabrication of TisC2Tx/PANI-PP Composite

Aniline (0.8 mL) was dissolved in 200 mL of 1 M HCI solution (solution A) and stirred for 10
min. 0.92 g of APS was dissolved in precooled 40 mL of 1 M HCI solution (solution B). The in-
situ polymerization of aniline was initiated by slowly adding solution B to solution A. The PP
sample and Ti3C2Tx-PP composite sample were soaked in the above-mixed solutions, respectively,
and then stirred magnetically at 30°C for 60 min. The obtained PANI-PP and Ti3C>Tx/PANI-PP
composite samples were washed several times with DI water to remove the extra hydrochloric acid
and dried at room temperature overnight. The composite samples were cut into 15 mm % 10 mm
pieces and a small amount of silver paint was coated on both sides of the samples to reduce the
connection resistance. The weight percentage of each material in the composite samples was
determined to measure the ratio of PP, Ti3C2Tx, and PANI. The synthesis process of the flexible
Ti3C2Tx/PANI-PP composite is illustrated in Figure 5-1a.

5.2.6 Gas-Sensing Measurements

The Ti3C2Tx/PANI-PP sensor was placed in a closed test chamber connected with target gases that
were precisely controlled by a separate mass flow controller (MFC), as illustrated in Figure 5-1b.

The change of electrical resistance of the sensor samples was monitored using a Kethley 2400
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source meter. Various concentrations of CO2 gas were generated by manipulating the ratio of gases
introduced into the test chamber. This was done by mixing synthetic air, comprised of 80 sccm N2
and 20 sccm Oz, with a predetermined amount of CO2 gas. During the gas introduction for the
sensing process, the resistance value of the gas sensor was continuously monitored until it reached
a steady state and remained consistent over a specific duration. Once a stable resistance was
obtained, the carbon dioxide control valve was closed. To expedite the removal of the target gas,
the chamber was purged and refilled with air. Throughout the entire sensing process, the sensor's
position was held constant while ensuring stable air pressure, humidity, and temperature. Different
humidity conditions were achieved using a programmable MFC, where carrier N2 passed through
a bubbler. All the sensing experiments were carried out at room temperature (24.0+1°C), fitting of
the impedance data was performed using a customized Labview program. The gas sensing
response value can be calculated following the equation below:

Response (%) = AR/Ro x 100% (1)

where Ro and AR are the original resistance of the sensor in air and the change of resistance after

exposure to the target gas compared with in air, respectively.

5.2.7 Human Respiration Rate Real-time Monitoring

The Ti13C2Tx/PANI-PP composite sensor was pasted on the filter layer of the disposable mask. One
end of the wireless sensing module was connected to the Ti3C2Tx/PANI-PP sample, and the other
end was connected to a 5V power supply. The sensor system transmitted all electrical signals via
Bluetooth, and the data analysis was done through the WeChat applet "Wireless Bluetooth Sensor".
To mitigate the effect of extreme humidity on sensing signals, a layer of non-woven fabric filter

film was wrapped around the sample.
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5.2.8 Materials Characterization

The morphology and qualitative elemental analysis of the PP, TizC:Tx-PP, PANI-PP, and
Ti3C2Tx/PANI-PP samples were characterized using a JEOL JSM-7000F scanning electron
microscope (SEM) equipped with energy-dispersive spectrometer mapping, operating at an
acceleration voltage of 20 kV. Further surface chemistry analysis of the sensing materials was
performed by Fourier Transform Infrared Spectroscopy (FT-IR) on a Thermo Nicolet 6700. The
instrument was set to record spectra in the wavenumber range from 2000 to 400 cm ™! at a resolution
of 4 cm™!. Nitrogen (N2) adsorption-desorption isotherms were applied to determine the Brunner-
Emmett-Teller (BET) surface area. Surface topography of the Ti3C2Tx was evaluated using Atomic
Force Microscopy (AFM) in non-contact mode on a Park Instruments NX10 AFM. X-ray
photoelectron spectroscopy (XPS) analysis was performed using a K-alpha instrument from
Thermo Scientific Inc., U.K, equipped with a 180° double focusing hemispherical analyzer and a
128-channel detector, was operated under a vacuum of 4.8 x 10~ mbar. The analysis involved
exposure to monochromatic Al X-rays with a step size of 1 eV, concentrated on a sampling area
of 400 um in diameter. For the interpretation of the core-level spectra, a specific software package
‘AVANTAGE’ was utilized. The Shirley function was applied for background removal prior to
quantification. The materials structure was explored with a Bruker X-ray diffractometer (XRD),

using LYNXEYE technology, operating at 40 kV and 40 mA with Cu Ka radiation.

5.3 Results and discussion

5.3.1 Morphology and structure
The morphology of the synthesized TizC2Tx-PP, PANI-PP, and TisC2Tx/PANI-PP samples was
observed by SEM, and the results are shown in Figure 5-2. In Figure 5-2a, the PP sample shows

the cylindrical fiber structure with a smooth surface. As shown in Figure 5-2b, the PP substrate
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surface is covered by flocculent PANI particles. Figure 5-2¢ shows that the Ti3C2Tx nanoflakes
are wrapped around the PP substrate. The AFM analysis further confirmed the single-layer or few-
layer structure of the synthesized Ti3C2Tx with the thickness of 2.13 or 2.18 nm. It can be clearly
seen that these Ti3C2Tx nanoflakes are mixed with the PANI particles randomly in Figure 5-2d.
Moreover, to study the dispersed state of different surface elements in the Ti3C.Tx/PANI-PP
sample, EDS mapping analysis was further performed (Figure 5-3b—i). The element weight and
atomic percentage are summarized in Figure 5-3i. F, Cl, C, O, N, and Ti elements were distributed

uniformly in the whole Ti3C2Tx/PANI-PP composite. The uniform dispersion of these elements
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will be beneficial for promoting the gas adsorption performance

Figure 5-2. SEM images of (a) PP, (b) PANI-PP (80:20), (c) TizCoTx-PP (80:20), (d)
Ti3C2Tx/PANI-PP (40:40:20) network.
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Figure 5-3. (a) Magnetified SEM image, (b—h) EDS elemental mapping (F, Cl, C, O, N, and Ti
elements) of Ti3C.Tx/PANI-PP (40:40:20). (i) The element weight percentage and atomic
percentage of Ti3C2Tx/PANI-PP.

The N2 adsorption/desorption isotherms of Ti3CoTx-PP and TisC2Tx/PANI-PP composites are
shown in Figure S2a-2b. The observed adsorption/desorption isotherms for these samples were
close to parallel, and likely demonstrated uniform pore estimation. As shown in Figure S2c, the
surface areas of pristine PP, TizCoTx-PP, PANI-PP, and Ti3C.Tx/PANI-PP composite were
calculated to be 70.641, 79.233, 86.356, 102.892 m?*/g, respectively. When PANI is combined with
Ti3C2Tx, the abundant surface functional groups and oxygen atoms of TizC2Tx provide numerous
sites for interaction with PANI. These interactions may include hydrogen bonding, ionic bonding,
n-n stacking, and others, potentially leading to the formation of a more complex structure in the

PANI/Ti3C2Tx composite, thereby increasing the surface contact area. Notably, the porous
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Ti3C2Tx/PANI-PP composite shows a much larger surface area than other samples, which might
be helpful to enhance gas sensing performance.

To investigate the surface chemistry, different functional groups of the fabricated films were
measured by FTIR, as shown in Figure S3a. The absorption peaks of polypropylene can be
observed at 843 cm™!, 1002 cm™!, 1385 cm!, and 1456 cm, which correspond to C—CH3
stretching, —CH3 rocking vibration, —CH3s symmetric bending, and —CH2 symmetric bending
vibration, respectively %, Compared with PP, new peaks appeared in the spectrum of the PANI-
PP sample, the absorption peaks at 1300 cm ™' and 1165 cm™! are attributed to C—N stretch of the
secondary amine and C-H in-plane bending, respectively ® ®°. Additionally, the Ti3C2Tx-PP
displayed new characteristic bands at 1079 cm™!, 1227 cm™!, 1364 cm™!, and 1644 cm’! are
ascribed to C—F vibration, oxygen vibration, O-H vibration, and C=0 bonding, respectively - ¢
the O—H functional groups may have good reactivity with target gas to improve the sensing
performance. It should be noticed that the main absorption peaks (e.g., 995 cm™', 1163 cm ™, 1223
cm!, 1381 cm™!, 1452 cm™!, 1642 cm™) of TisC2T«/PANI-PP slightly shift towards lower
wavenumber compared with Ti3C2Tx-PP and PANI-PP, this may be due to the weak interaction
(e.g., Van der Waals forces ) between PANI and the functional groups of Ti3C2Tx %°. The XRD
patterns for the Ti3AlC2 MAX phase and TisCaTx film are depicted in Figure S3b. After the
complete Al removal from MAX phase and successful Ti3CoTx delamination, all Ti3AIC: MAX
phase-related peaks vanished post-etching, excluding the peak for the (002) plane. This (002) peak
shifted to lower angles, revealing an expansion in the d-spacing and c-lattice parameter (c-LP) of
the formed Ti3C2Tx compared to the initial TisAlC2 MAX phase, corroborating previously report

findings 7°.
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XPS analysis was further carried out to determine the types and relative abundance of functional
groups in the fabricated Ti3C2Tx/PANI-PP composite. As shown in Figure 5-4a, the survey spectra
confirmed the successful synthesis of TisC2Tx/PANI-PP composites. The N 1s spectrum of PANI-
PP (Figure 5-4b) displays distinct peaks at 399.1, 399.9, 400.8, and 402.2 eV that are attributed
to =N, -NH—, =NH"—, and -NH2"—, respectively °>’!. The N 1s spectrum of the Ti3C2Tx/PANI-PP
composite (Figure 5-4¢) exhibits lower content of =N— and higher content of N* (-NH'- and —
NH2"-) when compared to the PANI-PP sample. The increased N™ amount indicates enhanced
protonation of PANI in the Ti3C2Tx/PANI-PP composite by the introduction of delaminated
TisC2Tx during PANI polymerization > 72, The C 1s spectrum (Figure 5-4d) shows binding
energies concentrated around 282.8, 283.7, 284.7, 286.1, and 287.4 eV, corresponding to C-Ti,
C=C, C-C, C=N, and C=N", respectively "> 7*. The O 1s spectrum (Figure 5-4e) displays peaks
at 529.5, 530.6, and 532.6 eV that correspond to O-Ti, OH-Ti, and N-O-Ti, respectively,
indicating the presence of oxygen, hydroxyl groups, and possible TiOx species due to the partial
oxidation of TisC2Tx "* 7. Figure 5-4f exhibits the Ti 2p core level fitted with Ti 2p12, and Ti 2p32
peaks at 455.2, 456.4, and 457.7 eV, which are assigned to Ti-C (Ti"), Ti*"/Ti**, and Ti-O (Ti*"),
respectively, suggesting that the Ti3C2Tx MXene was slightly oxidized during the transfer process
7677 The F 1s spectrum of the composite depicted peaks at 683.1 and 684.4 eV, corresponding to

Ti—F and C-F, respectively.
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5.3.2 Gas-sensing properties

The sensing properties of the flexible composite sensors based on Ti3C.Tx-PP, PANI-PP and
Ti3C2Tx/PANI-PP films were investigated at room temperature. Figure 5-5a depicts the dynamic
response changes toward CO2 (25-500 ppm) at 24°C. With the increase in COz concentration, the
response of all these three sensors increased. In particular, the response of the Ti3C2Tx/PANI-PP
sensor is 15.2% towards 500 ppm CO2, which is 2.35 times higher than the PANI-PP sensor and
6.52 times higher than the Ti3C2Tx-PP sensor. The original baseline resistance of sensors changes
over time is shown in Figure S5a. After combining PANI with Ti3C2Tx, the initial resistance of the
Ti3C2Tx/PANI-PP was reduced from 82030 € to 30410 Q. These results indicate the hybridization
of PANI with MXene was an effective way to modulate electrical resistance. Besides, the
Ti3C2Tx/PANI-PP composite sensor has the lowest detection limit (25 ppm) compared to the
Ti3C2Tx-PP sensor and PANI-PP sensor. The relationship between CO2 gas concentrations and
response at room temperature is shown in Figure 5-5b, and the results indicate that all the Ti3C2Tx-
PP, PANI-PP and Ti3C2Tx/PANI-PP composite sensors exhibit outstanding linearity. Further tests
were carried out to evaluate the reproducibility of the Ti3C2Tx/PANI-PP composite sensor in
response to COz concentrations of 500 and 200 ppm, with the results presented in Figure 5-5¢, 5d.
For instance, Figure 5-5¢ illustrates the consistent response and recovery behavior throughout five
testing cycles of the sensor when exposed to 500 ppm of CO». This consistent dynamic variation
in the transient resistance of the TizCoTx/PANI-PP composite sensor suggests its good
reproducibility. The response/recovery time of the Ti3CoTx/PANI-PP composite sensor towards

500 ppm CO2 was 115/26 s.
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Figure 5-5. (a) The dynamic response-recovery curves of flexible sensors based on TizC2Tx-PP,
PANI-PP, and TisCoTx/PANI-PP composites. (b) Response-concentration fitting curves of flexible
sensors based on Ti3C2Tx-PP, PANI-PP, and Ti3C2Tx/PANI-PP composites toward 25-500 ppm
CO2 at room temperature. (¢) Reproducibility cycles test for the TisC2Tx/PANI-PP composite

sensor towards 500 ppm COz. (d) Reproducibility cycles test for the TisCoTx/PANI-PP composite
sensor towards 200 ppm COz, the RH in the test chamber is 11%—-19%.

To investigate the sensing performance at high concentration conditions, the response and
resistance changes of the Ti3C2Tx/PANI-PP sensor under 500—1500 ppm CO2 were investigated as
shown in Figure 5-6a. The sensor response and the actual resistance values presented a stepwise
increase trend with increasing concentration, and the response can be achieved 22.48% under 1500
ppm COz2 circumstance. The selectivity of the TizsC2Tx/PANI-PP sensor was characterized by
comparing the response to interference volatile organic compounds (VOCs), such as benzene,

acetone, acetic acid, methanol, ethylene glycol, and methane. Interestingly, among various VOCs,
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methane, as a greenhouse gas, shows a better sensing response than the others. (The initial
resistance of Ti3C2Tx/PANI-PP composite changes towards 200 ppm CH4 as shown in Figure 5-
S5c). It was evident from Figure 5-6b that the response to CO2 gas was 2 to 5 times higher than
other organic gases, implying the excellent selectivity of the as-prepared Ti3CoTx/PANI-PP sensor.
This could be attributed to the fact that PANI, as the primary sensing material, exhibits superior
reactivity with CO2 as compared to VOCs such as CéHs and CH4. When COz interacts with the
PANI, it leads to the swelling and distortion of the polymer chain, resulting in significant resistance
changes. Furthermore, Ti3C2Tx is noted for its excellent metallic properties that enhance charge
transport. The presence of abundant defects and functional groups, such as —O and —OH, on its
surface may increase the density of effective active sites, facilitating reactions with CO2 gas °.
Comparatively, the Ti3C2Tx/PANI-PP composite sensor demonstrates superior selectivity to CO2
compared to its Ti3C2Tx-PP and PANI-PP counterparts. This could be due to the formation of
heterojunctions between Ti3C2Tx and PANI, which improve the sensor's response to the target gas.
In addition, the effect of temperature on the CO2 gas sensing performance was explored. As shown
in Figure 5-6¢, a slight increase in resistance was observed with the rise of temperature toward
COz2 gas. This result might be attributed to the promoted gas adsorption at a relatively higher
temperature. Similarly, an increasing resistance was observed when the sensor was tested in the

air (Figure 5-6d).
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Figure 5-6. (a) The response-recovery of the Ti3C2Tx/PANI-PP sensor towards 500—1500 ppm
COa. (b)The selectivity of the TisC2Tx/PANI-PP composite sensor to 200 ppm COz and other
various testing gases. (c, d) the temperature effect on the resistance changes of the Ti3C2Tx/PANI-
PP sensor in 500 ppm target gas (c) and in the air (d).

To investigate the flexibility of the TisC2Tx/PANI-PP sensor, we conducted tests on the impact of
folding and bending on its sensing properties. As shown in Figure S5b, there is no discernible
change in response after folding the samples 10-30 times. The effect of bending states on the
Ti3C2Tx/PANI-PP sensor was further examined, and the results were summarized in Figure 5-7a.
There was only a slight difference observed among various bending degrees (0—120°), indicating
the excellent flexibility of the TisC2Tx/PANI-PP sensor. Additionally, the long-term stability of

the sensor was demonstrated in Figure 5-7b, where the response of the Ti3C2Tx/PANI-PP sensor
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dropped from 15.2% to 14.2% after nine days, suggesting reliable stability. The slight decrease in
response could be attributed to the partial oxidation of the Ti3C2Tx MXene.

The influence of humidity on the Ti3C2Tx/PANI-PP sensor was further examined with and without
CO2 gas, as illustrated in Figure 5-7¢, 7d, under an ambient environment (without target gas), the
sensing response (negative value) of the Ti3C2Tx/PANI-PP sensor increased from 1.89% to 31.6%
as the humidity increased from 12% to 90%. It is reported that the resistance of a sensor decreases
as humidity increases due to the protonation of PANI by the additional hydrogen ions in the
absorbed water '® 7. Besides, under CO2 circumstance with the RH below 20%, an increase in
humidity led to a continuous drop in the response curves. Interestingly, the response values
exhibited an intriguing shift from positive numbers to negative as the humidity level increased
from 50% to 70% RH in the presence of 1000 ppm COz. A similar shift was observed at different
CO2 concentrations, but lower CO2 concentrations showed the shifting of resistance response at
lower humidity levels (i.e.,200 ppm COz presented the shift of response from 20% to 30%), as
shown in Figure S6b. From the investigation of sensing response at different CO2 and RH
conditions, CO2 concentration plays an important role in the generation of positive signals or
increased resistance of the composite materials. This phenomenon may be due to the reaction
between charged sites, such as H-bond accepting/donating sites - % (e.g., -NH2", -NH—, =NH")
and water molecules, the reaction between CO2 and water molecules at varying humidity levels.
When sensing 1000 ppm CO: at relatively low humidity levels (12%-50%), water molecules react
with -NH>" and COz to generate H', which protonates PANI and reduces resistance. However, the
high concentration of CO: is the primary factor causing distortion of the PANI chain and its
absorption by MXene, leading to an increase in resistance. Therefore, the response remains

positive even though resistance decreases with increasing humidity. Nevertheless, at very high
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humidity levels (70%-90%), an excess of water molecules reacts with —~NH>" and COz, generating
a large number of H' ions that highly protonate PANI, leading to a significant reduction in
resistance and a negative response value. The relevant chemical reactions are shown in the

following Equations:

NH>" + H20 — NH + H;0" (2)
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Figure 5-7. (a) The response of the TisC2Tx/PANI-PP sensor at different bending angles, (Inset is
real-time response changes of the composite sensor towards 500 ppm CO: at 0, 30, 60, 90, 120
bending angles). (b) Stability of the Ti3C2Tx/PANI-PP sensor towards 500 ppm CO2 at room
temperature. (c) The response of the TisC2Tx/PANI-PP sensor under 12-90% RH conditions at
room temperature (without target CO2). (d) The response curves of the Ti3C2Tx/PANI-PP sensor
under 12-90% RH conditions towards 1000 ppm CO: at room temperature.
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Furthermore, the CO2 gas sensing properties of PANI-based or Ti3C2Tx-based sensors in current
work with previous studies were compared, as shown in Table 5-1. It is obvious that the
Ti3C2Tx/PANI-PP sensor presents a good response value and short recovery time towards COz gas,
which are comparable and even better than previously reported results. The limit of detection
(LoD) of the Ti3C2Tx/PANI-PP composite and other references. The results demonstrate that our
composite sensor displays better CO2 sensing performance than most of the previously reported
COz sensors. Moreover, by utilizing disposable masks as a flexible substrate for room-temperature
sensing, we may contribute to reducing environmental pollution associated with mask waste.

Table 5-1. Comparison of the COz2 gas sensing characteristics for PANI-based or TisC2Tx-based
sensors in current work with previous studies.

Ref Material Response Res Substrate RT
81 PANI/Cu 6.0% (10 ppm) / glass v
42 PANI/NaO2 60.0% (4200 ppm) 900/600 s / x
43 PANI/TiO2 53% (1000 ppm) 9.2/5.7 min glass X
82 PANI/SnO2 47.40% (5000 ppm) 35/43 s epoxy v
83 PANI/CLBC- 10.0% (50 ppm) 20/75 s cellulose X
AmG
84 TisC2Tx-F 1.0% (30 ppm) / PI \
85 Mo2CTx 1.14% (50 ppm) / Si X
This  TisC2T/PANI  15.2% (500 ppm) 115/26 s PP V
work
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5.3.3 Sensing mechanism of Ti3C2Tx/PANI-PP sensor

The mechanism of a Ti3C2Tx sensor can be based on the surface reactions of gaseous molecules
with both defects and surface terminations. Specific sensing species attach to the structural defects
of the Ti3C2Tx MXene, while others bond and interact with surface functional groups, including
—0O and —OH *. As for our experiments, the p-type semiconducting behavior of the Ti3C2Tx-PP
sensor can support that electron donor molecule of CO2 are attributed to charge transfer from
adsorbate COz gas to the Ti3C2Tx, resulting in the decreased concentration of charge carriers or
increased resistance “°. Another reaction between oxygen species attached to the Ti3C2Tx (e.g.,
Ti3C20) MXene surface and CO2 may be considered, resulting in the generation of (CO3)* and the
release of thermal energy, as shown in Equation (4). This reaction decreases the electron density
on the surface during the CO2 sensing process, which leads to an increase in resistance % %,
CO2 + Ti3C20xy + Voy™ + %5 O2 + 2e- <> (CO3)* + TizC20x  (4)
Voy™ is a Kroger-Vink notation of oxygen vacancies, which have two positive charges and are
filled by the remaining 'x-y' surface oxygen atoms from the MXene.
The PANI sensor displays an increase in resistance when exposed to CO2 in low humidity
conditions (e.g., 12%). This phenomenon is likely caused by the reaction between the amino group
of PANI and COg, as illustrated in Equation (5) and Figure 5-8b. CO: is an oxidizing gas that
could form weak bonds with amine group on the PANI surface. The insertion of CO2 to PANI
sensor can cause the polymer structure to swell, negatively affecting the inter-chain conducting
paths of charge carriers. Additionally, the weak bonding between COO™ group and PANI, resulting
in polymer inter-chain swelling and intra-chain distortion, could also lead to an increase in
resistance for the charge carrier transfer %,

2R-NH + CO2 —» R-NH2" + R-NCOO~ (5)
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In addition, PANI, recognized as a well-known p-type semiconductor, has the majority of charge
carriers in the form of polarons and bipolarons 8738, It serves as the primary sensing material for
COz detection. Figure 5-8¢ illustrate the acid doping and de-doping process of PANI and the
reversible reaction of PANI emeraldine base (EB) to emeraldine salt (ES) towards COz gas under
humidity conditions. Under high humidity circumstances (70-90%), the proton effect of hydrogen
ions generated by water and carbonic acid (generated from the reaction between H20 and CO2)
plays an important role in sensing mechanism *°. The hydrophilic TisC2Tx may also contribute to
improving water molecule adsorption to accelerate those proton effects, leading to a continuous
decrease in resistance with increased humidity *°.

Figure 5-8a, 8d, and 8e illustrate the improved sensing performance resulting from the
Ti3C2Tx/PANI-PP composite structure, which can be attributed to the following synergistic effects:
(1). Heterojunction between PANI and Ti3C2Tx: Several pieces of literature have indeed mentioned
the formation of a Schottky junction at the interface between Ti3C2Tx and PANI 629370 According
to the literature %2, the work function of Ti3C2Tx was measured to be 4.31 eV from the UPS results,
in comparison to PANI's 4.8 eV. In another study 7°, the work functions of Ti3C:Tx and
PANI/Ti3C2Tx composite nanofibers were calculated to be 2.99 eV and 3.44 eV, respectively. The
p-type semiconductor of PANI possesses a higher work function than Ti3C2Tx ®. In the presence
of air, a Schottky junction forms at the interface of Ti3C2Tx and PANI, creating a narrow hole
depletion layer in PANI *7!. During the gas sensing process, CO2 molecules are adsorbed by
PANI, reducing the concentration of majority charge carriers and expanding the hole depletion
region at the interface of the TisCoTx/PANI-PP composite. This phenomenon restricts the
conducting path, thereby boosting the sensing response. Furthermore, a p-n junction and a

narrowed depletion layer may form between the n-type TiO: (originating from the partial oxidation
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of Ti3C2Tx) and PANI at the composite interface ****, as depicted in Figure S9. The depletion
layer's widening, resulting from the decrease in majority charge carriers by CO2 molecules,
enhances the heterojunction effects, thereby improving the sensing response of Ti3C2Tx/PANI-PP
compared to Ti3C2Tx-PP or PANI-PP sensors. (2). Influence of TisC2Tx's Properties: Ti3C2Tx, with
its excellent metallic properties and the presence of abundant defects and functional groups such
as —O and —OH on its surface, enhances charge transport and the density of efficient active sites.
Additionally, these features facilitate reactions with CO: gas *°. The XPS analysis shows that the
content of -NH— groups increase after integrating Ti3C2Tx during the PANI polymerization
process. Consequently, more CO: is adsorbed, and the distortion of PANI chains intensifies,
leading to significant resistance changes, and thus the Ti3C2Tx/PANI-PP composite shows superior
sensing performance compared to pure PANI. (3). Impact of Porous Interface Structure: The
porous interface structure of the Ti3C2Tx/PANI-PP composite increases the specific surface area,
providing ample pathways for target gas diffusion and numerous adsorption sites. This, in turn,

boosts the sensing performance *°.
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Figure 5-8. (a). The proposed CO2 sensing mechanism of the Ti3C2Tx/PANI-PP composite. (b).
The proposed chemical reaction between PANI-ES and CO:z under dry or low humidity (< 20%
RH) conditions. (c). The proposed chemical reaction between PANI and CO2 under humidity
conditions. The proposed Schottky junction of the Ti3C2Tx/PANI-PP composite sensor in air (d)
and in COz2 (e).

5.3.4 Wearable wireless Bluetooth sensing device for breath monitoring.

The human respiration rate can be monitored for potential respiratory issues and early breath-
related disease diagnosis. To achieve this, we developed a wearable wireless Bluetooth sensing
device by integrating the Ti3CoTx/PANI-PP composite into a disposable mask, as illustrated in
Figure 5-9a. The interface of WeChat applet "Wireless Bluetooth Sensor” is shown in Figure
S10b, the resistance over time curve of human breath detection under high humidity conditions is

illustrated in Figure 5-9b and Video S1. Different durations and intensities of exhaled breath have
82



a strong impact on the sensing response values and shapes. The average sensing response of the
Ti3C2Tx/PANI-PP composite sensor towards fast, normal, and deep breaths was calculated as -
9.26%, -15.38%, and -20.11%, respectively. The sensing performance of the TisC2Tx/PANI-PP
composite is mainly attributed to the humidity and the CO2 concentration (The concentration of
CO2 in exhaled breath of a human can exceed 3000 ppm at maximum) in exhaled breath, as
temperature and bending angles have little effect on the sensing property. CO2 gas molecules cause
the sensor’s resistance to increase, while humidity leads to a decrease in resistance due to the
proton effect of water molecules. The negative signals indicate that humidity is the influencing
factor for breath detection. Moreover, the higher the intensity of breath, the larger the humidity
circumstance of the sensing device, which generates a stronger signal. Interestingly, the response
curves went done with time due to the sluggish desorption of the composite sensor under extremely

moist environments 3%

. To measure CO2 gas on human respiration rate detection without
deconvolution of sensing signals, we utilized a non-woven fabric to reduce humidity (lower than
30% RH). As shown in Figure 5-9¢ and Video S2, the average response of the composite sensor
towards fast, normal, and deep breaths was 4.55%, 14.94%, and 37.03%, respectively. These data
demonstrate that the concentration of CO2 plays an important role in respiration frequency
monitoring. Additionally, as displayed in Figure S11, the Ti3C2Tx/PANI-PP composite sensor can
maintain normal working within 10 min of the breath test, proving the ability to monitor respiratory
rate with good stability of signals. All breath signals illustrate the rapid response/recovery time (a
few seconds to a dozen). The wearable wireless Bluetooth sensing device we have developed is
suitable for real-time monitoring of respiratory frequency, exhibiting significant promise for

applications in respiratory system health care. Its ability to sensitively detect both CO2 and

humidity levels is essential for its utilization in respiratory healthcare. By carefully isolating the
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influence of CO2 and minimizing the impact of humidity, our system provides a sophisticated and

novel approach to the real-time observation of respiration.

@ 1i,c,Ty/PANIPP

KQ\ Resp:ra tory Monitoring

PR

\[,

R &
V4 -0 LJ
4 Fast Normal Deep IS .'

=

b (c)
: }55. —a— Ehaled breath —a— Exhaled breath
" s
o
f 704 Lo
1 e 2 9
sl @ @ 4 P s
1?9 g P @ - e
i 504 bl 4 ,.‘ 3 . y, &
@ =
3 / 1 3 3 f g 80 Tl?
= g wl‘ 3 E I *
2 3 it 4 $ Z 4
@ 39 l @ i o o 2
£ 45 i ] L & 504 2
. P i g o bl L
%) L P R TR = e
* 2
Fast Normal i 404 Fast Normal
T . . & @ 0o 15 30 45 60
¢ B0 tisec

Figure 5-9. Schematic illustration of the Ti3CoTx/PANI-PP-based wearable wireless Bluetooth
sensing device for respiration monitoring. (a) Schematic of the disposable mask sensor device for
wireless breath monitoring using a smartphone, with the ability to transmit various breath data to
a portable device and update it to the cloud. (b) Resistance-time curve of human breath detection
under high humidity conditions (> 90% RH). (c) Resistance-time curve of human breath detection
under low humidity conditions (< 30% RH).

5.4 Conclusion

This study demonstrated a Ti3C2Tx/PANI-PP composite sensor by combing delimitated Ti3C2Tx
with PANI on a mask substrate. The optimized Ti3C2Tx/PANI-PP composite sensor displayed a
superior response of 22.48% to 1500 ppm CO2, high selectivity, satisfactory long-term stability
and low limit of detection (2.21 ppm) at room temperature. More importantly, different degrees of
resistance change were observed as a function of humidity levels and CO: concentrations. This

phenomenon can be attributed to the reactions among the H-bond accepting/donating sites and
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CO2 gas on water molecules. The promoted sensing performance of the composite sensor can be
mainly attributed to the Schottky junction between Ti3C2Tx and PANI, and the enlarged specific
surface area of the composite sensor. In addition, we demonstrated a wearable wireless Bluetooth
sensing device to detect human exhaled breath, suggesting the Ti3C2Tx/PANI-PP composite sensor

can be applied to human breath monitoring in real-time.
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Chapter 6 Wearable Ethanol Sensor for Drunk Driving Monitoring Based on

TizC:Tx/Polypyrrole Functionalized Face Mask

6.1 Introduction

Volatile organic compounds (VOCs) are significant hazardous air contaminants in industrial
production and metropolitan life 2. They evaporate into the environment at room temperature and
atmospheric pressure, producing various harmful pollutants that can negatively affect the human
nervous system, kidneys, and liver *>. VOCs mainly include alcohols, acids, ketones, aldehydes,
ethers, esters, etc., which can potentially lead to cancer and other major diseases, having long-term
aggressive impacts on human health and air quality '3*156, Besides, trace amounts of VOCs are
present in the exhaled gases of the human body. They can serve as active biological markers for
efficient early non-invasive disease analysis and diagnosis owing to their important physiological
and metabolic-related information % 17 138, Among the VOCs, ethanol is the most widely used in
biochemistry, pharmaceuticals, paints, and food and beverage industries 1*7 159 10 Ethanol vapor
is flammable that poses a vital risk of explosion and combustion, with an explosion limit of 3.3—
19.0% ' 162 According to the Occupational Safety and Health Administration (OSHA), exposure
to ethanol vapor above 1000 ppm can cause headaches, drowsiness, difficulty in breathing, and

adverse stimulation to the liver and eyes '®

. In addition, long-term exposure to ethanol
environments as low as 25 ppm, may have negative effects on the human respiratory system, throat,
and nervous systems, seriously threatening human health %4, Furthermore, according to the
accident survey conducted by the World Health Organization, approximately 50% to 60% of traffic

accidents are attributed to drunk driving, which has been identified as the primary cause of

fatalities in such incidents '%°. Therefore, detecting the ethanol content in air condition and in the
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exhaled gases of vehicle drivers plays an important role in ensuring human health and avoiding

drunk driving 66167,

Various methods such as tuning fork %%, photo-ionization detector (PID) ¢

, mass spectrometry
(MS) *, high performance liquid chromatography (HPLC) '7°, micro gas chromatography !’!, and
quartz crystal microbalances (QCM) '"? are widely used for precise detecting VOCs. However,
these conventional techniques have some significant drawbacks, such as their large volume, time-
consuming analysis, high energy consumption, and expensive and complicated equipment
requirements >* 3> %3 Over the past two decades, researchers have shown considerable interest in
developing gas sensors for monitoring inflammable, toxic, and harmful gases using p-type metal
oxide semiconductors (MOSs) such as NiO 73, CuO 3% and Co0304 '"*, n-type MOSs like ZnO '3,
TiO2 13, and SnO2 !¢, and perovskite-structured materials such as LaCoO3 '”” and BaMnO3 7%,
For instance, Zoolfakar et al. !” developed an ethanol vapor gas sensor based on a highly
crystalline and nanostructured p-type CuO , which was fabricated through radio frequency
sputtering at a supply power of 200 W at 120°C. This sensor demonstrated remarkable sensing
performance with a response value of 2.2 towards 12.5 ppm ethanol at an optimum operating
temperature of 180°C. Qin et al. %0 synthesized a LaCo03/ZnO nano-flake composite through a
sol-gel method. The LaCoO3/ZnO sensor exhibited a response value of 55 towards 100 ppm
ethanol at 320°C, which is six times higher than a pristine ZnO gas sensor. Nevertheless, these
MOSs and perovskite-structured gas sensors have striking limitations, including high energy
consumption, inflexible and fragile characteristics, and a requirement for high-temperature

operation >+ %97,
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Currently, there is significant interest in developing portable, flexible, and room-temperature gas
sensors for trace ethanol detection 3! 182, Intrinsic conducting polymers (ICPs), such as polyaniline
(PANI) 40 143" noly(styrene sulfonate) (PSS) '*%, and polypyrrole (PPy) !°2, have attracted
substantial attention in gas sensors due to their easy synthesis, low operating temperature, good
mechanical properties and electrical conductivity. However, the poor long-term stability and slow
response time have limited their potential applications '*°. To address these issues, ICP-based
composites, such as PANI/silver '8¢, PANI/TiOz %5, PPy/PVA '8¢ and PPy/MoO3 '¥7, have been
developed for ethanol sensing. For example, Yenorkar et al. !3% synthesized a PPy-MoO3
composite film sensor for ethanol detection. The results showed that the composite sensor

exhibited a sensitivity of 70%, which is 3.5 times higher than that of the pure PPy sensor.

Two-dimensional (2D) materials, such as black phosphorus (BP), graphene, graphene oxide
(GO), hexagonal boron nitride (h-BN), and transition metal dichalcogenides (TMDs), have also
been employed in flexible gas sensors due to their versatile surface chemistry, low electronic noise,
large specific surface area, and outstanding electrical properties % 153 18% 190 However, their
relatively low sensitivity and interference from humidity limit their sensing applications. MXenes
are relatively newly discovered 2D materials that have attracted wide attention in various fields,
including sensors, biosensors, water purification, electromagnetic shielding, and energy storage
devices due to their exceptional electronic and magnetic properties, high flexibility, and favorable
hydrophilic surface, and their surface functionalities can be adjusted to various requirements '
1 Kim et al. % prepared a TisC2Tx MXene sensor via vacuum filtration method on SiO2/Si
substrate, showing a response value of 1.7% to ethanol gas, remarkable selectivity, and a ppb-level
detection limit at room temperature. However, pristine MXenes suffer from shortcomings, such as

relatively low sensing response and low stability under oxidative environments *?. Therefore,
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MXene-based composites are being investigated to improve sensing performance. Zhang et al. '3
synthesized a MoO3/T13C2Tx nanocomposite ethanol sensor by hydrothermal method, achieving a
low-concentration limit of 1 ppm, outstanding selectivity and reproducibility, and a high response
of 5.42 towards ethanol gas, which is over twice higher than the sensing response of pure MoO3
or TisC2Tx sensors. Bu et al. '* fabricated a Co304/Ti3C2Tx hybrid ethanol sensor by calcining the
ZIF-67 precursor grown on the Ti3C2Tx sheets, demonstrating an ultra-high response (190 towards
50 ppm ethanol, which is at least 15 times higher than that of pristine Co3O4 or Ti3C2Tx
sensor).Recently, the fabrication of composites (e.g., PPy/Ti3C2Tx) based on ICPs and MXenes

has been investigated for various applications such as supercapacitor %

, electromagnetic
interference shielding '%°, rechargeable batteries '°’, and anticorrosive bipolar plates . To the
best of our knowledge, there is no previous attempt at the synthesis of PPy/Ti3C2Tx composites for
ethanol sensing applications. It is hypothesized that combing PPy with Ti3CoTx might be an

efficient approach for making high-performance ethanol sensors due to the synergistic effects

between redox-active PPy and highly conductive Ti3C2Tx.

Henein, we developed a flexible PP/Ti3C2Tx/PPy composite sensor by drop-coated Ti3C2Tx
MXene suspension and chemical polymerization of pyrrole on a disposable face mask (mainly
made up of polypropylene (PP)) surface. The resulting sensor demonstrated excellent sensing
properties. Besides, we investigated the impact of humidity, synthesis orders, bending states, and
temperature on the sensing performance of the composite sensor. Finally, we designed a portable
and wearable Bluetooth sensor module for detecting alcohol in human breath, indicating that the

PP/Ti3C2Tx/PPy sensor can be utilized for human drunk driving monitoring.
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Figure 6-1. (a) Schematic of the wearable PP/Ti3CoTx/PPy fabric sensor synthesis process. (b)
Schematic diagram of the gas sensing setup.

6.2 Experimental section

6.2.1 Materials

Disposable face masks were obtained from Wenzhou Chengmu Trading Company (Wenzhou,
Zhejiang, China). The polypropylene (PP) layer of the face mask is served as a substrate for the
sensors. [NH4]2S20s (APS), and 36-38% hydrochloric acid were purchased from Sigma-Aldrich.
LiF (98.5% purity), Ti and Al powder (325 mesh), and pyrrole monomer were purchased from

Alfa Aesar. Silver paint and HF (48-51%) were purchased from VWR, USA.

6.2.2 Preparation of Ti3C2Tx Solution
The Ti3AlC2 Max Phase and delaminated Ti3C2Tx MXene solution were fabricated according to

previous reports in the literature >*. In summary, 1 g of TizAlC2 powder was etched in a 20 mL

90



mixture of 12 M HCI and HF at 35°C for 24 h. After etching, the powder was washed at least 5
times with deionized (DI) water and centrifuged at 4000 rpm for 5 min to obtain the supernatant.
Afterward, the sediment was mixed with a 50 mL solution containing 1g LiCl and stirred for 18h.
Then, the mixture was centrifuged at 4000 rpm for 5 min. The centrifuging was repeated until the

dark supernatant remained. The resulting MXene solution was stored in a fridge.

6.2.3 Preparation of PP/Ti3C2Tx Sensor

The PP substrate was cleaned with ethanol and DI water to remove any contaminants. Then, the
prepared Ti3C2Tx MXene solution was drop-coated evenly onto the PP fabric surface. After air
drying, the Ti3C2Tx suspension was coated onto the PP surface again to synthesize the PP/Ti3C2Tx
sensor.

6.2.4 Preparation of PP/Ti3C.Tx/PPy Sensor

The preparation process involved the addition of 0.6 mL pyrrole monomer to 200 mL of 1 M HCl
solution in a 400 mL beaker, followed by the addition of 0.69 g of APS dissolved in 40 mL of 1
M HCI solution and then the APS-HCI solution was mixed with the pyrrole-HCI suspension at
room temperature. The PP substrate and PP/Ti3C2Tx were dipped in the mixed suspensions, and
the polymerization reaction was performed by magnetic stirring at 30°C for 65 min. The resulting
PP/PPy and PP/ PP/Ti3C2Tx/PPy composites were cleaned with DI water three times and dried in
an oven at 40°C for 7 h. After drying, all the samples were cut into 20 mm x 10 mm pieces. Then,
the composite fabrics were coated with silver paint. Figure 6-1a illustrates the synthesis process

of the PP/Ti3C2Tx/PPy composite sensor.

6.2.5 Sensing Measurements.
To investigate the sensing performance, the as-prepared samples were placed in a closed chamber

and the electrical resistance change was measured by a Kethley 2400 source meter. The gas
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bubbling method was used to generate ethanol vapor. A flow of 80 sccm nitrogen was separated
into two parts using a mass flow controller: a carrier part and a dilution part. The carrier part was
bubbled through the liquid analyte of interest and then mixed with the diluted air in the test
chamber. The operations were conducted at room temperature (23.5+1°C), and the atmospheric
conditions were maintained during the experiment. The data collection and management were
carried out using a specialized Labview program. The gas response value of the composite fabrics
follows below equation:

R= (R¢ —Ro)/Ro * 100% (1)
where Ro and Ry are the electrical resistance of the PP/Ti3C2Tx/PPy sensor exposed to the air and

the target gas.

6.2.6 Wireless Bluetooth Sensor Module for Alcohol Intoxication Detection.

PP/Ti3C2Tx/PPy hybrid film was affixed to the surface of a disposable medical mask for alcohol
breath detection. The Bluetooth sensor module was connected to the mask-sensing device, and a
5 V power bank was used to supply the voltage required by the sensor module. The resistance
changes of the PP/TisC.Tx/PPy hybrid sensor were recorded using the WeChat applet "Wireless
Bluetooth Sensor" for the alcohol test. During the alcohol breath test, a volunteer drank 60 mL of
whiskey (50% ALC/VOL, 100 PROOF) and underwent alcohol breath tests at 20, 30, 40, 50, 55,
60, and 65 min, after drinking, respectively. Furthermore, the blood alcohol concentration (BAC)
was determined by calibrating a commercial AD-8000 breathalyzer (2022 Upgrade Professional-
Grade Accuracy Alcohol Tester, available on Amazon). After a certain duration of time since
consuming alcohol, the volunteer took a deep breath and exhaled for approximately 4 seconds.

The breathalyzer then provided the BAC value.
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6.2.7 Characterization

The morphology and qualitative elemental analysis of the hybrid sensor were examined using a
scanning electron microscope (JEOL JSM-7000F) equipped with an energy dispersive
spectrometer mapping. The surface bonding of the hybrid films was investigated by FT-IR using
a Thermo Nicolet 6700 instrument. Additionally, N2 adsorption and desorption isotherms were
collected to investigate the Barrett-Emmett-Teller (BET) surface area of the hybrid films. The pore
size distribution of the hybrid films was analysed using the Barrett—Joyner—Halenda (BJH) method
with a Quanta chrome NOVA 2200e¢ instrument. The surface topography of the TizC2Tx was
characterized using an atomic force microscope (AFM, Park Instruments NX10). The valence
states of elements were analysed using X-ray photoelectron spectroscopy through K-alpha

(Thermo Scientific Inc., U.K.).

6.3 Results and discussion

6.3.1 Materials Characterization.

SEM imaging was employed to investigate the morphology of PP, PP/PPy, PP/TisC:Tx, and
PP/Ti3CoTx/PPy hybrid. The PP fabric presents a straight rod-like fibrous structure, as depicted in
Figure 6-2a. As shown in Figure 6-2b, the layered structure of Ti3C2Tx aggregated at the PP fiber
surface, indicating the successful delamination process of Ti3C2Tx. Figure 6-2¢ clearly illustrates
that the PP substrate is covered by a mass of irregular spherical PPy particles. Additionally, Figure
6-2d reveals that PPy is surrounded by some of the single-layer TisC2Tx, indicating that PPy was
in situ polymerized on the TizC2Tx, and formed a well-combined structure with a porous surface,

which facilitates gas adsorption and diffusion *.
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Figure 6-2. SEM images of (a) PP, (b) PP/Ti3C2Tx, (c) PP/PPy, and (d) PP/Ti3C2Tx/PPy.

EDS mapping was conducted to investigate the surface elemental distribution in the
PP/Ti3C2Tx/PPy hybrid, and the results are presented in Figure 6-3b—h. The results revealed the
presence of CI, Ti, O, N, C, and F elements in the composite fabric. The element weight percentage
and atomic percentage are presented in Figure 6-3i, which further indicates the successful
incorporation of PPy on the TisC:Tx. Figures 6-3j and 3k show the AFM images of TizC2Tx,
demonstrating that the delaminated Ti3C2Tx are predominantly single layers with a thickness of

1.43 nm. The electrode structure of the PP/Ti3C2Tx/PPy composite sensor is illustrated in Figure
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6-31. The application of silver paint on both sides of the composite sensor is to reduce contact

resistance.

Electron Image 1

Atomic%

Figure 6-3. Typical EDS elemental mapping of the PP/Ti3C2Tx/PPy composite: (a) Magnified
SEM image of Figure 6-2d. (b—g) The distribution of Cl, Ti, O, N, C, and F elements. (h) EDS
spectra of the PP/Ti3C2Tx/PPy composite. (i) The weight and atomic percentage of each element
in the PP/Ti3C2Tx/PPy composite. (j—k) AFM image and the corresponding height and width
profile of the Ti3C2Tx flake. (1) The electrode structure of the PP/Ti3C.Tx/PPy composite sensor.
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FT-IR was conducted to examine the surface chemistry of PP, PP/PPy, PP/Ti3C:Tx, and
PP/Ti3C2Tx/PPy, as shown in Figure 6-4a. The bands at 2922 cm™!, 1450 cm™!, 1390 cm™!, 1165
cm’!, and 842 cm™! in PP film can be attributed to ~CH2 asymmetric stretching, ~CH2 symmetric
bending vibration, —CH3 symmetric bending, —CH3 rocking vibration, and C—CH3 stretching,
respectively ®* 6. The peaks at 1536 cm™!, 1292 ¢cm™! in PP/PPy correspond to C=C stretching
vibrations of the pyrrole ring and C-H or C-N in-plane deformation °* ¢7. The absorption peaks
observed at 1651 cm™!, 1367 cm™!, 1202 cm’!, and 1002 cm™' in PP/Ti3C2Tx are due to C=0
bonding, molecular water (O—H), oxygen group vibration and C-F vibration ®®. The intensities of
the bands corresponding to —O, —OH, and —F functional groups of Ti3C2Tx (1651, 1367, 1202, and
1002 cm™) are observed to decrease in the PP/Ti3C2Tx/PPy, which is mainly due to the formation
secondly bonding (e.g., Van der Waals forces) of deposition of PPy on TizC2Tx MXene . As
shown in Figure 6-4b, Raman shifts of the PP/Ti3C.Tx/PPy composite revealed a significant
decrease in the intensity of TisC2Tx peaks (specifically, 1316 and 1603 cm™ which are assigned to
carbon atomic lattice defects and the stretching vibration of carbon atoms in the SP2 hybridization
plane) after the PPy deposition . In addition, the characteristic peaks of TizC2Tx at 425 and 579
cm’! are owing to Ti-C bond vibration, and the characteristic peaks of PPy at 1356 and 1620 cm™!
are attributed to the C—N bond stretching and C-C stretching of the pyrrole ring 7°. All these

characteristic peaks indicated the successful fabrication of the PP/Ti3C2Tx/PPy composite.
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Figure 6-4. (a). FTIR spectra and (b) Raman spectra of PP, PP/PPy, PP/TisC2Tx, and
PP/T13C2Tx/PPy.

The XPS spectra were used to determine the surface element information and functional groups of
PP/Ti3C2Tx and PP/Ti3CoTx/PPy hybrid. The survey scan of PP/Ti3C2Tx and PP/Ti3C.Tx/PPy in
Figure 6-5a showed the presence of C, N, O, Ti, and F elements, indicating the combination of
PPy and Ti3C2Tx. The C 1s signals in Figure 6-5b were concentrated around 281.9, 284.3, 285.4,
and 287.4 eV, which were attributed to C—Ti, C—C, C-N, and C-O/C=0, respectively. The N 1s
signals in Figure 6-5c¢ were deconvoluted into three peaks centered at 398.7, 399.9, 401.9,
corresponding to —-N", -NH—, =NH, respectively. The amino groups in PPy may play an important
role in promoting the formation of hydrogen bonding with ethanol molecules, which could
improve the sensing performance of the composite **. The O 1s spectrum in Figure 6-5d showed
peaks at 530.1, 531.0, 532.5 eV, representing Ti—O, C-Ti—O, and Ti—OH, respectively, indicating
the abundant surface terminal groups of oxygen and hydroxyl groups on the composite, these
terminal groups are conducive to form hydrogen bonding with ethanol molecules to facilitate the

sensing signals. . The high-resolution F1s spectrum in Figure 6-5e showed peaks at 683.1 and
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684.4 eV, ascribed to Ti—F and C-F, respectively. The Ti 2p core level in Figure 6-5f was fitted
with 3 different doublets (Ti 2pi2 and Ti 2p312), and the Ti 2ps32 peaks at 455.2, 456.4, 458.2 eV

were attributed to Ti—C, Ti>*/Ti**, and Ti-O (Ti*"), respectively. These results suggest the partial

oxidation of Ti3C2Tx.
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Figure 6-5. (a) The survey spectra of PP/T13C2Tx and PP/Ti3C2Tx/PPy hybrid. (b—f) C 1s,N 1s, O
Is, F 1s, and Ti 2p spectra of the PP/Ti3C2Tx/PPy hybrid.

The N2 adsorption-desorption (BET) curves and BJH pore volume distribution as a function of the
pore size are shown in Figure Sla—d. The specific surface areas measured by the BET equation
were 53.612, 60.123, 70.242, and 84.903m?g™! for PP, PP/PPy, PP/Ti3C2Tx, and PP/Ti3C2Tx/PPy,
respectively. Obviously, the PP/Ti3C2Tx/PPy composite displayed broader pore-size distribution
with more pores and possessed the highest specific surface area among all the samples. The porous
structure and the increased surface area of the PP/TisC.Tx/PPy will be beneficial to enhance

sensing characteristics.
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6.3.2 Gas-Sensing Properties.

The sensing performance of PP/PPy, PP/Ti3C2Tx, and PP/Ti3C.Tx/PPy sensors were assessed at
room temperature. The resistance baseline of the PP/Ti3C2Tx/PPy hybrid sensor was monitored
over time, ranging from 10 ppm to 400 ppm, as shown in Figure 6-6a. For comparison, the
baseline resistance curves of PP/PPy and PP/T13C>Tx towards 400 ppm ethanol are shown in Figure
S2. The initial resistance of the PP/Ti3C2Tx/PPy sensor was 10.5 KQ, whereas the resistance of the
PP/PPy sensor was 39.8 KQ. This indicates that adding metallic MXene significantly enhances the
conductivity of the hybrid sensor. As presented in Figure 6-6b, the resistance and response of all
three sensors increased with the increased concentration of ethanol vapor. This might be due to the
formation of more hydrogen bonds among Ti3C>Tx, PPy, and ethanol molecules. The sensing
response of PP/PPy, PP/Ti3C:Tx, and PP/Ti3CoTx/PPy hybrid sensors improved as the
concentration of gas increased, with the response value of 18.1%, 35.5%, and 76.3% under 400
ppm ethanol, respectively. Notably, the PP/Ti3C2Tx/PPy hybrid sensor had a lower detection limit
toward ethanol vapor (e.g., 10 ppm). The gas sensing response of PP/Ti3C2Tx and PP/Ti3C2Tx/PPy
sensors as a function of concentration is presented in Figure 6-6¢, showing the excellent linear
relationship between the sensor response and ethanol concentration. As shown in Figure 6-6d, the
PP/Ti3C2Tx/PPy sensor had an admirable sensing property, with a response time of 49s and a
recovery time of 18s. Furthermore, we investigated the impact of different synthesis orders on the
sensing performance, as presented in Figure S3. The PP/PPy/Ti3C2Tx hybrid sensor exhibited an
average response value of only 50.1%, which was much lower than that of the PP/Ti3C.Tx/PPy
sensor (76.3%). This could be attributed to the weaker bonding (e.g., van der Waals forces)
between PP and PPy compared to that between PP and Ti3C:Tx, as evidenced by the SEM

characterization of the PP/PPy and PP/T13C,Tx films. This weakened bonding results in a reduced
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deposition of both PPy and Ti3C2Tx onto the PP substrate. As a result, there is a decrease in the

interaction with ethanol molecules, leading to a lower response value.
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Figure 6-6. (2) The real-time resistance baseline of the PP/Ti3C2Tx/PPy hybrid sensor ranges from
10 ppm to 400 ppm. (b) The dynamic response/recovery curves of PP/Ti3C2Tx, PP/PPy, and
PP/Ti3C2Tx/PPy composite sensors. (c) Sensing response of PP/Ti3C2Tx and PP/TisC2Tx/PPy
sensors as a function of ethanol concentration ranging from 10-400 ppm at room temperature. (d)
The change of response as a function of time shows the response and recovery time. Note: the
relative humidity in the test chamber was 12—18%.

Selectivity is a vital parameter for assessing gas sensors. Therefore, the selectivity of the
PP/Ti3CoTx/PPy sensor was examined by comparing ethanol with various organic or inorganic
gases, such as acetone, acetic acid, benzene, methane, ammonia, carbon monoxide, carbon dioxide,

and hydrogen sulfide, as shown in Figure 6-7a. The responses towards the above gases were
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76.3%, 25.2%, 20.3%, 29.4%, 11.2%, 38.8%, 19.1%, 13.0%, and 9.2%, respectively, implying
good selectivity of the PP/Ti3C2Tx/PPy sensor towards ethanol. Furthermore, the reproducibility
of resistance baseline and response changes for the PP/Ti3C2Tx/PPy composite sensor to 400 ppm
ethanol is depicted in Figure 6-7b, showing the reliable reproducibility of the hybrid at room
temperature. To further study the gas sensing properties of the PP/TisCoTx/PPy hybrid, we
investigated the impact of humidities, temperatures, and bending states on the sensing response.
Figure 6-7c displays the humidity effect on the sensing response changes of the PP/Ti3C.Tx/PPy
composite towards 400 ppm ethanol. The sensing response of the PP/Ti3C2Tx/PPy composite
showed an obvious decrease with the increase of humidity (15-75% RH), i.e., the response value
dropped from 76.3% to 10.8%. This observation might be attributed to the inhibition of the sensing
reaction (e.g., hydrogen bonding) between Ti3C2Tx and ethanol at high humidity due to the
hydrophilic nature of the Ti3C2Tx terminated by functional groups (e.g., —OH, —O, —F) *°.
Additionally, the presence of water molecules on the Ti3C2Tx/PPy active surface may lead to a
decrease in gas adsorption sites, obstructing ethanol adsorption and further reducing the response
3% 71 Furthermore, the temperature effect on the response change of the PP/Ti3C2Tx/PPy hybrid
towards 400 ppm ethanol gas ranging from 20°C to 40°C is presented in Figure 6-7d. The
PP/Ti3C2Tx/PPy sensor showed a slight decrease in response with the increase in temperature,
which might be due to the enhanced desorption of ethanol at higher temperatures, leading to a

reduction in resistance and subsequently a decrease in the sensing response 2.
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Figure 6-7. (a) The selectivity study of the PP/Ti3C2Tx/PPy hybrid sensor to 400 ppm ethanol and
other interference gases at room temperature. (b) Reproducibility cycles of resistance baseline and
response changes for the PP/Ti3C.Tx/PPy hybrid towards 400 ppm ethanol. (¢) The humidity effect
on the gas response of the PP/Ti3C2Tx/PPy sensor under ethanol gas circumstance. (d) The
temperature effect on the gas response of the PP/Ti3C2Tx/PPy sensor ranges from 20°C to 40°C.

The flexibility of the PP/Ti3C2Tx/PPy was evaluated under different bending angles towards 400
ppm ethanol gas at room temperature, and the results are shown in Figures 6-8a and 6-8b. The
response value of the PP/Ti3C2Tx/PPy sensor presents negligible change under different bending
degrees, which demonstrates the commendable flexibility of the sensor. Besides, long-term
stability is a crucial index to evaluate the reliability of the sensor. The response changes of the

PP/Ti3C2Tx/PPy sensor towards 400 ppm ethanol at room temperature over a period of 13 days are
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shown in Figures 6-8c and 8d. The gas response of the PP/Ti3C2Tx/PPy sensor remained above

90% of the initial response after 13 days, indicating excellent stability of the composite sensor.
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Figure 6-8. (a) The response curves of the PP/Ti3C2Tx/PPy sensor at different bending angles. (b)
The different bending states of the composite sensor at 0, 30, 60, 90, 120, 150 bending angles. (c)
Long-term stability of the PP/Ti3C2Tx/PPy sensor towards 400 ppm ethanol. (d) The gas response
of the PP/Ti3C2Tx/PPy sensor as a function of time.

As summarized in Table 6-1, we compared the ethanol sensing characteristics of the sensors based
on conducting polymers, Ti3C2Tx, or their composites in previous literature with our current work
at room temperature (RT). The PP/Ti3C2Tx/PPy sensor exhibited a high response value, and short
recovery time to ethanol gas, outperforming the sensing performance of most previously reported
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sensors. Moreover, Figure S4 presents the investigation of the limit of detection (LOD) of the
PP/Ti3C2Tx/PPy sensor with previous studies. The result indicates that the theoretical LOD of the
PP/Ti3C2Tx/PPy sensor (2.21 ppm) is either comparable or lower than the reported values in
previous studies.

Table 6-1. Comparison of the sensing characteristics of the sensors based on CPs, Ti3C2Tx, or
their composites reported in the literature with the PP/Ti3C2Tx/PPy sensor obtained in the present
work.

Sensing Substra Method Analyte Response tRes T Ref

Materials te

PANI/PVDF  Cu Spin- Ethanol  31.6%(600 ppm) 50/15s RT 73
coating

PPy Glass Coating  Ethanol 21.6% (50 ppm) 2/31s RT 66

nanoribbons

TizC2Tx PET Drop Ethanol  11.5% (100 ppm) / RT 74
coasting 70% (100 ppm)

PPy/ PVA PVA Coating  Ethanol 42/200s RT 48

TizC2Tx Si02/Si Vacuum  Ethanol 1.7% (100 ppm) / RT 56
filtration 204% (100 ppm)

TizC2Tx/Ag PET Electro-  Ethanol / RT 6
spinning 76.3% (400 ppm)

TizC.Tx/PPy PP Drop- Ethanol 49/18 s RT  This
coating work
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6.3.3 The sensing mechanism of the PP/Ti3C2Tx/PPy sensor.

Ethanol, as an electron donor molecule, can be adsorbed on the active sites of Ti3C2Tx through
dispersion forces between the partially charged surface groups and polarized ethanol molecules °.
During the sensing process, the bonding between ethanol molecules and terminal groups on the
Ti3C2Tx could be promoted due to the strong hydrogen bonding, leading to a higher binding energy
55.56 This process results in the transfer of electrons from the ethanol molecules to the Ti3C2Tx,
reducing the concentration of majority charge carriers and causing a decrease in electrical
conductivity. In addition, the resistance increase of PPy towards ethanol is mainly attributed to
hydrogen bonding and dipole-dipole interaction between PPy and ethanol . More specifically,
when PPy is exposed to ethanol, hydrogen bonding occurs between PPy and ethanol molecules, as
shown in Figure 6-9b. The hydrogen bonding can be understood as the dipole-dipole interaction,
causing the swelling and distortion of the PPy molecular chains °* 7. As a result, the transfer of
charge carriers is negatively affected, leading to a decrease in conductivity.

As illustrated in Figure 6-9a, the enhanced sensing performance of the PP/Ti3C.Tx/PPy composite
sensor can be explained by several synergistic effects between PPy and TisCaTx. Firstly, the
formation of abundant hydrogen bonds among Ti3C2Tx, PPy, and ethanol molecules enhances the
binding energy of the composite and enlarges the distortion of the PPy molecular chains, thus
promoting the sensing property. Secondly, PPy is a p-type semiconductor, a Schottky junction 7"
76 and a narrowed depletion layer are formed at the interface of Ti3C2Tx and PPy due to the lower
work function of Ti3C2Tx compared to PPy, as depicted in Figure 6-9 (c—e). Upon exposure to
ethanol, the generation of abundant hydrogen bonding decreases the majority carriers in
Ti3C2Tx/PPy composite, widening the depletion layer at the interface of the composite and

promoting the sensing characteristics. Furthermore, the excellent conductivity of TizCaTx
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promotes the electron transport process of the PP/Ti3C.Tx/PPy composite, and the abundant
surface functional groups (such as —OH, —O) on Ti3C2Tx expand the connecting channels for gas
diffusion, thereby facilitating the sensing property ’*. Finally, the porous and uniform structure of
the PP/Ti3C2Tx/PPy composite, with a specific surface area of 84.9 m*/g, provides a larger number
of adsorption sites on the composite surface, improving the adsorption process of ethanol gas
molecules and thus promoting the sensing performance ’’
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Figure 6-9. (a). The proposed sensing mechanism of the PP/Ti3C2Tx/PPy sensor towards ethanol
gas. (b) The hydrogen bonding interaction between PPy and ethanol molecules. (c-¢). The band
structure between PPy and Ti3C2Tx: (c) before contact, (d) contact and the formation of Schottky
junction in air, and (¢) in ethanol, Xp is the width of the hole depletion layer.

6.3.4 Bluetooth sensor module for alcohol exhaled breath monitoring.
In the United States, driving with a blood alcohol concentration (BAC) level above 0.08% is
considered a criminal offense. To monitor BAC levels for drunk driving, we developed a wearable

Bluetooth sensor module by integrating the PP/Ti3C2Tx/PPy composite into a disposable face
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mask, as shown in Figure 6-10(a-d). We compared the alcohol sensing performance of our
Bluetooth sensor module with a commercial AD-8000 Breathalyzer and plotted the results for
BAC levels ranging from 0 to 0.19% in Figure 6-10(e—k) and Videos S (1-8). The PP/Ti3C2Tx/PPy
composite showed sensing responses of -3.3%, 4.7%, 10.6%, 24.7%, 35.4%, 71.4%, and 102.1%
to BAC levels of 0%, 0.013%, 0.022%, 0.051%, 0.084%, 0.145%, and 0.190%, respectively. We
observed that the BAC detection was mainly dependent on the concentration of alcohol and the
moisture in exhaled breath, while temperature and bending states had little influence on the alcohol
sensing property. The negative sensing signals in Figure 6-10e were mainly due to the high
humidity in the exhaled gas, which led to the proton effect on the composite sensor, causing the
resistance decrease '°. Additionally, the higher the BAC concentration, the stronger the response
intensity observed by the portable Bluetooth sensor module. Moreover, the concentration of
alcohol in exhaled breath decreases continuously with time, resulting in weaker signal intensities
towards the end of the curves. Interestingly, we observed an outstanding linear relationship
between the BAC detected by the commercial Breathalyzer and the alcohol response tested by our
Bluetooth sensor module, as shown in Figure 6-101. Furthermore, we conducted a 5-minute
maintenance test of the PP/Ti3C2Tx/PPy composite sensor towards 0.084% BAC, which proved
the reliable stability of our wireless sensing module, as depicted in Figure 6-10m. These results
indicate that our as-designed wireless sensing module device can be used for real-time alcohol
breath monitoring, demonstrating its potential as a breath analyzer for human drunk driving

monitoring.
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Figure 6-10. (a) Schematic of flexible PP/Ti3C2Tx/PPy-based wearable Bluetooth sensor module
device for alcohol breath detection. (b) The PP/Ti3C2Tx/PPy composite. (¢) The wireless Bluetooth
sensor module. (d). The PP/Ti3C2Tx/PPy hybrid was utilized as an alcohol breath sensor and
connected to a readout circuit that was powered by a 5V voltage source. The signals generated by
the sensor were then transmitted via Bluetooth to a smartphone. (e-k) The alcohol exhaled breath

test under different BAC. (1) The curve that fits the gas response to BAC. (m) The alcohol breath
stability test.
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6.4 Conclusion

In this study, we developed a wearable PP/Ti3C.Tx/PPy composite sensor by combining
delaminated Ti3C2Tx MXene and PPy on a disposable face mask. The composite sensor depicted
a rapid response (49s) and recovery time (18s), excellent repeatability and selectivity, low
theoretical limit of detection (2.2 ppm), and a high response value of 76.3% towards 400 ppm
ethanol gas, with a sensing response value above 69% even after 13 days. Meanwhile, we observed
a negative effect of humidity on the sensing performance due to obstructed ethanol adsorption and
decreased gas adsorption sites. Moreover, we elucidated the mechanism for the enhanced sensing
property, which was attributed to the abundant functional groups on the composite and the
formation of the Schottky junction between Ti3C2Tx and PPy. Additionally, we demonstrated a
wearable wireless Bluetooth sensing module based on the PP/Ti3C2Tx/PPy composite, which could
detect different alcohol concentrations in human breath at room temperature. It is believed that the
PP/Ti3C2Tx/PPy composite sensor has great potential for practical applications in human drunk

driving monitoring.
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Chapter 7 Conclusions and future work

7.1 Conclusions

Flexible gas sensors have gained prominence in environmental and human health monitoring due
to their flexibility and compatibility with electronic substrates. Especially, CPs are exceptional for
trace gas detection because of their noteworthy electrical and mechanical properties,
biocompatibility, and distinct protonation/deprotonation processes. In this research, our primary
aim was to address environmental pollution arising from discarded masks, and to enhance the
sensing performance of PANI and PPy-based sensors. We innovatively repurposed disposable
masks as flexible substrates, and combining conducting polymers with CNT and 2D materials,
resulting in a nanocomposite with excellent sensing capabilities. This was subsequently applied
for breath analysis, malodorous gas detection, and monitoring of drunk driving. Furthermore, we
studied the sensing mechanisms mainly ascribed to the formation of Schottky junction and the
increased surface area, and the humidity effect is the dominate factor on the sensing performance

compared with other factors.

In Chapters 3 and 4, we devised a porous PANI-carbon series (either CNT or graphene)
nanocomposite gas sensor using discarded surgical masks. By drop-coating an aqueous solution
of the carbon series material with surfactant onto the mask's polypropylene fibers and instigating
in-situ polymerization of aniline, we achieved our sensor design. This PANI-carbon series sensor
showcased rapid response, swift recovery, an impressive low detection threshold (at ppb levels), a
substantial response (over 400% for 70 ppm NHs3), and stability at ambient conditions. The
standout performance can be credited to the PANI-carbon network's expansive surface area and

their efficient conductive pathways. Notably, when embedded in a disposable mask, this sensor
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can reliably trace breathing patterns and potentially monitor volatile sulfur compounds in exhaled

breath.

Chapters 5 and 6 focused on the MXene/conducting polymer composite sensor, achieved by
merging delaminated TisC:Tx with either PANI or PPy on a mask substrate. The
MXene/conducting polymer composite sensor was distinctly responsive to CO2 and ethanol,
exhibited commendable selectivity, demonstrated prolonged stability, and could detect substances
at levels as low as about 2 ppm at room conditions. The heightened sensitivity in varied humidity
levels and gas concentrations can be linked to the intricate interactions between H-bond sites,
target gases, and water molecules. The enhanced sensor capabilities are largely due to the Schottky
junction formed between Ti3C2Tx and conducting polymers and the increased surface area of the
composite. Besides, we showcased a wearable wireless sensing device integrated with Bluetooth,
indicative of the potential for real-time monitoring of human exhalation and drunk driving using

the MXene/conducting polymer sensor.

In summary, this research advances the field of gas sensing through innovative synthesis
techniques, in-depth mechanism theories, and practical applications addressing environmental and

health challenges.

7.2 Future work

In our background section, we highlighted the potential of MXene/conducting polymer composites
as wearable sensors capable of detecting specific gases. These gases include NH3, VOCs, VSCs,
and phenolic compounds. Such sensors can be pivotal for monitoring food spoilage. Further

investigation is needed to understand how different parameters influence the generation of sensing
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signals.

Subsequently, there's significant interest in the development of MXene/conducting polymer
composites for applications in supercapacitors. TisC2Tx/PANI composites Energy Storage
Exploration: Polyaniline (PANI) is widely recognized as an ideal material for energy storage due
to its exceptional attributes. These include high theoretical capacitance, impressive chemical
stability, straightforward synthesis process, and cost-effectiveness. Nonetheless, pure PANI
electrodes come with certain limitations. They exhibit compromised long-term stability and a
reduced power density. The reasons for these shortcomings can be attributed to PANI's limited
surface area, pronounced volume changes during ion release/doping, and comparatively lower

conductivity.

MXenes, on the other hand, boast of a vast array of benefits. They have a tremendous surface-to-
volume ratio, adjustable electronic structures, and remarkable flexibility. Additionally, their
mechanical robustness is noteworthy. This makes MXenes suitable for a diverse range of

applications, spanning from gas sensors and water purification to energy storage.

Considering the unique properties of both PANI and MXenes, it becomes evident why their
composite is attracting attention in the energy storage sector. Specifically, for supercapacitor
applications, the MXene/PANI composite is appealing due to the metallic conductivity of MXene
and PANI's high theoretical capacitance. The synergetic effect between these materials enhances

their combined potential.

The detail of research plan is shown below:

1. MXene/PANI Gas Sensor for Food Spoilage:
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Given the potential of MXene/conducting polymer composites as wearable sensors for detecting

gases such as NH3, ethanol, VSCs, and phenolic compounds, for food deterioration monitoring.

MXenes Selection: MXenes like TisC2Tx or V2CTx, the abundant of surface terminor groups, such

as -0, -OH may enhance the sensitivity in ambient conditions.

Configuration: Develop a thin-film sensor based on CP/MXene composite by drop-coated Ti3C2Tx
MXene suspension and chemical polymerization of PPy on a flexible substrate, the lightweight

film sensor can be easily integrated into food packaging.

Hypothesis: Combining MXenes with conducting polymers can enhance sensitivity to ascribed to
the abundant functional groups of composite sensor (e.g., amino groups in PPy, terminal groups
in Ti3C2Tx) and the formation of the Schottky junction, the food spoilage detection allowing early

detection before human senses can notice.

2. MXene/Polymer Composites for Supercapacitors:

The union of MXene with conducting polymers like PANI has shown promise for energy storage,

particularly in supercapacitors.

MXenes Selection: Focus on Ti3C2Tx for its outstanding electrical conductivity, allowing for

enhanced charge storage.

Configuration: Design a sandwich-structured electrode where PANI is infused between layers of

MXene, ensuring maximum surface area for charge storage.

Hypothesis: The synergistic effects between PANI's high theoretical capacitance and MXene's
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conductivity can overcome the limitations seen in pure PANI electrodes, offering both enhanced

storage and discharge rates.

3. Challenges and Roadblocks:

While MXenes exhibit numerous advantages, their susceptibility to oxidation in ambient
conditions may reduce the longevity of the composite sensors. Exploring protective coatings or

environmental control might be a pivotal area of future investigation.
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