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Abstract

This thesis presents a comprehensive exploration of three distinct projects involving novel
nanocomposites consisting of metal-organic frameworks (MOFs) combined with multiwall carbon
nanotubes (MWCNTS) and carbon nanofibers (CNFs). These projects encompass methane (CHa)
detection, the application of MOF composites for diabetes diagnosis through acetone detection,
and their utilization as advanced photodetectors.

In the first project, addressing the critical issue of CHs detection, an innovative
MOF/MWCNTSs-based resistive sensor was developed. CH4 detection is crucial due to its
environmental and safety implications. Existing detection methods often struggle with low
concentrations of CH4 at room temperature (RT), typically within the range of a few parts per
million (ppm). The developed sensor offers cost-efficiency, reliability, high sensitivity, and
selectivity, presenting a breakthrough technology with the potential to significantly enhance
environmental monitoring and industrial safety.

The second project focuses on diabetes management, a global health concern. Traditional
invasive blood glucose measurements can be cumbersome. To simplify and improve diabetes
monitoring, the research investigates non-invasive nanomaterial-based gas sensors for detecting
acetone, a diabetes biomarker. The developed MOF/MWCNTS nanocomposite resistive sensor
offers selective detection of acetone at RT and atmospheric pressure, exhibiting remarkable
sensitivity. The limit of detection is three orders of magnitude lower than the concentration of
acetone in the exhaled breath of diabetic patients.

The third project explores the application of MOF/CNF nanocomposites in photodetectors,
crucial components in various technological domains. Traditional photodetectors face limitations,

such as broadband absorption and the need for costly optical filters in narrowband applications.
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The introduced MOF/CNF nanocomposites address these challenges, combining the strengths of
MOFs and CNFs while mitigating their weaknesses. This research not only overcomes limitations
in traditional and recent nanomaterials-based photodetectors but also extends the capabilities of
three-dimensional (3D) MOFs in narrowband photodetection applications, potentially
revolutionizing photodetection technology.

Overall, this thesis explores the potential of MOF-based nanocomposites in addressing critical
challenges in CH4 detection, diabetes management, and photodetection, holding promise for

environmental preservation, healthcare, and technological advancements.
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Chapter 1 : Introduction

1.1 Research Background

In this section, we provide an in-depth exploration of the research backgrounds for three distinct
projects involving metal organic framework (MOFs) nanocomposites with multiwall carbon
nanotubes (MWCNTS) and carbon nanofibers (CNFs). These projects encompass methane (CHa)
detection, the potential application of MOFs composites for diabetes diagnosis through acetone

detection, and their utilization as advanced photodetectors.

First project: Methane ranks as the second most prevalent greenhouse gas, possessing a global
warming potential nearly 21 times that of CO> per molecule [1]. It can persist in the atmosphere
for up to 12 years, gradually diminishing through reactions with entities like --OH radicals. CH4
represents a significant environmental concern, as highlighted by the World Health Organization
[2], [3]. With responsibility for 15 percent of Canada's total greenhouse gas emissions, Canadian
carbon policies and regulations now demand substantial reductions (45%) in methane emissions
by 2025 to safeguard the environment [4]. Additionally, CH4, highly flammable and prone to
causing explosive events at concentrations between 5-15% by volume (50,000-150,000 ppm),
poses a substantial risk, frequently resulting in human and economic casualties. Consequently, the
inadvertent release of CH4 during coal extraction, natural gas pipeline leaks, or outbursts can lead
to catastrophic outcomes if not promptly detected and mitigated [1]. Therefore, the detection of
CHsassumes paramount importance, particularly in the context of environmental preservation and
industrial safety related to gas production, transportation, and utilization. Presently, prevailing CH4
detection techniques encompass infrared spectroscopy [5], Raman spectroscopy [6],
chemiresistive sensors [7] and gas chromatography [8], each harboring its own set of advantages
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and limitations. Unfortunately, these technologies face challenges in achieving the detection of
methane at levels relevant to leaks, typically within the range of a few parts per million (ppm),
using miniaturized, and cost-effective devices. Thus, an unmet need persists for the development
of innovative, cost-efficient, and dependable miniaturized sensors, characterized by high
sensitivity and selectivity, and capable of detecting methane at low concentrations.

In recent years, the progress in micro/nano-fabrication technology and the utilization of newly
engineered nanomaterials have paved the way for the development of cost-effective, miniaturized
integrated gas sensors. These sensors exhibit heightened sensitivity and selectivity toward various
target gases [7]. Among the emerging materials, metal oxides, graphene-based composites, carbon
nanotubes (CNTSs), and polymers have undergone thorough investigation for their potential as gas
sensing materials [1]. However, detecting low concentrations of CH4 remains a challenge due to
the typically weak interaction between this gas and these materials [1], [3], [9]. To confront this
challenge, the application of nanoporous framework materials, such as MOFs, holds great promise.
MOFs are distinguished by their permanent porosity and expansive surface area. Consequently,
they enable the detection of trace levels of CH4 in a wider range of environments, while delivering
superior selectivity and sensitivity.

MOFs represent a distinct class of crystalline and porous solid materials formed through self-
assembly processes involving metal nodes (comprising metal ions or clusters) and organic ligands,
coordinated by chemical bonds [10]. In recent years, they have garnered significant attention for
their potential utility as high-performance sensors for detecting various gases. This interest arises
from their unique attributes, which encompass a vast surface area, tunable pore dimensions,
functionalizable sites, and intriguing physical properties, including optical absorbance [11]-[13],
luminescence [14]-[17], magnetism [18]-[20], resistance [21], [22], conductivity [23]-[25], and
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ferroelectricity [26], [27], derived from the constituent metal nodes, organic ligands, guest
chemical species, pores, or combinations thereof. Additionally, MOFs hold particular promise for
chemical sensing due to several inherent advantages:

1. Permanent Porosity: MOFs offer extensive surface areas and numerous active sites
conducive to enhancing surface host—guest reactions. Confined pores enable the pre-
concentration of target gases, potentially enhancing sensitivity.

2. Reversibility: MOFs exhibit excellent reversibility in absorbing and desorbing guest
molecules, rendering them highly regenerable and recyclable.

3. Tunability: MOFs provide the flexibility to tailor pore size, shape, and surface
characteristics, potentially enhancing selectivity and sensitivity. Functional groups, such
as Lewis acid or base sites, can also be incorporated into the framework to modify chemical
specificity and sensitivity [28], [29].

Based on these principles, diverse MOFs have been developed for deployment as chemiresistive
sensors, magnetic sensors, ferroelectric sensors, colorimetric sensors, and luminescent sensors
[30]-[39]. However, one well-recognized limitation is the inherently low electrical conductivity
of most MOFs, which has constrained their comprehensive adoption in electrical sensor devices.
Consequently, the majority of reports in this domain emphasize optical responses, such as
luminescence quenching or enhancement [36], [40], [41], or employ complex resonance device
architectures like MOF-coated microcantilevers [42] and quartz crystal microbalances(QCM)
[43]-[45].

Numerous experimental and theoretical investigations have been conducted to delve into the
conductivity properties of various MOFs [45]. The findings from these inquiries have consistently

pinpointed the inadequate mobility of charge carriers as the fundamental cause behind MOFs'
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subpar conductivity, often registering values below 101°S cm™. This deficiency primarily arises
from the sluggish electron transfer occurring between non-redox-active metal centers and the
organic linkers [46], [47]. However, these inherent limitations of MOFs offer avenues for
enhancement through several strategies, including composite formation, post-synthetic
modification, or the introduction of guest molecules [46], [48]-[50]. One promising approach
involves the incorporation of MOFs with other conductive or semiconductive nanomaterials, such
as quantum dots (QDs), metal or metal oxide nanoparticles (NPs), 2D-graphene, and CNTs [51].
While there have been a handful of reports detailing the utilization of MOF/MWCNTSs for the
detection of volatile organic compounds (VOCs) [52], [53], to the best of our knowledge, there
exists no prior investigation regarding the application of this composite for CH4 detection.

In the context of MOFs, Zeolitic imidazolate framework-8 (ZIF-8) stands out due to its notable
characteristics, including low water affinity and stability under ambient conditions. Consequently,
ZIF-8 was specifically chosen for this project aimed at CHa4 detection through the creation of a
resistive sensor. However, like many MOFs, ZIF-8 possesses insulating properties and limited
electrical conductivity, necessitating a transformation into a conductive material suitable for sensor
applications. To achieve this transformation, we developed a composite comprising ZIF-8
nanoparticles and bare MWCNTS. This innovative approach not only enhanced the composite's
conductivity but also enabled the highly sensitive detection of low concentrations of CH4 under
normal atmospheric pressure. Our approach is centered on the concept of reducing the electronic
bandgap of the composite through the random incorporation of MWCNTSs into the ZIF-8
framework. We employed an in-situ sonochemical method to synthesize the ZIF-8/MWCNT
nanocomposite. This strategy holds the potential to confer distinct transport properties to various
MOFs. Comprehensive characterization of the synthesized nanocomposite was conducted using
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techniques such as Fourier Transform Infrared (FT-IR) spectroscopy, Raman spectroscopy, X-ray
diffraction (XRD) analysis, Ultraviolet-visible (UV-VIS) spectroscopy, and Field emission
scanning electron microscopy (FE-SEM). Subsequently, a thin film of the ZIF-8@MWCNT
nanocomposite was deposited onto interdigitated electrodes (IDE) chips using a spray-coating
method, thus creating a resistive sensor layer for the IDE device. Notably, this represents the
inaugural utilization of the ZIF-8/MWCNTSs nanocomposite as a sensing layer in a chemiresistive
sensor designed for the selective detection of CHa. This composite not only exhibited augmented
electrical conductivity but also demonstrated increased hydrophobicity. Furthermore, we
harnessed its unique electrical transport enhancements to achieve the detection of CHs at
remarkably low concentrations, as low as 10 parts per billion (ppb) under normal atmospheric
conditions, with a limit of detection (LOD) of approximately 0.22 ppb, a level of sensitivity
unprecedented in the field. We systematically evaluated our sensor's performance, examining
responsivity, reversibility, selectivity, response and recovery time, sensitivity, repeatability, and
linearity. Notably, the sensor exhibited a minimal response to humidity, positioning it as an
excellent candidate for specialized applications in humid environments. Importantly, we offer a
novel explanation for the selective response to CH4 over CO2, alcohols, and moisture, which is
rooted in the distinct adsorption sites within ZIF-8 with varying electron affinity for different
molecules. This novel explanation represents a significant advancement in the field of gas sensing,
opening new possibilities for precise and selective gas detection in various environmental
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Second project: Diabetes, a chronic health condition characterized by insufficient insulin
production or improper insulin utilization, results in elevated blood sugar levels [54], [55]. Its
prevalence is steadily increasing, with data from the World Health Organization (WHO) and other
sources indicating that 422 million adults worldwide are affected, and it accounts for 1.6 million
deaths annually (WHO, 2023) [56], [57]. This trend underscores the pressing need for effective
strategies to manage and monitor diabetes, thereby reducing the risk of complications such as
diabetic coma and fatality. The conventional approach involves finger pricking to obtain a blood
drop for electronic reading, a process that can be painful, invasive, and unsafe for certain
individuals. Additionally, diabetes management often necessitates frequent blood glucose
monitoring, rendering this method cumbersome [55]. As a result, the exploration of non-invasive
and simpler diagnostic technigues, such as human breath analysis, holds significant potential for
diabetes detection and monitoring. Several sensitive and selective breath analysis techniques have
been proposed, including gas chromatography coupled to mass spectrometry, high-performance
liquid chromatography, proton transfer reaction with mass spectrometry, gas chromatography
equipped with a flame ionization detector, ion mobility spectrometry, and selected ion flow tube-
mass spectrometry, as means of non-invasive acetone detection [55], [58]-[62]. Nonetheless, these
techniques are often expensive, non-portable, and sophisticated, which limits their practicality for
daily point-of-care diabetes management [63].

Recent research has been increasingly directed towards the development of non-invasive gas
sensors based on nanomaterials capable of detecting acetone at room temperature (RT) and
atmospheric pressure. This pursuit aims to enable the creation of cost-effective, portable, and user-
friendly devices for diabetes management. Numerous endeavors have been made to explore

diverse nanomaterials, such as metal oxides, graphene-based composites, carbon nanotubes, and
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polymers, for the precise detection of acetone [57], [64]-[66]. The typical concentration levels of
acetone in exhaled breath fall within the range of 0.2-1.8 ppm for healthy individuals and 1.25-
2.5 ppm for individuals with diabetes [57], [67]. However, in some cases, particularly among
individuals with type 1 diabetes, acetone concentration levels can soar as high as 25 ppm [57],
[59], [67]. Despite these extensive efforts, it's notable that the majority of nanomaterials have thus
far demonstrated the ability to detect acetone only at concentrations exceeding 10 ppm at room
temperature (25°C), a range that exceeds the levels typically found in exhaled breath [55], [57],
[64]-[66].

To enhance the sensitivity of gas/vapor detection, it is imperative to maximize both the specific
surface area and porosity of the sensing materials, as gas reactions predominantly occur on material
surfaces. Nanoporous materials, such as MOFs, offer considerable promise in this regard due to
their exceptional surface area and permanent porosity [10], [28], [29]. Previous research has
explored the utility of MOFs in improving chemical sensitivity for detecting compounds like
acetone and other VOCs [68], [69]. Despite these encouraging attributes, there remains a pressing
need to enhance the sensitivity, selectivity, and resistance to moisture for MOFs to make them
widely applicable in acetone breath sensors. Achieving a reliable response at parts-per-billion
(ppb) levels of acetone while mitigating cross-sensitivity, given the significant moisture and CO>
levels in exhaled breath, presents a considerable challenge. In addressing this challenge, our focus
turned to ZIF-8 due to its low water affinity and stability under ambient conditions. However, ZIF-
8 alone suffers from a limited VOC sorption capacity at atmospheric pressure and RT. To surmount
this limitation, we developed a nanocomposite of ZIF-8 and bare multi-walled MWCNTS,
substantially augmenting its sorption capacity for alcohols and acetone. Leveraging a ZIF-

8/MWCNT-coated QCM sensor, we successfully detected these VOCs at concentrations as low as
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0.62 parts-per-million (ppm) under ambient conditions, marking a significant improvement over
ZIF-8 alone. Nevertheless, a crucial requirement in medical diagnostics is the ability to selectively
detect acetone, a vital biomarker for diabetes, in the presence of other VOCs. For the first time,
our study delves into the impact of different sensing platforms with varying response mechanisms
in achieving exceptional selectivity for acetone. Utilizing a ZIF-8/MWCNT-coated QCM and a
chemiresistive sensor, the latter demonstrated outstanding acetone detection performance,
characterized by high selectivity, minimal humidity interference, robust repeatability, full
reversibility, and rapid response times. Most notably, it attained a remarkable limit of detection of
1.7 parts-per-billion (ppb) under ambient conditions—three orders of magnitude lower than the
concentration of acetone in the exhaled breath of diabetic patients (1.8 ppm). This groundbreaking
achievement underscores the enormous potential of this sensor for diabetes diagnosis and

monitoring through breath analysis.

Third Project: Photodetectors have emerged as essential components in various technological
domains, including optical communication, imaging, sensing, security, environmental monitoring,
and medical diagnostics [70]. Despite the considerable progress made in photodetection
technologies, significant challenges persist. Conventional photodetectors, predominantly based on
inorganic semiconductors like silicon and complementary metal oxide semiconductors (CMQS),
have been widely used due to their great compatibility, which guarantees their application in
miniaturized photodetectors and other featured devices [70]-[74]. Nonetheless, given the intrinsic
drawbacks, e.g., high brittleness and complicated manufacturing process, these traditional
photodetectors (PDs) are limited in flexible applications and cost-saving. Besides, due to the
broadband absorption of inorganic semiconductors, spectrally selective detection of these PDs is

unavailable without attached optical filters [74]. Traditional spectrometers typically utilize
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diffraction gratings or dichroic prisms within broad-spectrum photodetectors to achieve spectral
selectivity. However, the intricate manufacturing processes and associated high expenses have
posed significant obstacles to their widespread commercial adoption [74]. Therefore,
nanomaterials have emerged as promising candidates for next-generation photodetectors to
overcome the shortcomings of conventional photodetectors [70].

Nanomaterials in nonconventional device architectures have been extensively researched due to
their size-dependent optical and electronic properties. Various nanomaterials, such as
semiconducting nanoparticles, QDs, graphene, transition metal dichalcogenides (TMDs),
perovskite nanocrystals, and organic molecules have demonstrated intriguing optoelectronic
properties and impressive photodetection performance [75]-[89]. However, each of these
nanomaterials is accompanied by limitations such as toxicity, low responsivity, low quantum
efficiency, slow response time, limited tunability, low stability, scalability, inadequate sensitivity
in certain wavelength ranges, high cost, fabrication complexities, challenges in large-scale
synthesis, challenges in device integration and compatibility with existing fabrication techniques,
which hinder their widespread implementation [70], [74], [90], [91].

The distinctive attributes of MOFs, characterized by their ultra-high surface area, tunable
structures and properties, diverse chemical functionality, and diverse optical properties, have
propelled them to the forefront of nanomaterial research [92], [93]. The versatility of these
crystalline networks, composed of metal ions coordinated with organic ligands, has allowed
researchers to tailor MOFs for various applications, including gas storage, separation, catalysis,
and sensing [68], [69], [92]-[98]. Their intrinsic light-harvesting abilities and potential for
modification make them attractive candidates for photodetection. Incorporating MOFs into

photodetectors can lead to enhanced light absorption, charge separation, selectivity and tailored
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photoresponse. While two-dimensional (2D) MOFs and single crystal MOFs have demonstrated
promising photodetection capabilities [94], [99]-[103], their three-dimensional (3D) counterparts
have faced inherent limitations in terms of limited carrier mobility and slow charge transport
dynamics, hindering their ability to swiftly respond to photogenerated carriers [46], [47], [50].
Nonetheless, challenges associated with the synthesis of single crystal MOFs, high-quality and
large area 2D MOF films, and their integration into device architectures hinder their widespread
adoption. These constraints have motivated us to explore composite systems to leverage the
strengths of 3D MOFs while addressing their weaknesses.

This study focuses on synergizing MOFs and CNFs in a new class of nanocomposite for the very
first time to address their individual limitations and create an enhanced nanocomposite material.
By capitalizing on the strengths of both MOFs and CNFs and mitigating their individual
limitations, this novel approach not only seeks to address the shortcomings of traditional
photodetectors but also extends the capabilities of 3D MOFs in photodetection applications. From
the extensive array of MOFs, ZIF-8 was selected due to its exceptional stability and minimal water
affinity. By combining ZIF-8’s ultrahigh surface area and CNFs’ superior conductivity, the
resultant nanocomposite demonstrates significant enhancements in light absorption,
photoresponse, charge transport, and charge separation. This composite strategy facilitates precise
control over optoelectronic properties and offers a platform for selectivity modulation via band
gap manipulation, obviating the need for external optical filters. This unique attribute simplifies
the fabrication of spectrally selective photodetectors, ultimately reducing manufacturing costs.
This innovative synergy between MOFs and CNFs holds promise in revolutionizing

photodetection technology and catalyzing advancements in diverse areas of optoelectronics.
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1.2 Goal and Objectives

As sensing materials hold a pivotal role in shaping the performance of gas sensors and
photodetectors, an effective strategy involves enhancing sensor properties through the
modification of these materials. This thesis centers on the augmentation of MOFs for various
applications by crafting nanocomposites with MWCNTSs and CNFs across three distinct projects.
These projects encompass methane detection, the application of MOFs composites for diabetes
diagnosis via acetone detection, and their utilization as advanced photodetectors, each pursued

with the following objectives in mind:

Objective of First and Second project: Within the scope of the first and second projects,
centered on CHs and acetone detection, respectively, certain challenges persist in the realm of
sensing materials as elaborated upon in the subsequent chapter. Despite substantial research efforts
aimed at enhancing sensing performance in these domains, enduring obstacles continue to be of
concern, and are outlined as follows:

1. Lowering Operating Temperature: One of the primary drawbacks afflicting many
resistive sensors is their requisite high operating temperatures, often exceeding 100°C. An
imperative query arises: What strategies can be employed to mitigate this drawback and
reduce the dependence on elevated temperatures for sensor functionality?

2. Moisture Mitigation: The affinity of sensing materials for moisture remains a substantial
concern. How can we effectively diminish this susceptibility to moisture, ensuring
consistent and reliable sensor performance even in humid environments?

3. Lowering Limit of Detection (LOD): Whether applied in environmental monitoring or as
a breath analyzer, there is a pressing need to lower the LOD. How can we achieve greater

sensitivity, allowing for the detection of trace quantities of target gases?
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4. Enhancing Selectivity: In real-world applications, target gases often coexist with a
multitude of other gases. Ensuring high selectivity for the target analyte is crucial. What
strategies can be employed to enhance selectivity in the presence of potentially interfering
gases?

These questions underscore the complexity of the challenges at hand and serve as a driving force,
compelling us to tackle these issues head-on in the pursuit of achieving highly effective CH4 and
acetone detection. Our approach involves the creation of an innovative nanocomposite comprising
ZIF-8 and MWCNTSs as the sensing material, with the overarching goal of realizing lower
operating temperatures, improved LOD, reduced sensitivity to water interference, and enhanced

selectivity.

Objective of Third project: The innate light-harvesting capabilities and versatility of MOFs
position them as highly attractive candidates for photodetection applications. Integrating MOFs
into photodetectors offers the potential to significantly enhance light absorption, enable efficient
charge separation, improve selectivity, and tailor the photoresponse. Although 2D MOFs and
single crystal MOFs have shown substantial promise in photodetection, their 3D counterparts have
encountered inherent limitations. These challenges primarily revolve around limited carrier
mobility and sluggish charge transport kinetics, impeding their ability to promptly respond to
photogenerated carriers.

However, the synthesis complexities associated with single crystal MOFs, the production of high-
quality large-area 2D MOF films, and their integration into device architectures have impeded
their widespread adoption. These constraints have fueled our exploration of composite systems,
with the aim of harnessing the strengths of 3D MOFs while mitigating their weaknesses. In this

groundbreaking study, we embark on a pioneering investigation into nanophotodetectors,
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capitalizing on the novel MOF nanocomposites incorporating CNFs. This innovative approach
promises to revolutionize the field of photodetection by unlocking the full potential of 3D MOFs

in combination with CNFs.

1.3 Thesis Overview

This thesis consists of seven chapters, which are listed as follows.

Chapter 1 introduces the research background, research questions, and research objectives.

Chapter 2 overviews different nanomaterials for detection of methane, acetone and as
photodetectors, MOFs nanoparticles Synthesis Strategies, MOFs composites Synthesis Strategies,

MOFs Thin Film fabrication methods, and MOF-based gas sensing methods.

Chapter 3 describes the experimental method, including materials synthesis, materials

Characterization, Thin film and sensor fabrication, experimental test setup and sensing experiment.

Chapter 4 focuses on ZIF-8-MWCNTSs based resistive sensor for detection of methane.

Chapter 5 focuses on ZIF-8-MWCNTSs based QCM sensor for detection of VOCs, and ZIF-8-

MWCNTSs based resistive sensor for detection of acetone for diabetes diagnosis.

Chapter 6 focuses on ZIF-8/CNTs nanocomposite as a spectrally selective photodetector.

Chapter 7 gives the conclusions of this research and recommendations for future studies.
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Chapter 2 : Literature Review

In sensor design, a significant role is played by sensing materials in their interaction with target
gases or light sources. The selectivity, reversibility, and repeatability of the sensors are determined
by the properties of these materials, and they can also be influenced by the sensitivity and response
kinetics. The nanoscale dimensions of these sensing materials imbue them with a range of
characteristics, including expansive surface-to-volume ratios and distinct chemical, optical, and
electrical properties. This substantial surface area offered by the nanomaterials creates
exceptionally active interfaces, ultimately enhancing sensitivity and reducing both response and
recovery times [55]. In recent years, the development of cost-effective miniaturized integrated gas
sensors and photodetectors with improved performance has been facilitated by advancements in
nano-fabrication technology and the utilization of newly designed nanomaterials [7]. In this
chapter, we present an overview of the nanomaterials utilized in the detection of CH4 and acetone,
along with those applied in photodetection, highlighting the challenges associated with them.
Additionally, we discuss strategies for synthesizing MOFs nanoparticles, fabricating MOFs

composites, producing MOFs thin films, and employing MOF-based methods for gas sensing.

2.1 Nanomaterials for Detection of Methane

Various nanomaterials have been employed in the detection of CHs. Among the newly developed
nanomaterials, extensive research efforts have been dedicated to investigating metal oxides,
graphene-based composites, CNTs, and polymers as potential sensing materials for CH4 [1]. Table
2.1 summarizes a summary of CHs sensing performance of different materials. In contrast to a
range of other gas sensors designed for gases like NH3, Ha, etc., the quest for highly reversible and

selectively sensitive CH4 detection materials, capable of detecting it at low concentrations, remains
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generally “Low” or “Medium” in Table 2.1 [1].

an ongoing endeavor. Thus, the evaluation of Sensing Reversibility, Selectivity and LOD is

Table 2.1 Summary of CHa sensing performance of different materials (reproduced with

permission from ref [1], copyright (2023) Elsevier).

Materials Operating Temperature Response Sensing Selectivity Limit of
Time (s) Reversibility Detection (ppm)
Metal oxides 25°C-900°C (typically >150°C) 100-10? Low-Medium | Low-Medium 100-103
Carbon Room Temperature (RT) -450°C 10t-10? Low-Medium | Low-Medium 10-10*
Conducting RT 10%-102 Low-Medium | Low-Medium 10%-10°
Polymers
MOFs RT 101-102 | Medium-High Medium 104-10%

Metal oxides materials: The most frequently employed sensing materials for the chemical
detection of CHys, as extensively documented in scientific literature, include semiconducting metal
oxides [104], [105], such as Tin oxide/stannic oxide (SnOz) [106], [107], Zinc Oxide (ZnO) [108],
[109], Vanadium oxide (VOx) [110], [111], Ga203 [112], Molybdenum oxide (MoOgz) [113],
Cobalt oxide (Co30a4) [114], among others. These materials can detect CH4 by monitoring changes
in their electrical or optical properties. Nevertheless, in order to attain a methane sensitivity that is
deemed suitable and achieve a reversible sensing response, metal oxide-based sensing layers
typically necessitate operation at elevated temperatures, and are associated with high LOD [1].

Carbon materials: As opposed to metal oxide-based sensors that require elevated temperatures
for operation, an alternative category of sensing materials, exemplified by carbon nanomaterials
(such as CNTs and graphene-related materials), offers the potential for excellent detection
sensitivity even at RT, coupled with intriguing transduction properties [115], [116]. These
materials present a compelling option for gas sensors owing to their considerable specific surface
conductivity, and distinctive electronic band-structure

area, relatively high electrical
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characteristics [117]-[119]. Carbon-based materials detect CH4 through changes in their electrical
or optical properties, exhibiting significant conductivity alterations in response to minute
quantities of adsorbed gas molecules [120]. Typically, the electrical resistance of carbon
nanostructures undergoes modification due to electron transfer between these structures and gas
molecules, either oxidizing or reducing, adsorbed on their surface, with this electron exchange
constituting the predominant sensing mechanism [121]. For instance, CNTs demonstrate p-type
semiconductor characteristics, wherein oxidizing gases abstract electrons from CNTSs, resulting in
hole production and a subsequent decrease in resistance following the interaction. Conversely,
reducing gases contribute electrons, leading to their recombination with holes, thereby increasing
the resistance of CNTs after interaction [122]. However, both theoretical and experimental studies
have revealed that sensors relying on pristine CNTs exhibit poor sensitivity when detecting non-
polar gases such as CHa. This limitation primarily stems from the chemical stability conferred by
strong sp? bonds and weak sp® bonds at the tube ends of CNTSs, rendering CH4 molecules incapable
of either accepting or donating electrons and thus unable to induce changes in the conductance of
CNTs [123], [124]. The same challenge extends to graphene-based materials. Consequently,
carbon-based materials are frequently subject to modification through the introduction of
functional groups [125], [126], metallic NPs [127], [128], metal-oxide NPs [129]-[131] and
polymers [132], [133] to overcome the constraints associated with CH4 detection [1].

Conducting polymers composites: Another category of sensing materials comprises conducting
polymers, which encompasses substances like polyaniline (PANI), polypyrrole (PPy),
polythiophene (PTh), and more. These polymers exhibit the capability to detect CH4 through
alterations in their electrical, mass, or optical properties. When compared to extensively studied

metal oxides, conducting polymers offer superior sensitivity, shorter response times, and the ability
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to operate effectively at RT. Additionally, conducting polymers possess commendable mechanical
properties, simplifying the sensor fabrication process. Unlike conventional polymers, which are
typically dielectric or insulating in nature, conducting polymers feature alternating single and
double bonds in their backbones, resulting in broad m-electron conjugation [134]. Current CHs4
sensors based on conducting polymers utilize chemiresistor and QCM platforms. Examples
include PANI/PdO composite film [135], PANI/MWCNT [136], Cu-BTC/PANI [137], and
PANI/ZnO [138], all of which have demonstrated room temperature CH4 sensing capabilities.
However, it is worth noting, as depicted in Table 2.1, that these sensors exhibit LOD in the range

of 100-1000 ppm, with moderate selectivity and reversibility [1].

Metal-organic frameworks (MOFs): A novel class of porous materials has gained attention for
its superior performance when compared to the previously mentioned sensing materials. MOFs,
characterized by their exceptionally large surface areas and functional groups, enable robust
interactions with guest molecules. These interactions can result in alterations of MOF properties,
affecting optical, electrical, and mechanical signals [139]. Despite their demonstrated prowess in
detecting polar molecules, organic compounds, and ions, the number of reported MOF-based CHa
sensors remains limited.

A series of simulation studies have investigated the selection of MOF materials for CH4 sensing
[140]-[142]. Regarding experimental CH4 sensors, there have been limited instances of MOF-
based CH4 sensors. Notable examples include a luminescent sensor based on UNMF-0 [143], ZIF-
8-based surface acoustic wave devices (SAW) devices, and a QCM sensor [144]. The SAW
sensor operated effectively at RT, demonstrating a low LOD of 10-20 vol% for CHa. Researchers
noted complete reversibility and repeatability, attributed to the physisorption of gases into the

MOF pores and the high stability of the devices. These sensors exhibited linear responses to
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changes in binary gas compositions, facilitating the construction of calibration curves. In addition
to pure MOF-based CHa sensors, a ZIF-8/silicone polymer optical fiber sensor was also developed,
capable of detecting 1% CHa [145].

However, as indicated in Table 2.1, despite the superior selectivity and reversibility of MOF-based
CHs sensors compared to other sensing materials, there remains a need for improving the LOD
before MOFs can be widely deployed for CH4 sensing in field conditions. The generally weak
interaction between MOFs and CH4 contributes to the low LOD in MOF-based sensors. For
sensing layers constructed from other materials, the LOD is significantly affected by the low
polarizability of CH4 [1]. Therefore, addressing this challenge in CH4 sensing is one of the key
objectives of this study, aiming to enhance the interaction between CH4 molecules and the ZIF-8

surface by manipulating the band gap energy of the fabricated sensing layer.

2.2 Nanomaterials for Detection of Acetone for Diabetes

While blood glucose measurements are commonly employed for diagnosis, breath analysis has
been demonstrated to offer more precise control over a patient's diabetic condition by allowing
real-time measurements of acetone concentration, which is strongly correlated with ketone levels
in the bloodstream [146]. Recent studies have seen a shift towards the development of non-invasive
nanomaterial-based gas sensors that are capable of detecting acetone at RT and atmospheric
pressure. Substantial efforts have been devoted to the development of various nanomaterials,
including metal oxides and composites of metal oxides with graphene, CNTs, and conductive
polymers, for the detection of acetone at RT [57], [64]-[66]. Typically, acetone concentration
levels in exhaled breath fall within the range of 0.2-1.8 ppm for healthy individuals and 1.25-2.5

ppm for those with diabetes [57], [67]. Despite the concerted efforts made thus far, the majority of
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nanomaterials have only demonstrated the capability to detect acetone at concentrations exceeding
10 ppm at RT (25°C), which lies outside the range of exhaled acetone levels [55], [57], [64]-[66].
Furthermore, these nanomaterials frequently lack the necessary selectivity to accurately identify
acetone in the presence of other gases or vapors. This limitation restricts their applicability in the
realm of acetone breath sensors. Consequently, the pursuit of selective acetone detection at low
concentrations and under RT conditions remains an ongoing development.

Metal oxides and metal oxide composite nanomaterials: Chemoresistive sensors, primarily
utilizing various semiconducting metal oxides like WO3, Tin oxide/stannic oxide (SnOz), FexOy,
TiO2, CuO, Zinc Oxide (ZnO), and Indium oxide (In.Oz), , among others, have predominantly
been employed for the noninvasive detection and screening of diabetes [57]. Depending on the
conduction type, these metal oxide semiconductors can be categorized into n-type and p-type
[147], each exhibiting distinct sensing behaviors towards the same detecting gas. The alteration in
conductivity of the semiconducting metal oxide material when exposed to the target gas is
contingent upon the type of majority carriers within the semiconducting metal oxide material (n-
type: electrons and p-type: holes), as well as the nature of gas molecules (either oxidizing or
reducing) at RT [57]. One of the challenges encountered in metal oxide-based chemiresistive gas
sensors is the enhancement of stability. The limited stability of metal oxide gas sensors results in
issues such as false alarms, uncertain outcomes, and ultimately necessitates sensor replacement.
The stability of metal oxide gas sensors can be enhanced through processes like calcination during
preparation and film annealing as post-processing treatments [55]. Another approach to bolster the
stability of breath acetone sensors based on metal oxides involves synthesizing mixed metal oxides
and/or doping metal oxides with carbon nanotubes. Table 2.2 presents recent examples of metal

oxides and their composite-based chemiresistive breath acetone sensors for diabetes detection [57].
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Table 2.2 Metal Oxides based resistive breath acetone sensors for diabetes detection [57].

Sensing Materials LOD (ppm) Operating Temperature (°C)
TiO, functionalized In,03 0.8 250
NiO/ZnO hollow spheres 100 275
ZnO decorated with Pt and Nb 50 450/400
TiO2 nanoporous 500 370
Au modified a-Fe;O3 50 150
SnO/MWCNT 1 250
PPy-WO3 Hybrid 37 90
Pt-loaded o-Fe;0s 0.8 220
Ca-doped YbFeOs 0.1 250
C-doped WO3 0.9 350
CdMoO4 0.5 625
ZnO:Ni 116 340
Pd-Zn0O/ZnCo0,04 0.4 250
C3N4-SnO; 0.067 380
In loaded WO3/Sn02 50 200
Sn0,/Si0, 1 170
CdNb,Os 0.2 600
Mesoporous a-Fe;03; nanospheres 0.1 170
Cuboid WO3 0.5 300
Zn0-Fes04 0.1 485
ZnO/TiO, nanofibers 5 350
NiO/SnO; 0.01 300
PANI/Cellulose/WO3 10 RT (25)
NiFe;O4 0.52 160
Ru-loaded WO3 0.5 300
Co;1-xZnxFe 04 0.3 650
Fe and C codoped WQO3 0.9 300
Pt functionalized SnO, 0.0036 300
MgFe;04/g-C3Ny 500 320
Apo-Pt@HP_WO; 1 350
Sm,03/Sn0O, 0.1 250
WO3/Pt-GNs 10 200
Rh/WQ; 0.5 250
Sh-doped 1203 50 240
Cr-doped CuO 0.32 450
G0-Sn0,-TiO, 0.25 200
Pt@In,03 0.01 320
g-C3sNa/WQO3 100 340
N-SnO; 0.007 300

The limitation related to operational temperature is another significant factor affecting sensing
applications of metal oxides. As indicated in Table 2.2, the majority of these metal oxides are only
capable of detecting acetone when exposed to elevated temperatures. Despite extensive efforts

aimed at enhancing the sensitivity and selectivity of breath acetone sensors, the primary drawback
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remains the requirement for high operational temperatures. Associated disadvantages include
limited flexibility, increased power consumption, safety risks, reduced device lifespan [148],
impracticality for accommodating flammable substances, and other environmental concerns [149].
Numerous research endeavors have been undertaken to develop acetone sensors capable of
operating at RT. Conducting polymers offer a promising solution due to their potential for high
sensitivity, rapid response times, and RT operation. For instance, a conductive polymeric matrix
comprised of PANI-WO3 nanomaterial doped with cellulose was employed for acetone detection
at RT and low concentrations. The sensor demonstrated a limit of detection of 10 ppm after
repeated exposure to acetone, highlighting its suitability for RT acetone sensing without the
significant drawbacks associated with systems requiring high operating temperatures [150].
However, despite these considerable efforts, achieving a limit of detection of 10 ppm at RT still

falls outside the range of exhaled acetone levels.

Metal-organic frameworks (MOFs): To enhance sensitivity and achieve a lower LOD, the
maximization of specific surface area and porosity is deemed crucial, as gas reactions
predominantly take place on the surface of materials. Nanoporous materials, exemplified by
MOFs, are being considered as a promising choice due to their high surface area, permanent
porosity, adjustable pore dimensions, and modifiable internal pore surfaces, which afford active
sites featuring diverse electron affinities [10], [28], [29]. Previous research has delved into MOFs'
potential for enhancing chemical sensitivity and selectivity in the detection of acetone and other
VOCs [68], [69]. However, despite these encouraging attributes, it is still challenging to achieve a
reliable response at parts-per-billion (ppb) levels of acetone while avoiding cross-sensitivity due

to the presence of large amounts of moisture and CO- in exhaled breath.
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Hence, to address the LOD challenge in acetone sensing, one of the objectives of this study is the
manipulation of the band gap energy of the fabricated sensing layer to enhance the interaction
between acetone molecules and the surface of ZIF-8. Furthermore, in pursuit of selectivity towards
acetone, a critical biomarker for diabetes, we conducted an investigation involving different

sensing platforms with distinct sensing mechanisms in our quest to achieve the desired selectivity.

2.3 Nanomaterials for Photodetection

In materials at the nanometer scale, the electronic properties and capabilities are heavily influenced
by their atomic structural arrangement and how they interact with other materials [151].
Substantial progress has been made in creating different low-dimensional nanomaterials, including
zero-dimensional (0D) [152], [153], one-dimensional (1D) [154], and two-dimensional (2D)
[155], [156] structures, with the aim of enhancing the optoelectronic properties and functions of
PDs. This section will provide an overview of recent research in the use of low-dimensional

materials for photodetection applications:

2D nanostructure materials: 2D layered materials confine carrier movement to a single spatial
dimension at the nanoscale. In-plane atoms form covalent bonds, while van der Waals forces bind
the 2D layers, resulting in an ultrathin atomic-level thickness [70]. 2D materials like graphene
[157]-[159], transition metal dichalcogenides (TMDCs) [160], [161], perovskite [162]-[164], and
black phosphorus (BP) [165], [166] have been explored to improve the optoelectronic
performances of PDs. They can be produced through simpler solution-based methods compared to
conventional epitaxial semiconductors. They exhibit distinctive photonic characteristics, including

high optical transparency and excellent absorption across a wide range of wavelengths [70].
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1D nanostructure materials: 1D nanostructure materials including nanowires (NWs) [167],
[168], nanorods (NRs) [169], [170], and nanotubes (NTs) [170], [171] with 1D limited nanoscale
occupy additional 2D confined spatial dimension within the nanoscale, leading to abundant novel
phenomena and unique properties. In addition, high surface-to-volume ratio and small diameter

make them specifically attractive for potential optoelectronic applications.

0D nanostructure materials: 0D nanostructured materials, such as NPs [172] and QDs [173]-
[175], confine excitons in all three spatial dimensions. Additionally, 0D materials exhibit the
quantum confinement effect when their particle size is smaller than the de Broglie wavelength,
resulting in an increased density of states that can be tuned by varying the particle size and shape
[176]. Consequently, they display unique and exceptional photosensitive properties with three-
dimensional adjustability. This characteristic enables the creation of more compact and versatile
photodetection systems by reducing device size and enhancing sensor resolution [70].

The performance of recent photodetectors based on low-dimensional nanomaterials is summarized
in Table 2.3. However, each of these nanomaterials comes with inherent limitations, such as
toxicity, low responsivity, limited quantum efficiency, slow response times, restricted tunability,
low stability, scalability challenges, inadequate sensitivity within specific wavelength ranges, high
fabrication costs, complex manufacturing processes, difficulties in large-scale synthesis, and
compatibility issues with existing fabrication techniques. These limitations have impeded their
widespread adoption [70], [74], [90], [91]. To overcome these challenges, a composite or hybrid
approach that combines multiple nanomaterials has been explored. This hybridized synergistic
combination of heterostructure optoelectronics and photodetector devices has been demonstrated

to expand their applications and enhance photonic performance and functionalities [177]-[179].
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Table 2.3 Comparative Evaluation of Photodetectors (PDs) Utilizing Various Low-Dimensional

Nanomaterials (reproduced with permission from ref [70], Copyright (2023) Wiley).

Dimension | Materials A [um] Responsivity | EQE Response Detectivity
[A W-1] [%] time [ms] [Jones]

2D Graphene 0.78-1.5 9197 115 0.275 -
Graphene 15 0.1 64 <0.1 —
Graphene 10.6 =5 ss <42 3.6 x 105
Graphene 1.55 240 — — 3.4 x 1072
Graphene 0.47-27.12 5.36 - 68 1.57 x 10°
Graphene/tellurium <2 1.04 x 10° 6 0.028 3.69 x 108
Graphene/PTCDA/pentacene 0.5~0.67 =104 9 <0.028 —
NPMLgraphene-FeClz 1.3-12 6.15 x 103 - 0.0001 2.3 x10°

(VIW)
MoS2 0.45-0.97 29 7.8 300 =10°
MoSez-WSe: 0.52 110 23.4 - 10°
Cs3Cuzls 0.27 3.78 = 163 —
Cs2Pb(SCN)2Br2/MoS; 0.3-0.8 1.22 x 10° 8.99 165 1.16 x 10%4
BP/Bi>02Se 1.3 0.89 84 0.118 1.14 x 10%0
BP/MoS; 0.365 77.16 200 - 6.5 x 10°
CsPbCls 0.44,0.98 1.96,0.12 - - 5x10122.15
x 10°

(CH3(CH2)sNH3)2(CH3NHs)sPbalis | 0.63 0.53 103 17 3.24 x 1013
CsPh2Brs 0.405 754 — 43 =10
PbS nanoplatelets 0.35-0.65 0.02 — 160 3.96 x 1010
Silicon/BP 1.95 125 — — —

1D Sh2Sez nanowires 0.52 270 984 <8 1.27 x 101
V-WOs nanorods 0.25-0.9 4.5 x10° 70 2 5.15 x 101
Zn0:B/Sh2Ses nanorods 0.46 0.137 =40 - 1.33 x 101
InN/In2S3 nanorods 0.365 0.14 - 0.022 4 x 1010
InGaN nanorods 0.385 =10° 107 0.05 -
GaAsSh 0.532 11.7 2.74 x 103 0.05 1.64 x 101
PbSe nanorods 0.405-10.64 0.78 — 0.0175 5.1 x 1010
Tellurium nanorods 0.633 6.1 40.9 — 1.2 x 101
CsCuzls 0.265 0.022 10.3 24 1.2 x 101

0D PbS QDs 0.97 0.46 60 0.49 x 1073 | 2.1 x 10%2
PbS QD/MoS2/\WSe2 0.785 0.76 =100 0.05 5.15 x 101
PbS QD/Si 1.28 — 31 0.0025 8.8 x 1010
CdSe QDs 0.36~1.31 8.3 x 108 ~60 90 4.2 x 10Y7
CsPbBrs QDs 0.514 0.14 — 12 7.0 x 101
CsPbBrs QDs 0.405 10.1 6.4 x 108 — 9.35 x 103
CsPblz QDs 0.450 0.105 - — 5x 108
Si:PbS QDs 1.540 0.264 214 0.002 1.47 x 101

Metal-organic frameworks (MOFs): MOFs' inherent light-harvesting capabilities and potential

for customization render them compelling contenders for photodetection applications. The

incorporation of MOFs into photodetectors holds the promise of augmenting light absorption,

facilitating charge separation, enhancing selectivity, and tailoring the photoresponse. While 2D

MOFs and single crystal MOFs have demonstrated considerable potential in photodetection [94],
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[99]-[103], their 3D counterparts have encountered inherent limitations. These limitations
primarily involve restricted carrier mobility and sluggish charge transport dynamics, impeding
their ability to swiftly respond to photogenerated carriers [46], [47], [50]. However, the synthesis
challenges associated with single crystal MOFs, the production of high-quality large-area 2D MOF
films, and their incorporation into device architectures have hindered their widespread adoption.
These constraints have motivated us to explore composite systems to leverage the strengths of 3D
MOFs while addressing their weaknesses. In this study, for the first time, we delve into a
groundbreaking exploration of photodetectors based on innovative MOF nanocomposites with

CNFs.

2.4 Synthesis Strategies

2.4.1 MOFs Nanoparticles Synthesis Strategies

MOF crystalline particles can be produced across various scales, ranging from macro to micro and
even down to the nanoscale. When MOF particles are synthesized at the nanoscale, they exhibit
markedly improved properties compared to their larger counterparts. These enhancements include
controllable diffusion Kkinetics, a higher proportion of exposed active sites, and effective
confinement of redox centers [180]. In most instances, MOFs are typically created through
solvo(hydro)thermal processes conducted at elevated temperatures and pressures [180], [181].
This traditional approach represents the primary method for MOF synthesis. However, alternative
synthetic techniques, including microwave-assisted, sonochemical, mechanochemical,
microfluidic, and continuous flow methods, have emerged in recent years to synthesize MOFs in

nano-scale [180]-[183].
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In contrast to conventional heating methods, microwave-assisted synthesis allows for significantly
reduced heating times (mere minutes) by applying more concentrated and localized energy, leading
to enhanced nucleation and consequently smaller particle sizes [184]. Similarly, ultrasound-
assisted synthesis harnesses acoustic cavitation to generate localized high temperature and
pressure, resulting in improved nucleation, controlled particle morphology, and phase selectivity
[184]. However, to date, microwave- and ultrasound-assisted methods are only applicable for a
limited number of MOFs.

Mechanochemical synthesis involves the use of mechanical grinding (mechanical force) to supply
the necessary energy for MOF formation. This solvent-free approach offers an environmentally
friendly and scalable alternative to MOF preparation. However, achieving precise control over
crystal size and shape proves challenging, and irreproducibility remains a significant drawback of
mechanochemical routes [185].

Continuous flow processes for MOF synthesis hold promise for scaling up production and
improving efficiency [186]. Nevertheless, substantial limitations and challenges persist in
obtaining MOFs with ideal properties, and successful synthesis examples remain limited for
certain MOF types. Achieving success in this endeavor necessitates collaborative efforts between
chemists and engineers, and ongoing research is dedicated to this objective [180].

For our research, we will utilize a sonochemical method to synthesize ZIF-8. There is limited
number of studies that have explored the synthesis of ZIF-8 nanoparticles through sonochemical

methods, as evidenced by the existing literature [187], [188].

2.4.2 MOFs/MWCNTSs and MOF/CNFs Nanocomposites Fabrication Strategies

A composite is formed by combining a minimum of two elements that collectively contribute to

the overall system while maintaining their distinct identities [48]. Carbon-based materials have
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garnered extensive applications due to their remarkable attributes, including high mechanical and
elastic strength, exceptional chemical and thermal resistance, distinctive electronic and optical
properties, low weight, minimal toxicity, and, in some cases, affordability (low cost) [189]-[191].
Consequently, the integration of MOFs with carbon-based materials holds significant significance,
not only for addressing the limitations of MOFs and transforming them into user-friendly
configurations but also for ushering in a host of innovative functionalities. These functionalities
encompass improved stabilities, enhanced electrical conductivities, superior optoelectric
properties, and template effects, among others [192].

In reality, MOFs have the capability to either form on surface of carbonaceous frameworks,
become integrated into carbon matrices during their synthesis process, or directly blend with
carbon materials, and vice versa. Consequently, we categorize the preparation methods into two
groups: in situ synthesis approaches (MOFs synthesized in the presence of carbon-based materials,
following the same strategies explained in section 2.4.1 for MOF nanoparticle synthesis) and ex
situ synthesis approaches (involving the integration of the pre-synthesized MOFs, following the
same strategies explained in section 2.4.1 for MOF nanoparticle synthesis, with carbon-based
materials through direct mixing). In situ synthesis represents a time- and resource-efficient strategy
suitable for the fabrication of nearly all types of MOF-carbon composites. Typically, carbon-based
materials are introduced into a solution containing thoroughly dissolved MOF precursors, followed
by carrying out hydrothermal reactions under the same conditions as those used for pure MOF
synthesis [192], [193].

In much of the existing literature, the fabrication of MOFs/MWCNTSs composites has typically
involved the use of functionalized CNTs, featuring functional groups like carboxyl groups on their

surfaces. This approach serves to enhance their dispersibility in polar solvents and facilitate the

27



anchoring of metal nodes [194], [195]. However, it should be mentioned that functionalization can
lead to significant alterations in the properties of MWCNTS, including the loss of their original
hydrophobic characteristics, which may not be desirable for certain applications. Consequently,
the utilization of bare MWCNTSs, known for their exceptional hydrophobicity, presents a
promising avenue for enhancing the overall hydrophobicity of MOFs/MWCNTSs composites.
Therefore, in our first and second project, our focus shifts to the synergistic integration of MOFs
and bare MWCNTSs in a novel class of nanocomposites for gas sensing application.

While there have been previous investigations into the development of composites involving
MOFs and MWCNTSs, the synthesis of MOFs with CNFs remains unreported. In our third project,
our focus shifts towards the synergistic integration of MOFs and CNFs, pioneering a
groundbreaking nanocomposite category for the very first time. This endeavor aims to address the
individual limitations of MOFs and CNFs, ultimately leading to the creation of an enhanced

nanocomposite material for optoelectronic applications.

2.5 MOFs Thin Film Fabrication Methods

Various approaches have been documented in the literature for the production of thin films or
membranes composed of MOFs. These methodologies can be classified into the following
categories: (1) direct growth, (2) layer-by-layer growth, (3) secondary growth, and (4) chemical
solution deposition [196].

Direct growth techniques rely on the substrate's immersion in reaction solutions containing metal
salts and linkers, either through the application of microwave-assisted heating or by using a

preheated reaction mixture. In both approaches, it has been noted that the creation of continuous
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thin films on bare substrates is hindered by poor heterogeneous nucleation. As a result, chemical
modifications of the supports are deemed essential to achieve high-quality films [196].

The layer-by-layer (LBL) approach for the growth of MOF thin films at RT entails a series of
cycles in which the substrate is immersed successively in solutions of the metal salt and solutions
of the organic linker. Following each deposition step, the substrate is rinsed with an appropriate
solvent to eliminate any unreacted or physiosorbed reaction components. In comparison to direct
growth, the LBL method results in the formation of homogeneous, nanoscale films with precise
control over orientation and thickness at each individual step. However, it should be noted that the
LBL route necessitates the pre-functionalization of substrates with self-assembled monolayers, a
task that is nontrivial. Furthermore, the repetitive immersion and washing cycles constitute a time-
consuming process [196].

Secondary or seeded growth offers improved control over the thickness and orientation of the
film, compared to direct growth. In the process of secondary growth, a seed layer is applied to the
substrate, and the seeding technique that offers the greatest versatility is typically spin- or dip-
coating. Subsequently, the seeded substrate is submerged in a reaction solution containing the
specific MOF, and thin films or membranes are generated on the seeded surface using a procedure
akin to direct growth. The presence of pre-existing nuclei on the supporting surface serves to
eliminate the impact of surface chemistry. Secondary growth is more commonly employed for the
fabrication of membranes, as direct growth tends to result in inadequate coverage of crystallites
on uncoated substrates [196].

The chemical solution deposition route involves the utilization of stable dispersions of
nanocrystals, which are applied to substrates through techniques such as spin-coating, dip-coating,

drop-casting, or spraying. Films of varying thickness can be generated through multiple deposition
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steps. This approach is characterized by its simplicity, speed, and cost-effectiveness. Due to its
affordability and potential for large-area processing, this technique is also employed within the
industrial sector [196]. Hence, in this study, the spray coating method is being considered for use.
For the fabrication of ZIF-8 thin films, various methods including direct growth [197], [198],
secondary growth [197], [199], and chemical solution deposition route such as dip-coating [200],
[201] have been reported in the literature. However, the utilization of the spray method for the

fabrication of ZIF-8 thin films has not been reported.

2.6 MOF-based Chemiresistive Sensors for Methane and Acetone Detection

and their Mechanism

In general, gas sensing methods based on MOFs encompass optical technigues (e.g., Chromism
and luminescence), mechanical approaches (including QCM, SAW, and microcantilevers),
magnetism, and electrical sensing (such as impedance, capacitive, and resistive techniques) as
depicted in Figure 2.1[139]. Among these, chemiresistive sensors stand out as the simplest and
most sought-after devices due to their cost-effectiveness and ease of miniaturization. They have
been extensively explored with nanomaterials like metal oxides [202]. However, the utilization of
MOFs as the sensing material in chemiresistive sensors has only recently garnered attention,
primarily owing to the limited availability of MOFs with adequate electrical conductivity. The
development of novel synthetic methods for electroconductive MOFs (EC-MOFs) and
electroconductive MOF composites, which exhibit both porosity and electrical conductivity, has
paved the way for the initial applications of these materials in chemiresistive sensors [203]-[206].
Nevertheless, there have been no reports on the use of MOF resistive-based sensors for the

detection of CH4 and acetone.
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The mechanism of chemiresistive MOF-based sensors is primarily ascribed to the adsorption of
gas molecules by the functional material, leading to electron and hole transfer, or surface reactions
of gas molecules with the functional material, culminating in alterations in the resistance (or
conductance) of the sensing materials [139]. Despite this, there is a lack of studies explaining the
selectivity mechanism in MOFs-based resistive sensors. In this study, we provide the first
comprehensive explanation of the sensing mechanism for MOFs/MWCNTs nanocomposite-based
resistive gas sensors, particularly in their selective response to different analytes, as detailed in

Chapter 4.

5§ A
Chemiresistivity .

Figure 2.1 Sensing based on different properties of MOFs (reproduced with permission from ref

[139], Copyright (2023) Royal Society of Chemistry).

2.7 Light Detection Mechanisms in Photodetectors

Photodetectors can be classified into three types based on device structure and working
mechanism: photoconductors, photodiodes, and phototransistors. The schematics of these device
architectures are illustrated in Fig. 2a—c [207]. In this study we used the photoresistor device

structure.
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Figure 2.2 Schematic illustrations of a typical (a) photoconductor, (b) photodiode, and (c)
phototransistor (reproduced with permission from ref [207], Copyright (2023) Royal Society of
Chemistry).

However, we can categorize photodetectors based on their mechanisms for light detection

(working mechanism) [208]:

1. Photoconductive effect: Photoconductivity is a well-known optical and electrical
phenomenon observed in semiconductors, characterized by an increase in electrical
conductivity upon the absorption of light radiation. This effect involves several
mechanisms, including the absorption of incident light, the generation of electron-hole
pairs, and carrier transport, occurring successively or simultaneously. To induce excitation,
the incident light must possess energy greater than the bandgap of the semiconductor,
lifting electrons to the conduction band or exciting impurities within the bandgap, leading
to the formation of electron-hole pairs. Photoconductivity serves as the foundation for
photodetection operations, with photoconductive detectors commonly crafted from
semiconductors [208], [209].

2. Photovoltaic effect: In semiconductor solar cells, the photovoltaic effect is harnessed by
utilizing a p-n junction rather than a pure semiconductor. The presence of a potential barrier

within the p-n junction is essential for this process. When exposed to light with energy
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higher than the energy gap (Eg) of the semiconductor, electron-hole pairs are generated.
These pairs are then separated by the potential barrier, causing electrons and holes to move
in opposite directions. This separation results in a potential difference at the two terminals,
leading to the creation of electrical power from the incident light. The photovoltaic effect
serves as the fundamental mechanism driving the operation of semiconductor solar cells
[208], [209].

Photoemission or photoelectric effect: Photons induce the transition of electrons from a
material's conduction band to free electrons in a vacuum or gas. Photoelectric effects occur
when photons of higher frequencies, such as X-rays and gamma rays, are radiated. These
high-energy photons can release electrons near the atomic nucleus, leading to the ejection
of an inner electron. Subsequently, a higher-energy outer electron rapidly fills the vacancy,
emitting excess energy and causing the emission of one or more additional electrons—a
phenomenon known as the Auger effect. This effect serves as a powerful tool for studying
atoms and solid surfaces [209].

Another phenomenon observed at high photon energies is the Compton effect. When
photons with energy significantly greater than the binding energy of electrons strike a
semiconductor, they undergo scattering. In this elastic collision between the photon and
electron, energy and momentum are conserved. The photon loses energy to the excited
electron, resulting in a decrease in the photon's energy and an increase in wavelength
according to Einstein's relation E=Ac/A. Consequently, the scattered radiation is observed
to consist of two wavelengths: the original wavelength and an increased wavelength [208],

[209].
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4. Thermal effect: Photons cause the transition of electrons to mid-gap states, followed by
their return to lower bands, initiating the generation of phonons and subsequently leading
to the production of heat.

5. Polarization effect: Photons can alter the polarization states of compatible materials,
potentially causing shifts in the index of refraction or triggering other polarization-related
effects.

6. Photochemical effect: Photons initiate a chemical transformation within a material.

2.7.1 Types of Photoconductivity

Photoconductivity characteristics can be categorized into intrinsic and extrinsic photoconductivity
based on the mechanism. Intrinsic photoconductivity originates from the generation of mobile
charge carriers due to the absorption of electromagnetic radiation in pure materials. This transition
occurs across the primary band gap (Eg), creating electrons and holes as photocarriers [210]. In
extrinsic semiconductors, the existence of impurity creates energy levels within the band gap very
close to the valence band, which are called acceptor level (Ea). This shifts the effective Fermi level
to a point about halfway between the acceptor levels and the valence band to show a p-type
semiconductor behavior [211]. Extrinsic photoconductivity involves absorption from (or to)
impurity sites within the band gap. Electrons from impurity atoms are excited to the conduction
band (CB), leaving ionized atoms behind and generating photocarriers in the CB or valence band
(VB). These excited electrons, or photocarriers, are mobile and contribute to the conduction
process. The schematic illustration in Fig. 2.3 depicts the transition levels of intrinsic and extrinsic
photoconductivity processes, indicating the transition from donor level to the CB and from the VB

to acceptor level as 1 and 2, respectively [210].
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Figure 2.3 Transition level in intrinsic and extrinsic photoconductivity process (reproduced with

permission from ref [210], Copyright (2023) Elsevier Books).

In this chapter, we have provided an overview of nanomaterials used in CH4 and acetone detection,
as well as photodetection, emphasizing associated challenges. In the following chapters, we
address these challenges by selecting ZIF-8 (within the MOF class) as our sensing layer of
chemiresistive sensor due to its low water affinity and stability in ambient conditions. For the first
time, we enhanced its chemical interaction, electrical conductivity, and photoelectric properties by
creating nanocomposites with bare MWCNTSs and CNFs, for use in gas sensing and photodetector
applications, respectively. Our composite approach aims to reduce the electronic bandgap and

activation energy of ZIF-8 through the random incorporation of MWCNTSs and CNFs.

Moreover, among the discussed strategies for fabricating MOFs composites and producing MOFs
thin films, we opt for the in-situ sonochemical synthesis method to create ZIF-8, ZIF-8/MWCNTSs

and ZIF-8/CNFs nanocomposites. To fabricate thin films of these nanomaterials on IDE and QCM
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chips for resistive sensor, photoresistor-based PD, and QCM-based sensors, we employ the spray

coating method, which are explained in detail in the fallowing chapter.
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Chapter 3 : Experimental Method

The contents of this chapter have been published in the experimental section of entitled papers:
e “MOF/MWCNT-Nanocomposite Manipulates High Selectivity to Gas via Different
Adsorption Sites with Varying Electron Affinity: A Study in Methane Detection in Parts-per-

Billion”, ACS sensors, 7, 3846-3856, https://doi.org/10.1021/acssensors.2¢01796.

e “ZIF-8/MWCNT-Nanocomposite Based-Resistive Sensor for Highly Selective Detection of
Acetone in Parts-Per-Billion: Potential Noninvasive Diagnosis of Diabetes”. Sensors and

Actuators B: Chemical, 2023, 393, 134197, https://doi.org/10.1016/j.snb.2023.134197.

e “Eco-friendly and High-Performance Photodetector based on Bandgap-Engineered
MOFs/CNFs Nanocomposites for Violet Light Detection”, Advanced optical material,

submitted.

3.1 Material Synthesis

3.1.1 Synthesis of ZIF-8

To synthesize pure ZIF-8 nanoparticles, 83 mg of 2-Methylimidazole (Hmim) (C4HesN2, Sigma
Aldrich, > 99%), and 93 mg of zinc acetate dihydrate (98% VWR) were separately dissolved in 16
mL and 5 mL of N, N dimethylformamide (DMF, 99.8%, VWR), respectively. The precursor
solutions were mixed, and the vial was set to the probe of an ultra-sonic generator (100 W, QSonica
Q500, USA) at RT (around 25 °C) for 7 minutes till we get a white suspension. Subsequently, the
ZIF-8 is separated from the reaction mixture by centrifugation (6000 rpm, Corning C6755) and

washed with ethanol (30 mL).
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3.1.2 Synthesis of ZIF-8/MWCNTSs Nanocomposites

The ZIF-8/MWCNTSs composite was prepared under the same conditions of ZIF-8 synthesis
procedure with the addition 10 mg of bare MWCNTSs (30-50 nm outer diameter, 10-20 um long
and purity > 95wt%, Cheap Tubes) in 10 ml DMF into the precursor solutions. Instead of following
the reported studied in wusing functionalized-MWCNTs for making MOF/MWCNTSs
nanocomposite, for the first time, bare MWCNTSs have been used in making ZIF-8/MWCNTSs
nanocomposite to engineer our nanocomposite selectivity and render an enhancement in overall
hydrophabicity.

Composites of ZIF-8 with 2.5, 5, 10, and 15 wt% of MWCNTSs were synthesized. However, at
2.5 wt%, the IDE chip coated with this composite showed no conductivity, rendering it unsuitable
as a sensing layer for a resistive sensor. Conversely, at 15 wt% of MWCNTS, the quantity exceeded
the composite's capacity, leaving excess MWCNTSs in the solution after centrifugation. As a result,
this formulation was excluded from our sensing experiments. Therefore, we focused our

experiments on composites containing 5 and 10 wt% of MWCNTSs.

3.1.3 Synthesis of ZIF-8/CNFs Nanocomposites

To synthesize pure ZIF-8/CNFs nanoparticles, 200 mg of Hmim (CsHeN2, Sigma Aldrich, >
99%), 100 mg of zinc acetate dihydrate (98% VWR), 33 mg of bare CNFs (PR-19-XT-PS, tubular
fiber, average diameter of about 150 nm, > 98wt%, Pyrograf Products, Inc.), were separately
dissolved in 25 mL and 7 mL of DMF (99.8%, VWR), and 10 mL ethanol (99.9%, VWR)
respectively. The precursor solutions were mixed, and the vial was set to the probe of an ultra-
sonic generator (100 W, QSonica Q500, USA) at RT (around 25 °C) for 1 minute. Then, the black

mixture was transferred to a 50 ml stainless steel autoclave lined with Teflon and heated at 130°C
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for 19 hours. At the end of the reaction time, the reactor left to cool at ambient temperature, and
black solution collected. After that, the black solution is separated from the reaction mixture by
centrifugation (6000 rpm, Corning C6755) and washed with ethanol (30 mL).

Composites of ZIF-8 with 5, 10, and 15 wt% of CNFs were synthesized. However, at 5 wt%, the
IDE chip coated with this composite showed no conductivity and photo responsivity, rendering it
unsuitable as a sensing layer for a photodetector. Conversely, at 15 wt% of CNFs, the quantity
exceeded the composite's capacity, leaving excess CNFs in the solution after centrifugation. As a
result, this formulation was excluded from our sensing experiments. Therefore, we focused our

experiments on composites containing 10 wt% of CNFs.

3.2 Materials Characterization

Fourier Transform Infrared Spectroscopy (FTIR, Nicolet Nexus 470, USA) was utilized to identify
and analyze the functional groups present in the synthesized materials and investigate their
chemical bond vibrations. Raman spectroscopy (Horiba XploRA PLUS, Diode-Pumped Solid-
State laser (532 nm), Power 14 mW, USA) was employed to confirm the molecular structures of
the samples, providing complementary information to FTIR. X-ray diffraction (XRD, Rigaku
Multiflex with X-ray source of Cu Ka) was used to characterize the crystalline structure of the
materials. UV-Vis spectrophotometer (Ocean Optics, Flame-S, USA) was used to determine the
optical band gap of the materials, providing information on the materials’ electronic properties.
Field emission scanning electron microscopy (FE-SEM, Quanta 250) was employed to determine
the morphology of the materials, providing information on the size of the samples. Nitrogen
adsorption/desorption isotherms of the materials were obtained at 77 K by a Micromeritics Tristar
Il Plus surface area and porosity analyzer instrument equipped with MicroActive for TriStar 11

Plus Version 2.03 software for calculation and analysis. The Brunauer—-Emmett—Teller (BET)
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method was used to determine the specific surface area of the samples. Total pore volume was
calculated by N2 uptake at the relative pressure P/Po = 0.99. The micropore volume was obtained
using the t-plot method of Lippens and de Boer with the adsorption data. Transmission electron

microscopy (TEM, Hitachi H7650) was employed to characterize bare MWCNTSs.

3.2.1 ZIF-8/MWCNTs Characterization

3.211FT-IR

The FT-IR spectrum of the synthesized ZIF-8 displayed prominent peaks at 3455, 3135, 2929,
1683, 1589, 1460-1300, 1145, 1300-900, 800-600, and 426 cm™ (Figure 3.1), which were
consistent with previous studies [26-29]. These peaks corresponded to various molecular
vibrations, including Hmim’s N—H stretching (or the O—H stretching vibration of physically
adsorbed water), aromatic C—H asymmetric stretches, the rings aliphatic C—H asymmetric
stretches, the C=C stretching mode, the C=N stretching, the entire ring stretching, aromatic C—N
stretching mode, the rings in-plane bending, the ring out-of-plane bending, and Zn—N stretching,
respectively [27-29]. The inherent hydrophobicity of ZIF-8 can be evident from its FT-IR
spectrum band at 3455 cm™ (attributing to the N—H stretching vibration of the residual Hmim on
the outer surface of ZIF-8 and the O—H stretching vibration of physically adsorbed water) which
is weak in compare to other kinds of MOFs [52]. The ZIF-8/MWCNT nanocomposite displayed
the same FT-IR peaks as ZIF-8, indicating that there were no significant chemical interactions
between the ZIF-8 crystals and the MWCNTSs (Figure 3.1) [213]. However, the intensity of peaks
for ZIF-8/MWCNTSs has reduced in FT-IR spectrum suggesting the existence of MWCNTSs in the
nanocomposite. Bare MWCNTSs only exhibited a weak peak at 1638 cm™, which was associated

with the presence of aromatic C=C groups, as previously reported [30-32]. Additionally, the
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absence of any other peaks in the MWCNTSs confirms that they do not have any functional groups,
confirming their bare nature. The FT-IR diagram of the MWCNTs and ZIF-8 MWCNTSs
nanocomposite reveals a rise in transmittance with an increase in wavenumber. This phenomenon
is attributed to their black color, which has a high degree of light absorption, and possesses light-
blocking characteristics. As wavenumber increases, the energy of the infrared radiation decreases.
The rise in transmittance could be indicative of the material's ability to allow more infrared

radiation to pass through at higher wavenumbers.
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Figure 3.1 FT-IR spectra of MWCNTSs (black), ZIF-8 (green) and ZIF-8/MWCNTSs

nanocomposite (orange) in the wavenumber range of 4000—400 cm* with a spectral resolution

of 4 cm™.
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3.2.1.2 Raman

The major Raman peaks of ZIF-8 were observed at 684, 835, 949, 1023, 1146, 1186, 1312, 1385,
1459, and 1509 cm™, corresponding to & H (out of plane), bending C—H (out of plane) (C4—C5),
bending C—H (out of plane) (C2—-H), C5-N stretching vibration, C5-N stretching vibration, N-H
wag, —CHz symmetry deformation vibration, C—H bending of methyl, stretching vibration of C2—
N1 and C5-N1, respectively (Figure 3.2) [33-35]. These Raman peaks agree with the literature
[33-37]. MWCNTSs exhibited Raman peaks at 1575 cm™ (G band) and 1343 cm™ (D band),
corresponding to the in-plane vibration of the C—C bond and disorder in the carbon crystal structure
or other structural damage, respectively [36,37]. In the ZIF-8/MWCNT nanocomposite, all the
characteristic Raman peaks of ZIF-8 and MWCNTs were observed, confirming no chemical
interaction during composite formation. The G band of the nanocomposite was shifted compared
to pure MWCNTSs, suggesting the formation of the ZIF-8/MWCNT nanocomposite. Typically,
In/lg ratio in the Raman spectrum represents defect density in MWCNTS structures; in our case
we obtained 0.87 for bare MWCNTSs and 0.92 for ZIF-8/MWCNTSs, respectively (Figure 3.2).
These obtained values of Ip/lc suggest the presence of defect sites in our bare MWCNTS. Such
defects are expected to induce metallic to semiconducting transitions resulting in complex

conductance variations.
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Figure 3.2 Raman spectra of MWCNTSs (black), ZIF-8 (green) and ZIF-8/MWCNTSs

nanocomposite (orange) in the wavenumber range of 1600 to 180 cm ™.

3.2.1.3 XRD

The XRD pattern of ZIF-8 is consistent with previous literature [26-29], with the main peaks
observed at 20 = 7.74, 10.63, 13, 15, 16.8, 18.5, 22.5, 24.9, 27, 30, 31, 32, 32.9 and 35.4°,
corresponding to the (110), (200), (211), (220), (310), (222), (411), (332), (422), (431), (440),
(433), (442), and (532) planes, respectively (Figure 3.3) [53]. Notably, upon the introduction of
MWCNTSs into the ZIF-8, the XRD pattern remains comparable to that of pure ZIF-8, indicating

that the crystalline structure of the ZIF-8 is successfully maintained. However, the intensity of
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peaks for ZIF-8/MWCNTSs has increased in XRD pattern suggesting an enhancement in the
crystallinity in the nanocomposite. The XRD pattern of MWCNTSs displays insignificant peaks at

20 =26.32 and 44.77° when compared to the prominent peaks of ZIF-8.
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Figure 3.3 XRD patterns of MWCNTSs (black), ZIF-8 (green) and ZIF-8/MWCNTSs

nanocomposite (orange).

3.2.1.4 UV-vis

The UV-Vis absorption spectra of bare MWCNTSs, ZIF-8 and ZIF-8/MWCNTSs nanocomposite
(Figure 3.4) reveal a strong peak at ~274 nm due to the presence of conjugated bonding electron
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systems (n-n* and 6-6* transition), and a relatively weak characteristic peak at 380 nm related to
nonbonding electron system (n-n* and n-o” transition) [222]. For ZIF-8/MWCNTSs
nanocomposite, the peak at 274 nm is slightly shifted to 270 nm indicating the presence of m-*
transition in the composite after the incorporation of MWCNTs with ZIF-8 to form ZIF-
8/ MWCNTs nanocomposite via nt-n interaction. This interaction essentially originated between
the Hmim ligands in ZIF-8 and the benzene ring structure in MWCNTS, causing charge transfer

from ZIF-8 to the MWCNTSs [223].
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Figure 3.4 UV-Vis absorption spectra of MWCNTSs (black), ZIF-8 (green) and ZIF-

8/MWCNTSs nanocomposite (orange).
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3.2.1.5BET

Prior to the adsorption analysis, ZIF-8 and ZIF-8/MWCNT nanocomposite materials underwent
degassing at a temperature of 90°C for a duration of 24 hours. Subsequently, the porous structure
of the materials was assessed by conducting N2 adsorption and desorption experiments within the
range of P/Po =0.01-0.99. The N> sorption isotherms of the samples are presented in Figure 3.5.
According to the IUPAC classifications [224], both samples exhibited a combination of type I and
type IV isotherm behaviors, accompanied by a small hysteresis loop at relatively high pressures
(Figure 3.5). This observation indicates the predominance of microporous characteristics with
minor mesopores. The BET surface area, total pore volume, t-plot micropore volume, and average
pore width for ZIF-8 and ZIF-8/MWCNT composite are calculated by using the obtained
adsorption data and presented in Table 3.1. After incorporation of bare-MWCNTSs with ZIF-8, all
surface properties and porosity data of the ZIF-8/MWCNTSs nanocomposite increased compared

to the pure ZIF-8.

Table 3.1 Surface properties and porosity data of ZIF-8 and ZIF-8/MWCNTSs nanocomposite.

BET surface Single-point total pore volume t-plot micropore  Average pore width

area (m?%/g) at P/Py = 0.99 (cm’/g) volume (cm?/g) (4V/A by BET) (A)
ZIF-8 925 0.54 0.42 23.53
ZIF-8/MWCNTs 1175 0.85 0.55 28.76
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Figure 3.5 Nitrogen adsorption and desorption isotherms at 77 K for (a) ZIF-8 and (b) ZIF-

8/MWCNT nanocomposite.

3.2.1.6 SEM/EDX

The morphology of the synthesized ZIF-8/MWCNTSs nanocomposite and its elements are

investigated by FE-SEM/EDX analysis (Figure 3.6, and Figure 3.7). FE-SEM images of ZIF-8

and ZIF-8/MWCNTSs films show ZIF-8’s narrow size distribution with particle sizes ~50 nm

(Figure 3.6a and c) and the existence of MWCNTS strands among ZIF-8 crystals (Figure 3.6c).

These strands link the crystals to each other and make paths for electron transfer, which gives a

semiconductive property to the nanocomposite. Alternatively, we can describe that the MWCNTSs

could act as nucleation sites for the crystallization of the ZIF-8 forming a dense beaded-network.

47




Figure 3.6 a) FE-SEM image of ZIF-8 film with particle sizes ~50 nm. b) Medium

magnification, and c) high magnification FE-SEM images of ZIF-8/MWCNTSs film.
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Figure 3.7 EDX spectrum of ZIF-8/MWCNTSs film on the surface of a silicon wafer with
platinum coating: elements of carbons (C), nitrogen (N), oxygen (O), Zinc (Zn), silicon (Si) and
platinum (Pt) come from ZIF-8's Hmim ligands and MWCNTSs, ZIF-8's Hmim ligands, ZIF-8's

metal node, the silicon wafer as substrate, and platinum coating on the surface of ZIF-

8/MWCNTS, respectively.
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3.2.1.6 TEM

MWCNTSs are not well-defined electrically due to their structural complexity and variety when
compared to SWCNTSs. So, conductivity in MWCNTSs is quite complex. As was shown and
suggested in prior literature [225], [226], intrinsic defects within nanotubes can induce strong
modifications in their electronic band structure, provoking metallic to semiconducting transitions.
Typically, Ip/lc ratio in the Raman spectrum represents defect density in MWCNTS structures; in
our case we obtain a value of 0.87 which we report in Figure 3.2. This obtained value in our case
suggests the presence of defect sites in our used MWCNTS. Such defects are expected to induce
metallic to semiconducting transitions resulting in complex conductance variations. As an added
proof: TEM-selected area electron diffraction (SAED) and autocorrelation function (ACF)
analysis (Figure 3.8) of the lattice-plane structures clearly shows the mixed metallic and
semiconductive nature of the used MWCNTSs in our experiments. So, the semiconducting behavior
of the used MWCNTSs here can be understood by the fact that our measurement is a result of the
overall electrical properties of MWCNTSs, which has been further supported by referring to the
value of the band gap (2.95 e¢V) for the used MWCNTSs obtained from the Tauc’s plots (Figure
4.2). Considering our experimental data, heuristically we conclude that the resulting
semiconducting behavior of the used MWCNTSs plays a significant role in the modulation of
electronic bandgap and in turn the complex conductance of our composite resulting in an

equivalent series resistance change which we use as a measurand for sensing.
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Figure 3.8 TEM analysis of the MWCNTSs shows the layered structure. For the location shown
here, the number of layers measured are 45 that accounts for a mean diameter of 28.8 nm with
the distance between 2 layers in the order of ~0.64 nm. For different MWCNTSs at different
locations higher resolution imaging shows the lattice planes. Autocorrelation function (ACF)
analysis of the lattice-plane structure reveals the mixed metallic and non-metallic nature of the

MWCNTSs as highlighted in the vector lengths in arbitrary units (au) (insets).

3.2.2 ZIF-8/CNFs Characterization

3.221FT-IR

The FT-IR analysis of the synthesized ZIF-8 revealed distinct peaks at 3455, 3135, 2929, 1683,
1589, 1460-1300, 1145, 1300-900, 800-600, and 426 cm™ (Figure 3.9), aligning with findings

from earlier investigations [52], [53], [212], [213]. These peaks corresponded to a range of
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molecular vibrations, encompassing Hmim's N-H stretching (or the O—H stretching vibration of
physically adsorbed water), asymmetric stretches of aromatic C—H bonds, asymmetric stretches of
aliphatic C—H bonds in the rings, the C=C stretching mode, C=N stretching, entire ring stretching,
aromatic C-N stretching mode, in-plane bending of the rings, out-of-plane bending of the rings,
and Zn-N stretching, respectively [53], [212], [213]. Conversely, bare CNFs exhibited a weak
peak at 1583 cm™?, indicative of the presence of aromatic C=C groups, as reported in prior studies
[227]. The FT-IR spectrum of the ZIF-8/CNF nanocomposite mirrored that of ZIF-8, suggesting

no chemical interactions between ZIF-8 crystals and CNFs [213].
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Figure 3.9 FT-IR spectra of CNFs (black), ZIF-8 (red) and ZIF-8/CNFs nanocomposite (blue),

respectively.
3.2.2.2 XRD

The XRD pattern of ZIF-8 agrees with prior literature reports [52], [53], [212], [213], revealing

prominent peaks at 20 = 7.74, 10.63, 13, 15, 16.8, 18.5, 22.5, 24.9, 27, 30, 31, 32, 32.9, and 35.4°,
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corresponding to crystallographic planes (110), (200), (211), (220), (310), (222), (411), (332),
(422), (431), (440), (433), (442), and (532) (Figure 3.10) [53]. In contrast to the dominant peaks
of ZIF-8, the XRD pattern of CNFs presents insignificant peaks at 20 = 26.17 and 43.8° [228],
[229]. The peak at around 26.17° is often associated with the (002) plane, which represents the
alignment and ordering of graphene layers within the nanofiber. The peak at 43.8° corresponds to
another crystallographic plane, often identified as the (101) plane associated with the stacking
arrangement of graphene layers in the nanofiber structure. Upon incorporating CNFs into the ZIF-
8 structure, there are weak n—n interactions between the ZIF-8 and CNFs resulting in minimal
strain or distortion in the ZIF-8 lattice, leading to small shifts in XRD peaks of ZIF-8/CNFs in

compared to ZIF-8 alone.
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Figure 3.10 XRD patterns of CNFs (black), ZIF-8 (red) and ZIF-8/CNFs nanocomposite (blue),

respectively.
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3.2.2.3 UV-vis

The UV-Vis absorption spectra of ZIF-8 nanoparticles (Figure 3.11) reveal a strong peak at ~274
nm due to the presence of conjugated bonding electron systems (n-n* and c-c* transition), and a
relatively weak characteristic peak at 380 nm related to nonbonding electron system (n-z* and n-
o™ transition). [93], [222] For CNFs, an absorption peak at 230 nm corresponds to the m—n*
transition of aromatic C=C bonds and a shoulder at 273 nm agrees to the n—z* transition related to
nonbonding electron system.[230] CNFs can also exhibit plasmon resonance broad peaks in the
UV-vis spectrum in the range of 300-700 nm. These peaks result from the collective oscillation of
free electrons in the conduction band in the CNFs, leading to enhanced light absorption and
scattering. In the case of the ZIF-8/CNFs nanocomposite, the characteristic peak of ZIF-8 observed
at 274 nm undergoes a notable shift towards 220 nm, which serves as a clear indicator of the
emergence of m-m* transitions within the composite. This intriguing transformation is a direct
consequence of the incorporation of CNFs into the ZIF-8 framework, facilitated by =n-n
interactions. This interaction is primarily instigated between Hmim ligands within ZIF-8 and the
benzene ring structure inherent to CNFs, resulting in a discernible charge transfer from ZIF-8 to

CNFs [223].
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Figure 3.11 UV-Vis absorption spectra of CNFs (black), ZIF-8 (red) and ZIF-8/CNFs

nanocomposite (blue), respectively.

3.2.2.4 FE-SEM

The morphological analysis of the synthesized ZIF-8/CNFs nanocomposite thin film and its
elements are investigated by FE-SEM/EDX (Figure 3.11 and Figure 3.12). The FE-SEM images
reveal a narrow size distribution of ZIF-8 particles, with sizes approximately 50 nm, along with
the presence of CNFs strands interwoven among ZIF-8 crystals (Figure 3.11). These strands
establish connections between the crystals, facilitating paths for electron transfer and conferring a

semiconductive property to the nanocomposite.
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Figure 3.12 a) Medium magnification, and b) high magnification FE-SEM images of ZIF-
8/CNFs film.

Energy [keV]

Figure 3.13 EDX spectrum of ZIF-8/CNFs film on the surface of a silicon wafer with platinum
coating: elements of carbons (C), nitrogen (N), oxygen (O), Zinc (Zn), silicon (Si) and gold (Au)
come from ZIF-8's Hmim ligands and CNFs, ZIF-8's Hmim ligands, ZIF-8's metal node, the

silicon wafer as substrate, and gold coating on the surface of ZIF-8/CNFs, respectively.
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3.3 Thin Film Fabrication

To create a ZIF-8, ZIF-8/MWCNT, and ZIF-8/CNFs sensing layer on the surface of two types of
chips - QCM and IDE chips, spray coating method was utilized. For implementing spray-coating,
stable colloidal suspensions of the synthesized materials were obtained by re-dispersing the
washed product in ethanol. An airbrush double action kit (Pinkiou SP180KTG, USA) with a nozzle
diameter of 0.2 mm and a compressor air tank was used to make a sensing layer of ZIF-
8/MWCNTSs on the surface of an IDE chip and QCM chip. The QCM chip with a 1-inch diameter
obtained from Stanford Research Systems (Sunnyvale, CA, USA), had circular gold electrodes on
both sides. An alumina ceramic based-interdigitated electrode (IDE) chip with an overall size of 5
mm*6 mm*0.38 mm, consisted of 18 gold fingers (90 um wide, 3800 um long, and a gap of 90
pum between fingers) was used (Figure 3.14). The spraying rate was optimized to 3 mL/min to
obtain a uniform film. The distance between the tip of the nozzle and the substrate was optimized
to 20 cm. The deposition time was varied to control the thickness of the sensing layer, resulting in
approximately 8 um thick ZIF-8/MWCNT film on IDE chips, and about 400 nm thick ZIF-8 and

ZIF-8/MWCNT films on QCM chips measured by an optical profilometer (Zeta™-20).
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Figure 3.14 Schematics of the spray-coating set-up with a dual action airbrush, an IDE, and

QCM chips.

3.4 Experimental Test Setup

3.4.1 IDE and QCM Based Gas Sensor Test Setup and Sensing Experiment:

The gas/vapour sensing tests of ZIF-8/MWCNT-coated chemiresistive sensor were evaluated by
using an in-house fabricated flow chamber (Figure 3.15). To test the gas/vapour sensing
performance of ZIF-8 or ZIF-8/MWCNT-coated QCM sensor and ZIF-8/MWCNT-coated
chemiresistive sensor, an experimental setup was prepared as shown in Figure 3.16. Dry air was
used as the carrier gas to simulate real-world applications. The gas flow rate at each line was

regulated using a mass flow controller (MFC, AtoVac GMC1200, Suwon, South Korea) to control
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gas concentration. Real-time resonance frequency measurements of the QCM sensors were
conducted using a QCM200 system (Stanford Research Systems, Sunnyvale, CA, USA). The
measured resonance frequency was converted into AF, where AF = (Ft — Fo) is the time-dependent
resonance frequency change, Fo is the baseline resonance frequency in dry-air, and F; is the
measured resonance frequency under target gas/vapour exposure. For IDE-based chemiresistive
sensors, real-time resistance measurements were taken using a digital multimeter (Keysight
34461A, Malaysia). The obtained resistance measurement was converted into a normalized
response value (AR/Ro) where AR is the time-dependent resistance change (AR = (Rt — Ro)), Ro is
the baseline resistance in dry-air, and R: is the measured resistance under target gas/vapour
exposure. Prior to measurement, both QCM and IDE-based sensors were stabilized in dry air for
two hours at a total flow rate of 100 sccm. All sensing tests were carried out at ambient pressure
and RT (25°C). A bubbler filled with double distilled water (DDW) was used to control humidity
levels, and an environmental sensor (Thorlabs - TSP01l, USA) was employed to monitor
temperatures and relative humidity (RH). To precisely control VOCs concentrations (see

supporting information), a syringe pump (KDS Legato 100) was used instead of a bubbler.

Figure 3.15 Picture of the in-house fabricated flow chamber with electrode interface.
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Figure 3.16 Experimental setup for gas/vapour sensing experiments.

Gas and humidity concentration calculation: The CHs, CO2, CO, NO2, NHz concentration
(Cppm) was estimated using Eqg. (3-1). By controlling the flow rate of gases from tanks 1 and 2,
different concentrations of gases were generated. Humidity concentration (HCppm) was estimated
using Eq. (3-2). The ratio of saturated vapor pressure to input pressure (a) was determined by
calculating the saturated vapor pressure from Antoine’s equation (Eq. (3-3)) at RT and measuring
the inlet pressure. Also, the ratio of the saturated vapor pressure to input pressure (a) was used to

calculate air flow rate including DDW moisture from the bubbler, as shown in Eq. (3-4). Detailed

descriptions for the parameters in the equations are presented in Table 3.2.
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HCpym = x 10° (3-2)

B
__ Saturated vapour pressure 10A_C+T

a= = (3-3)

Input pressure Pin

Fal_out = (a + 1)Fa1_in (3-4)

VOCs concentration calculation: We used a syringe pump to inject volumes of VOCs in liquid

phase into the dry air with different rates to create different concentration of VOCs in the sensing

chamber. A summary of VOCs’ properties can be found in Table 3.3. The VOC's concentrations

in parts per million (ppm) can be calculated by Eq. (3-5):

_ SPXdx24.46

VOCopm = s (3-5)

Table 3.2 Descriptions of the parameters in equations (3-1)—(3-4)

Parameters Description Unit
Cppm Concentration of target gas ppm
HCppm Concentration of water vapour ppm
Fai in Air flow rate from MFC 1 to bubbler sccm
Fa1_out Air (including DDW moisture) flow rate from bubbler sccm
Fa Air flow rate from MFC 2 scem
Fa3 Air flow rate from MFC 3 sccm
Fq CO; flow rate from MFC 3 sccm
a Ratio of saturated vapor pressure to input pressure -
Pin Input pressure at bubbler inlet psi
A,B,C Antoine equation constant for DDW (8.07, 1730.63,233.426) -
T Temperature (25 °C) °C
VOCppm VOCs vapour concentration at 25 °C and 760 mm Hg ppm
SP Syringe pump flow rate pL/min
d Density of VOCs at 25 °C and 760 mm Hg g/ml
24.46 Volume (L) of 1 mole of gas at 25 °C and 760 mm Hg L/mol
MW Molar mass g/mol
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Table 3.3 Summary of VOCs properties.

VOC Density (g/ml) Molar mass (g/mol)
Methanol 0.792 32.04
Ethanol 0.789 46.07
Isopropanol 0.786 60.10
Acetone 0.784 58.08

3.4.2 Photodetector Test Setup and Sensing Experiment:

The optoelectronic characteristics of the photodetector based on the ZIF-8/CNFs nanocomposite
were systematically investigated using a Keithley source measurement unit (SMU Model 2450).
These investigations were conducted under RT and ambient conditions within a dark box to
prevent the influence of ambient light. Laser light sources emitting at wavelengths of 635 nm
(Thorlabs, LDM®635), 532 nm (Thorlabs, CPS532), and 404 nm (Thorlabs, CPS405) were
employed with nominal output powers of 3.0, 4.7, and 4.9 mW, respectively. Neutral density (ND)
filters (Thorlabs, FW1AND) with the optical density of 0.5, 1, 2, 3 were employed to adjust light
power levels.

In this chapter, we have outlined the experimental methods encompassing materials synthesis,
characterization, thin film, and sensors fabrication, as well as the experimental test setup. These
methods lay the foundation for the subsequent three chapters, which delve into the practical

applications of the synthesized nanocomposite in gas sensing and photodetector applications.
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Chapter 4 : Application of ZIF-8/MWCNTSs as a Resistive Based

Sensor for CH4 Detection

The contents of this chapter have been published in a paper entitled “MOF/MWCNT-
Nanocomposite Manipulates High Selectivity to Gas via Different Adsorption Sites with Varying
Electron Affinity: A Study in Methane Detection in Parts-per-Billion”, ACS sensors, 2022, 7,

3846-3856, https://doi.org/10.1021/acssensors.2c01796.

4.1 Introduction

Detecting methane at leak relevant levels at normal atmospheric conditions is crucial to
industrial safety and environmental protection. Firstly, CH4 is highly flammable exhibiting a
deflagration to detonation transition in the range of 5-15% by volume (i.e., ~50,000-150,000 parts-
per-million (ppm)). Undesired release of CH4 during coal extractions, leaks from natural gas
pipelines or outbursts can contribute to catastrophic disasters if not identified and mitigated quickly
[1]. Furthermore, CH4 is known to be 21 times more potent as a greenhouse gas over carbon
dioxide (CO.) with an atmospheric lifetime of roughly a decade due to its very low reactivity to
lose or gain an electron in atmospheric conditions [231]. Based on Intergovernmental Panel on
Climate Change’s research, at least a quarter of today’s global warming is driven by CH4 from
anthropogenic sources, and it is a key precursor to tropospheric ozone generation that is harmful
for our ecosystem as an air-pollutant. Thun, there is an urgent need to detect fugitive CH4 at lower
than the global ambient concentration level of 1.8 + 0.2 ppm [231], [232]. However, even with
the current state-of-the-art detection techniques that include infrared spectroscopy [5], modulation
spectroscopy [233], Raman spectroscopy [6], gas chromatography [234], photothermal

spectroscopy [9], and pyroelectric sensors [235], low-cost and high-performance detection of CH4
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at very low concentration with a miniaturized integrated gas sensor is still a formidable challenge.
Therefore, an unmet need still exists for developing novel, cost-effective, and reliable miniaturized
sensors with high sensitivity and selectivity for ppb concentration levels of CHa.

In recent years, the advances in micro/nano-fabrication technology and the use of newly
designed nanomaterials facilitate the development of cost-effective miniaturized integrated gas
sensors that have enhanced sensitivity and selectivity towards various target gases [7]. Among
newly designed materials, metal oxides, graphene-based composites, CNTs, and polymers have
been rigorously investigated as gas sensing materials [1]. However, the generally weak interaction
of CH. with these materials led to very short residual time in the order of 10719 seconds making
detection at very low concentrations a considerable challenge [1], [3], [9]. To enhance sorption
and residual time, nanoporous materials like metal-organic-frameworks (MOFs) have been
proposed. MOFs self-assemble via coordination bonds of metal nodes with organic ligands
presenting a novel class of thermally stable and chemically inert crystalline hybrid nanoporous
material with active sites of varying electron affinity. Their permanent porosity, tunable pore size
and functionalizable internal pore-surfaces are conducive to rendering enhanced chemical
sensitivity and selectivity that has been explored at length [10], [28], [29]. As such, MOFs are
being routinely investigated for detection of polar molecules, organic molecules, and ions [68],
[69], [92], [96]. However, only a few MOFs-based CH4 sensors have been reported so far and the
improvement of selectivity and sensitivity is still required before MOFs could be widely used as
CHa sensors [98], [143]-[145], [236].

MOFs in general are excellent for high-pressure (~35 bar) gas storage applications owing to
their high surface area and free volume allowing high gas uptake. However, at atmospheric
pressures these factors do not correlate and their adsorption capacity is low [237]. This severely
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limits real-time gas sensing applications with MOFs and results in low sensitivity, especially for
low reactive gas like CH4 which generally has weak interaction [1]. Moreover, the presence of
ambient moisture in the order of a few parts per thousand at normal atmospheric conditions often
leads to false positives, making selective detection a formidable challenge in most of sensing
material, specifically in MOFs [238], [239]. Another key limitation of most MOFs as sensing
materials is their intrinsic low electrical conductivity (lower than 101° Scm™) [50]. Based on
experimental and theoretical studies, the basic reasons for this poor conductivity are the lack of
charge carrier mobility and limited energy transport pathways because electron transfer proceeds
weakly between non-redox-active metal centers and organic linkers [46], [47]. This severely
hinders their applicability in making electrical sensors. Most reports in this area therefore focuses
on optical sensors [36], [40], [41], or more complicated gravimetric sensors such as MOF-coated
microcantilevers [42], and quartz crystal microbalances [43]-[45]. However, if MOFs can be
tailored to improve electrical transport properties, adsorption/desorption kinetics can be monitored
electrically by exploiting the property of varying electron affinity at their different adsorption sites.
Thus, overcoming this electrical conductivity issue has been attempted by various routes such as
compositing them with conducting/semiconducting nanomaterials (e.g., QDs, NPs, 2D-graphene,
and CNTSs), by post-synthetic modification, or via incorporation of guest molecules [46], [48]-
[51]. In this work, we use bare MWCNTSs to make a composite sensing material.

In the last two decades, CNTs-based sensors have demonstrated huge potential and found
applications in gas sensing because of their unique morphology and electrical properties. However,
pristine (bare) CNTs are chemically inert - exhibiting strong sp? bonds and weak sp® bonds at the
tube ends, making it impossible to be utilized for gas sensing (especially for non-polar gases with

low reactivity such as CH4 to accept or donate electrons) [123], [240], [241]. Thus, CNTs have
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been typically modified with functional groups, dopants, metallic NPs, metal-oxide NPs, and
conductive polymers to overcome this limitation [1], [126], [133]. We take an alternative route
following recent reports on composite modification of MWCNTs with MOFs [52], [53].
Incorporating MWCNTSs in MOF architecture as a composite not only can combine the properties
of both MWCNTSs and MOFs for obtaining superior sensing performance, but also could address
the limitation of both MOFs and MWCNTSs for detection of low reactive and non-polar gases like
CHas. Although there are a few reports on using of MOFs/MWCNTSs composite for detection of
VOCs [52], [53], to our knowledge, there is no study on using of this composite for detection of
CHa. In most of the literatures, functionalized-MWCNTSs were used to make MOF/MWCNTSs
composite [194], [195]. However, as a result of functionalization, MWCNTSs could undergo
important changes and lose their original properties, such as losing their hydrophobicity, which is
desirable for gas sensing applications. Therefore, using bare MWCNTSs, which are super-
hydrophobic, could be a promising way to improve the overall hydrophobicity of their composite
with MOFs.

In this work, we introduce a nanocomposite of MOF with bare MWCNTS, which has a unique
electrical property for selective detection of CH4 at RT. Within the class of MOFs, we chose our
sensing layer on ZIF-8 for its low water affinity and good stability in ambient conditions. This is
the first ever usage of ZIF-8/MWCNTSs nanocomposite as sensing layer of a chemiresistive sensor
for selective detection of CHs. By making this nanocomposite, we demonstrate enhancement of
electrical conductivity and hydrophobicity. Furthermore, we exploit its unique electrical transport
enhancement for detecting CH4 at very low concentration of 10 ppb in normal atmospheric
conditions with a determined LOD ~0.22 ppb, hitherto unprecedented. Our composite approach is

guided by the possibility of decreasing the electronic bandgap and activation energy of ZIF-8 by a
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random incorporation of MWCNTSs. For further evaluations of our sensor performance,
responsivity, reversibility, selectivity, response and recovery time, sensitivity, repeatability, and

linearity are systematically investigated.

4.2 Results and Discussion

4.2.1 Structural and Morphological Characterization of ZIF-8, MWCNTs and ZIF-
8/MWCNTs Nanocomposite

In this work, in-situ growth of ZIF-8 in the presence of bare MWCNTSs is achieved through an in-
situ sonochemical synthesis method to make ZIF-8/MWCNTs nanocomposite. Figure 4.1la
illustrates a schematic drawing of the preparation process of the ZIF-8/MWCNTs nanocomposite
and its spray-coated thin film on the surface of an IDE chip. Zeta optical profilometer was used
for the ZIF-8/MWCNTSs’ film thickness measurements, and defect inspection (Figure 4.1b). The
obtained nanocomposite film has great uniformity with the thickness of ~8 um without any defect.
For further characterization, FT-IR spectroscopy (Figure 3.1), Raman spectroscopy (Figure 3.2),
XRD analysis (Figure 3.3), and UV-vis spectroscopy (Figure 3.4) for bare MWCNTSs, ZIF-8 and
ZIF-8/MWCNTSs nanocomposite, and FE-SEM/EDX analysis (Figure 3.6 and 3.7) for ZIF-8 and
ZIF-8/MWCNTs nanocomposite, and TEM image (Figure 3.8) for bare MWCNTSs have been

performed.

(a)
MWCNTs ZIF-8@MWCNTs Sensing layer on IDE chip

Spray coating

In situ growth
of ZIF-8
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Figure 4.1 a) Schematic illustration of the material preparation process of the ZIF-8/MWCNTSs
nanocomposite and its spray-coated thin film on the surface of an IDE chip. b) Zeta Optical
profilometer is used to measure thickness of the ZIF-8/MWCNTSs film (~8 um thick) and to

inspect the uniformity of the spray-coated film.

The band gaps (Eg) of the materials (Figure 4.2a) are determined by the UV-Vis absorption
spectra - using the formula proposed by Tauc/Davis and Mott et al. [242]:
(ahv)? = A(hv — E;)  (4-1)
where « is the absorption coefficient, #v denotes the photon energy corresponding to frequency

v, 4 is constant, and Ej is bandgap. The band gap values are obtained by an extrapolation of the

linear part of the (ahv)? versus hv.
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As reported so far, ZIF-8 is considered as an insulator with a wide band gap of around 5.5 eV
[50][243]. However, the ZIF-8 nanoparticles (~50 nm) synthesized in this work, with a reduced
band gap of 3.2 eV (Figure 4.2a), fall into the category of wide-bandgap semiconductors. This
reduction in the band gap could be attributed to exceptional electrical properties of nanoparticles
under size reduction [244][245]. In intrinsic semiconductors, no free charge carriers are available
for conduction (the number of electrons and holes are equal) at RT, resulting in large activation or
operation energy (AE) and no conduction [211]. Consequently, the synthesized ZIF-8 does not
exhibit electrical conduction at RT, indicating its intrinsic semiconducting behavior. The typical
band diagram of the p-type semiconductors for a visual representation of band gaps (Eg), Fermi
level (Er), activation energy (AE) and acceptor level (E,) has been illustrated in Figure 4.2b for
ZIF-8, which has intrinsic semiconductive behavior.

Creating a composite of ZIF-8 with bare MWCNTSs reduced the band gap to 2.87 eV (Figure
4.2a), indicating a semiconductor nature. On the other hand, our resistive sensor based on this
composite shows a rise in resistance upon exposure to humidity, known for its electron-donating
characteristics (Figure 4.7a). This behavior suggests that the ZIF-8/MWCNTSs nanocomposite
behaves as a p-type semiconductor. In p-type semiconductors, charge carriers are holes, and the
adsorbed water molecules neutralize these holes by donating electrons, resulting in increased
resistance. In P-type semiconductors, there are energy levels within the band gap very close to the
valence band, which are called acceptor level (Ea). This shifts the effective Fermi level to a point
about halfway between the acceptor levels and the valence band to show a p-type semiconductor
behavior [211]. The typical band diagram of the p-type semiconductors for a visual representation
of band gaps (Eg), Fermi level (ER), activation energy (AE) and acceptor level (E,) has been
illustrated in Figure 4.2b for ZIF-8/MWCNTs nanocomposite, which shows p-type
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semiconductive behavior. In p-type semiconductors, electrons can be easily excited from the
valence band into acceptor levels, leaving mobile holes in the valence band that can contribute to
good electrical conduction at RT, and small activation energy could significantly enhance gas-
sensing performance due to the easier sharing of electrons to make more van der Waals interaction
with target gas causing higher gas uptake. Hence, the incorporation of bare MWCNTSs with ZIF-8
results in a nanocomposite exhibiting p-type semiconducting behavior. This overcomes the
previous challenge of weak interaction between recent reported nanomaterials and methane [1],
[3], [9], owing to its low activation energy and large surface area. The enhanced interaction enables
the detection of methane at exceptionally low concentrations for the first time, as demonstrated in

our subsequent experiments.
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Figure 4.2 a) Tauc’s plots for the band gap energy determination of MWCNTs (black), ZIF-8
(green) and ZIF-8/MWCNTSs nanocomposite (orange), respectively. b) Schematic illustration of
the band diagram for a visual representation of band gaps (Eg), Fermi level (E), activation
energy (AE) and acceptor level (E,) in intrinsic (ZIF-8) and p-type semiconductive bare
MWCNTSs and ZIF-8/MWCNTs nanocomposite. The synergic effect of compositing MWCNTSs
with ZIF-8 is evident in the lowering of the band gap and activation energy in the

nanocomposite.

4.2.2 Sensor Performance Evaluation:

To evaluate gas-sensing performance, the spray-coated IDE chips with ZIF-8/MWCNTS
nanocomposite (5wt% of MWCNTS) are exposed to predetermined concentrations of CH4, CO,
CO2, NO2, NHg, toluene, benzene, methanol, ethanol, isopropanol, and water vapour. Physically,
upon exposure to different gas/vapour analytes, molecules are physisorbed into the pores and
surfaces of ZIF-8 via electron accepting from or donating to ZIF-8/MWCNTSs layer (Figure 4.3).
The net exchanged electrons from the sensing layer to gas/vapour analytes can be negative
(—Ae™), positive (+Ae™),or zero (Ae™ = 0) resulting in decrease, increase, or no changes in

normalized resistance change (AR/Ro), respectively.
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Figure 4.3 Schematic illustration of CH4, CO2, alcohols vapours and H.O molecules

physisorption into the pores and surfaces of ZIF-8 via electron accepting from or donating to
ZIF-8/MWCNTSs layer and the net exchanged electrons (Ae™) from the sensing layer to them,

respectively.

For investigating our sensor’s CHs responsivity, the coated IDE chips with ZIF-8/5wt%
MWCNTSs was initially exposed to 200 standard cubic centimeter per minute (sccm) dry air to
record the baseline resistance (Ro), followed by exposing to desired CH4 concentrations (1.5 - 100
ppm) at the total flow rate of 200 sccm until sensor response reached steady state (Figure 4.4).
Subsequently, dry-air flow cycle was run to recover back the baseline confirming reversibility
(Figure 4.5) which can be attributed to physisorption without chemical bonding. The considerable
responsivity to CHs down to 1.5 ppm has roots in the significantly smaller band gap of our
composite and smaller activation energy (AE) (Figure 4.2b), allowing easier share of electrons
between the composite and the gas/vapour molecules to make a van der Waals interaction causing
higher gas uptake in our system. In contrary to CHs4, 100 ppm of pure CO:> results in a slight
increase in normalized resistance change (+Ae ™) (Figure 4.6a). However, in the case of ethanol,

methanol, and isopropanol vapors, the sensor response is negligible (Ae™ = 0) (Figure 4.6a).
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Figure 4.4 The sensor responses by exposing to desired CH4 concentrations (1.5 - 100 ppm) at

the total flow rate of 200 sccm until sensor response reached steady state.
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Figure 4.5 The dynamic response/recovery signals of the sensor with 5wt% MWCNTSs for CH4

at total flow rate of 200 sccm: As it is evident our sensor shows good response in this range of

concentrations, even as low concentration of 1.5 ppm.

Moreover, to evaluate our sensor’s selectivity toward CHs in the presences of these vapours, our
sensor was exposed to binary mixtures of 100 ppm of CHa with each of these vapours respectively
resulting in nearly identical response compared to 100 ppm of CHa4 alone (Figure 4.6b) with
appreciable reversibility, attesting to selective sensing performance in mixtures. This selectivity
can be attributed to ZIF-8’s different adsorption sites with varying electron affinity which is
explained in detail in section 2.3. The sensor responses to CO, NO2, NHs, toluene, and benzene
(10 ppm) were also investigated for additional evaluation of our sensor selectivity (Figure 4.6¢
and d). In contrary to CHg, the sensor response to 10 ppm of CO, NO2, NHj3, toluene and benzene
gases/vapors are negligible (Ae™ = 0) (Figure 4.6¢). To evaluate our sensor’s selectivity toward
CHa in the presences of these analytes, our sensor was exposed to binary mixtures of 10 ppm of
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CHs with each of these gases/vapours, respectively, resulting in nearly identical response

compared to 10 ppm of CHs alone (Figure 4.6d) with appreciable reversibility, attesting to

selective sensing performance in mixtures. As the outdoor background concentrations of CO,

NO2, NHs, benzene, and toluene are around 0.12 ppm [246], 0.09 ppm [247], [248], 0.005 ppm

[249], 0.02 ppm [250], [251], and 0.005 ppm [252], respectively, the CH4 selective responses of

our sensor in presence of these analytes were done in 10 ppm of each of them, orders of magnitude

higher concentration than the outdoor concentration of these analytes.
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Figure 4.6 a) The sensor’s comparative responses to 100 ppm of CHa, 100 ppm of CO., 5060

ppm of IPA, 6843 ppm of ethanol, and 14803 ppm of methanol at a total flow rate of 200 sccm.
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b) Selectivity tests of the sensor toward 100 ppm CHj4 in a mixture in presence of 100 ppm of
CO», 5060 ppm of IPA, 6843 ppm of ethanol, 14803 ppm of methanol and 24327 ppm of water
vapour at a total flow rate of 200 sccm, respectively. ¢) The sensor’s comparative responses to 10
ppm of CHs, CO, NO2, NHs, benzene, toluene at a total flow rate of 200 sccm. d) Selectivity
tests of the sensor toward 10 ppm of CH4 in a mixture in presence of 10 ppm of CO, NO2, NHj,

benzene and toluene vapour at a total flow rate of 200 sccm, respectively.

One key challenge of various sensing layers explored in the literature to date for CHs is the
potential false positives with ambient moisture [1]. Thus, from the perspective of maintaining
reliability, it is very important to eliminate or mitigate the dependence of sensor response to
humidity. Generally, the concentration of moisture in the atmosphere ranges from 6,000 to 12,000
ppm (30-80% RH) [253]. To investigate the response of our sensor to ambient moisture, it was
exposed to different humidity levels. Contrary to CH4, water vapour results in a slight increase in
normalized resistance change (+Ae~) (Figure 4.7a). Nevertheless, the positive change in
resistance to 13,662 ppm of water vapour, which is more than 80% RH, remains significantly less
than the response to 1.5 ppm of CHa. This can be attributed to the inherent hydrophobicity of the
ZIF-8 at the inner-network of their pores with the limited adsorption site on its outer surface which
we will discuss further in section 2.3 [254]. To investigate the performance of our sensor for CHs
detection in humid environment, it was exposed to mixtures of 100 ppm of CH4 with 24,327 ppm
of humidity (more than 90% RH). The results show that the sensitivity of our sensor to CHg is not
affected by the presence of humidity even at RH > 90% (Figure 4.6b), confirming that CH4 and
H2>0 molecules do not compete for the same adsorption sites in the ZIF-8 pores which will be
discussed in detail in response mechanism section. In addition, the stability of our sensor over a

period of 8 months has been tested and demonstrated in Figure 4.7b.
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Figure 4.7 a) Humidity response of our sensor in compared to CH4 response at a total flow rate
of 200 sccm. b) The sensor responses to 100 ppm of CHg at the total flow rate of 200 sccm over

a period of 8 months. Overlapping of these data sets reflects high sensor stability.

Repeatability and linearity: For different total flow rates in the range of 12.5 — 200 sccm, when
the device is repeatedly exposed to CH4 and dry air alternatively, no significant change in the
response sensitivity is observed for different concentrations, indicating that the fabricated sensor
has good repeatability and stability (Figure 4.8). The alternative exposure to gas and dry air was
repeated seven times to ascertain the repeatability. Error bars represent standard deviations for
measurements taken from the seven independent experiments. As can be seen for higher flow rates
in Figure 4.8, the dynamic range of the sensor is larger and typically shows an exponential change
in response that can further be explained in detail with the variations in partition function at higher
concentrations. However, the linearity of the sensor response is maintained in the concentration
ranges of 8-100 ppm, for all the total flow rates. This allows us to construct calibration curves for

the individual flow rates (Figure 4.9).
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Figure 4.8 The sensor responses to CH4’ random shuffling concentration range of 1.5-100 ppm
with different total flow rate range of 12.5-200 sccm. Error bars represent standard deviations of
7 measurements. Error bars for each data point are in the order of 1-10%. Red lines are a guide to

the eyes.
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Figure 4.9 Calibration curves showing linearity of the sensor responses to CH4’ random

shuffling concentration range of 8-100 ppm at different total flow rate of 12.5-200 sccm. Red

lines are linear fitting of data.

The effect of total flow rate changes on sensitivity & normalized resistance change (AR/Ro):

Definition of sensitivity, based on International Union of Pure and Applied Chemistry (IUPAC)

standards, is the slope of the calibration curve [255], [256]. Based on the calibration curve for each

flow rate in Figure 4.9, for CH4 concentration ranges of 8-100 ppm, sensitivity of the fabricated
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sensor is presented in Figure 4.10a. As can be seen in Figure 4.10b, by increasing the total flow
rate, the slope of AR/R, also increases and reaches a maximum at 75 sccm. This is probably due
to the decrease in boundary layer thicknesses with increasing flow rate, increasing adsorption. The
decreases in the slope at higher flow rates may be due to the limiting adsorption time of the gas

molecules on the sensor surface.
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Figure 4.10 a) Sensor sensitivity for 8-100 ppm of CH4 at different total flow rates of 12.5-200

sccm. b) The effect of variation of total flow rate on our sensor’s normalized resistance change.

The effect of variation of thickness on the sensor response: To evaluate the effect of variation
of thickness of the sensing layer on the device characteristics and detection process, sensor
responses with 4 and 8 um thick films were investigated, respectively, at total flow rates of 12.5
and 200 sccm (Figure 4.11). As can be seen in Figure 4.11, the sensitivity increased (higher slope)
with a thicker layer which can be attributed to the increased number of pores for the adsorption of

larger amount of gas molecules [144], [257].
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Figure 4.11 The effect of variation of thickness on the response of the fabricated sensor to CHs
in concentration range of 1.5-600 ppm for total flow rates of a) 12.5 sccm, and b) 200 sccm. Red

and black lines are a guide to the eyes.

Furthermore, to investigate the variation of MWCNTs concentration in the composite’s effect
on our sensor performance, a newly coated IDE chips with ZIF-8/10wt% MWCNTSs was exposed
to repeating cycles of CH4 (10 ppb to100 ppm) and dry-air flow as before (Figure 4.12a). The
relative resistance change as a function of CH4 concentration is normalized and fitted as a power-
law dependance, shown in Figure 4.12b, with the x-intercept representing the LOD ~ 0.22 ppb.
The normalized minimum measurable limit was determined to be in the order of 0.17
corresponding to the 3x noise floor at 200 sccm flow of dry air. Generally, gas adsorption in porous
materials occurs by three steps of adsorption, diffusion, and desorption process [258]. This non-
linear response of our system to CH4 could be attributed to the dominancy of surface adsorption
effect at lower concentrations and bulk diffusion effect at higher concentration. Compared to the
ZIF-8/5wt%MWCNTSs based sensor for detection of CH4, the ZIF-8/10wt%MWCNTS based

sensor shows a slight increase in normalized resistance change which can be attributed to its higher
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uptake of CH4 in atmospheric pressure due to increase in electron transport and the easier sharing
of electrons to make van der Waals interaction with CH4 (Figure 4.12c). Interestingly, the response
and recovery times are significantly reduced with the increase in MWCNTS concentration because

more MWCNTSs facilitate faster rate of charge transfer on adsorption (Figure 4.12d).
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Figure 4.12 a) The dynamic response/recovery signals of the sensor with ZIF-
8/10wt%MWCNTSs for CHjs at a total flow rate of 200 sccm: As it is evident our sensor shows
very good response in this range of concentrations, even as low as 10 ppb. b) Negative
normalized resistance changes as a function of CH4 concentration depicting the LOD from power
law fit of obtained response data. c) Comparative normalized resistance change responses, and d)
response and recovery times of CH4 for the sensor with 5 and 10wt% of MWCNTSs. All error

bars represent standard deviations of 7 measurements.
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4.2.3 Response Mechanism Based on Structural and Electrical Properties of

ZIF-8 and MWCNTSs:

It is imperative to evaluate each role of MWCNTSs and ZIF-8 in ZIF-8/MWCNTs nanocomposite
in sensing mechanism that instigates significant responsivity of the sensor for ppb concentration
level of CH4 in atmospheric pressure with ultrahigh selectivity. This significant responsivity can
be attributed to the role of conductive MWCNTS creating acceptor level (E,) within the band gap
very close to the valence band. The ZIF-8/MWCNTSs nanocomposite with narrower band gap and
smaller activation energy (AE) (Figure 4.5 and Figure 4.6a) facilitates easier share of electrons
between the composite and the gas molecules. The ultrahigh selectivity of our sensor corresponds
to the role of ZIF-8 as a porous material with ultra-high surface area providing different adsorption
sites with varying electron affinity for adsorption of gas molecules. To better represent our sensor’s
selectivity mechanism, knowledge of these adsorption sites in ZIF-8 is crucial, which can be
achieved by knowing the ZIF-8’s crystal and chemical structure. ZIF-8 crystals are formed by the
attack of unconjugated lone pairs of neutral Hmim linkers to the partially positive terminal zinc
atoms to form cages (called “sodalite (SOD) cages”) with 8 hexagonal windows and 6 square
windows. These cages are packed together to form the SOD framework (Figure 4.13a) [259]. The
sharpest XRD peak at 7.74° confirms ZIF-8 crystals have a SOD morphology, having 12 exposed
(110) faces (Figure 3.3) [53]. Compared with many other MOFs, as ZIF-8 has no metal oxides
cluster, its major adsorption sites are near imidazole rings instead of metal oxides cluster, shown
in Figure 4.13a [260][261]. Moreover, owing to the absence of hydrogen bonding groups at the
inner network of their pores and uncoordinated centers from the inorganic ligands, adsorption of
water molecules inside its pores are energetically unfavorable [254] [262]. However, the existence

of N-H functionality of the residual Hmim on the outer surface of ZIF-8 which are the only
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adsorption sites for making hydrogen bonding with water is responsible for limited adsorption of
water vapour in our system (Figure 4.13b) [263]. Because of the electron-donating nature of water
molecules and increasing in the resistance of our sensor in exposure to humidity (Figure 4.7a), it
can be concluded that the obtained ZIF-8/MWCNTs nanocomposite has a p-type semiconducting
behavior. In other words, in p-type semiconductors the charge carriers are holes, and the adsorbed
water molecules neutralize the hole carriers in our system by donating the electron, resulting in an

increase in the resistance.
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Figure 4.13 a) Schematic illustration of ZIF-8 crystal structure with different adsorption sites, b)
The adsorption sites for each of CHas, CO3, alcohols, and water vapours’ physisorption into the

ZIF-8 pores and surface via electron accepting or donating.

The exact adsorption sites for each of CHa, CO2 and alcohols are shown in Figure 4.13b. Based
on literatures [260], CH4 is mostly populated at sites 1 through a sigma- = electron interaction
between 7 electrons on the Hmim ring and sigma C-H bonds of CH4. Thus, CHs acts as an electron
acceptor which results in the number of charge carrier (holes) increasing in our p-type
semiconducting layer and decreases the resistance in our system (Figure 4.5). As for CO3, carbon
atom is electron deficient and oxygen is electron rich, it can act either as electron acceptor or donor
depending on the environment [264]. In ZIF-8 as reported by Liu et.al. [261], CO2 molecules
behave as electron acceptor in sites 1 and 2 via the quadrupole-r electron interaction between the
7 electrons on the imidazole ring and the electron-deficient C** (CO2), and the weak electrostatic
interaction between the C* (methyl) and C*" (CO,), respectively. However, CO, can also behave
as electron donor in sites 3 and 4 through a hydrogen bond-like interaction between 0% (CO2) and
H3* (methyl), and a very weak electrostatic interaction between the O% (CO.) and the positive
electrostatic potential of the H® (Hmim), respectively. The slight increase in our sensor’s
resistance in exposure to CO> (Figure 4.6a) indicates that the possibility of CO> electron donating
is somewhat higher than its electron accepting in our system, which is in agreements with
experimental and molecular simulation of CO. adsorption on ZIF-8 [260].

Based on literature, alcohol sorption amounts in ZIFs are extremely low, and these low uptakes
are disadvantageous for ZIF materials in alcohol extraction [265]. Moreover, ZIF-8 structure can
be readily accessible for alcohols molecules through the sites 1, and 4 in six-ring windows (Figure

4.13a) [263]. They act as electron acceptor in site 1 through a sigma- = electron interaction between
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7 electrons on the Hmim ring and sigma C-H bonds of alcohols molecules, and electron donner in
site 4 via a very weak electrostatic interaction between the O (alcohols) and the positive
electrostatic potential of the H*" (Hmim) (Figure 4.13b). However, our sensor shows negligible
responses to methanol, ethanol, and isopropanol (Figure 4.6a), which can be regarded that in
competition between electron donating and accepting, there is no winner and in overall we have

negligible changes in charge density of our sensing layer.

Table 4.1 Comparison table of different materials’ sensing performance for CHs detection.

Reproduced with permission from ref 1. Copyright (2020) Elsevier.

Materials Operating Temperature Response Sensing Selectivity Limit of
Time (s) Reversibility Detection (ppm)
Metal oxides 25°C-900°C (typically >150°C) 10°-10? Low-Medium Low-Medium 10°-10°
GdozLag2Ceg2Hfo2210,0,[266] RT 165-210 High Medium
Carbon Room Temperature 10%-10? Low-Medium Low-Medium 10%-10*
(RT)—450°C
f-MWCNT/Pd [267] RT 20 High High
SWCNT-P4VP-Pt-POM [268] RT - High Low 29
Conducting Polymers RT 10%-10? Low-Medium Low-Medium 10%-10°
MOFs RT 10%-10? Medium-High Medium 102-10°
ZIF-8/MWCNTSs (This work) RT 10°-10*2 High High 0.22 x 10°®

4.3 Conclusions

We demonstrate the rapid, facile, and low-cost preparation of ZIF-8/MWCNTSs nanocomposite
and its first ever usage as a sensing layer of a chemiresistive sensor for the selective detection of
CHas at ambient condition. The obtained ZIF-8/MWCNTSs nanocomposite with high surface area,
narrow bandgap, rapid carrier mobility, high stability, and nontoxic peculiarity has outstanding
sensing performance in compared to other reported materials for detection of CH4 (Table 4.1). Our
composite approach renders unique p-type semiconducting behaviour to the sensing layer making

possible the detection of CH4 at very low concentration of 10 ppb with the LOD ~ 0.22 ppb.
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Unprecedented sensitivity, appreciable repeatability, stability, reversibility, and high selectivity in
presence of CO2, CO, NO2, NHg, alcohols, benzene and toluene at RT and ambient conditions are
successfully demonstrated. Moreover, the low response of our sensor to humidity makes it an
excellent candidate for real world applications. We explain the mechanism of selective response
to CH4 over CO», alcohols and moisture based on different adsorption sites in ZIF-8 with varying
electron affinity for adsorption of molecules. Beyond CHg, selectivity to other non-polar gases
with low reactivity could be engineered for other real-time demanding applications. Similar
carbon-engineered MOF-nanocomposites will have the promise of a new class of sensing materials

that have selective response to low reactive gases via carrier manipulation in the energy band gap.
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Chapter 5 : Application of ZIF-8/MWCNTSs for Detection of VOCs
Based QCM Sensor and as a Resistive Based Sensor for Detection of

Acetone

The contents of this chapter have been published in a paper entitled “ZIF-8/MWCNT-
Nanocomposite Based-Resistive Sensor for Highly Selective Detection of Acetone in Parts-Per-

Billion: Potential Noninvasive Diagnosis of Diabetes”. Sensors and Actuators B: Chemical, 2023,

393, 134197, https://doi.org/10.1016/j.snb.2023.134197.

5.1 Introduction

Diabetes is a chronic health condition characterized by insufficient insulin production or improper
utilization of insulin in the body, leading to elevated blood sugar levels. There are two main types
of diabetes: type 1, which results from an autoimmune reaction that destroys the cells in the
pancreas responsible for insulin production, and type 2, which occurs when the body becomes
resistant to insulin and cannot regulate blood sugar effectively [54], [55]. The prevalence of
diabetes is on the rise, with data from the World Health Organization (WHO) and other sources
indicating that 422 million adults worldwide have the condition, and 1.6 million deaths are
registered each year (WHO, 2023) [56], [57]. This trend highlights the urgent need for effective
strategies to manage and monitor diabetes in order to reduce the risk of complications such as
diabetic coma and death.

In clinical studies conducted on diabetic and prediabetic patients, blood sugar and ketone bodies
are typically monitored through blood tests to diagnose all forms of diabetes [269]. However, this
traditional method involves pricking the finger to draw a drop of blood and inserting it onto a strip

for electronic reading, which can be painful, invasive, and even unsafe for some individuals.
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Moreover, diabetes management often requires frequent blood glucose monitoring, making this
method cumbersome [55]. Consequently, non-invasive and simpler diagnostic techniques, such as
human breath analysis, hold great promise for diabetes detection and monitoring.

Patients with diabetes experience a shift in their body's energy production and body uses fats
instead of glucose to produce energy, resulting in the overproduction of ketones such as acetone
[55], [270]. These ketones are eliminated from the body through urine, sweat, and breath, making
acetone a valuable biomarker for diabetes mellitus, particularly in type 1[271].While blood glucose
measurements are commonly used for diagnosis, breath analysis has been shown to provide more
precise control over a patient's diabetic condition by providing real-time measurements of acetone
concentration, which strongly correlates with ketone concentration in the blood [146].

Various sensitive and selective breath analysis techniques, including gas chromatography coupled
to mass spectrometry, high-performance liquid chromatography, proton transfer reaction with
mass spectrometry, gas chromatography equipped with a flame ionization detector, ion mobility
spectrometry, selected ion flow tube-mass spectrometry, laser photoacoustic spectrometry, have
been proposed for detecting acetone non-invasively [55], [58]-[62]. However, these techniques
are costly, non-portable, and sophisticated, limiting their practical use for daily point-of-care
diabetes management [63]. Recent studies are focusing on developing non-invasive nanomaterial-
based gas sensors that can detect acetone at room RT and atmospheric pressure, allowing for the
creation of portable, affordable, and easy-to-use devices for diabetes management.

There have been significant efforts to develop various nanomaterials, including metal oxides,
graphene-based composites, carbon nanotubes, and polymers, for the detection of acetone [57],
[64]-[66]. Acetone concentration levels in exhaled breath are typically in the range of 0.2—1.8 ppm

and 1.25-2.5 ppm for healthy individuals and those with diabetes, respectively [57], [67].
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However, some individuals with type 1 diabetes may have acetone concentration levels as high as
25 ppm [57], [59], [67]. Despite all these efforts, most of nanomaterials could only detect acetone
at concentrations above 10 ppm at RT (25°C), which is outside the range of exhaled acetone levels
[55], [57], [64]-[66]. Additionally, exhaled breath contains not only acetone but also carbon
dioxide (CO.), water, and thousands of other VOCs such as methanol, isoprene, ethanol, and other
alcohols [272], [273]. As a result, these nanomaterials often lack the selectivity required to detect
acetone accurately in the presence of these other gases/vapours, limiting their usefulness for
acetone breath sensors.

To enhance the sensitivity and selectivity of gas/vapour detection, maximizing the specific surface
area and porosity is crucial as gas reactions mainly occur on the surface of materials. Nanoporous
materials like MOFs are a promising option due to their high surface area, permanent porosity,
tunable pore size, and functionalizable internal pore surfaces, which provide active sites with
varying electron affinity. MOFs self-assemble via coordination bonds of metal nodes with organic
ligands, presenting a novel class of thermally stable and chemically inert crystalline hybrid
nanoporous material [10], [28], [29]. Previous studies have explored MOFs for their enhanced
chemical sensitivity and selectivity in detecting acetone and other VOCs [68], [69]. Despite these
promising features, there is still a need to improve the sensitivity, selectivity, and water resistivity
of MOFs to make them widely usable for acetone breath sensors. Detecting acetone in human
exhaled breath with high sensitivity and selectivity is crucial for the diagnosis and monitoring of
diabetes. However, it is challenging to obtain a reliable response to parts-per-billion (ppb) levels
of acetone while avoiding cross-sensitivity due to the large amount of moisture and CO> present
in exhaled breath. To address this issue, we focused on MOFs and chose ZIF-8 due to its low water

affinity and stability in ambient conditions. However, ZIF-8 alone has the disadvantage of low
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sorption capacity of VOCs at atmospheric pressure and RT. In this study, we significantly
enhanced the VOCs sorption capacity by developing a nanocomposite of ZIF-8 with multiwall-
carbon-nanotubes (MWCNTSs) and demonstrated various VOCs sorption on ZIF-8/MWCNT-
coated QCM sensor under ambient conditions. However, selectivity towards acetone, a crucial
biomarker for diabetes, is lacking when other VOCs are present. Therefore, we conducted an
investigation on different sensing platforms with different sensing mechanisms to achieve
selectivity. We used the ZIF-8/MWCNT nanocomposite as a sensing layer on either QCM or
interdigitated electrode (IDE) chip at RT (25°C). We systematically investigated the sensor's
performance in terms of responsivity, reversibility, selectivity, response and recovery time,
sensitivity, repeatability, and determined the LOD. Our findings demonstrate that the ZIF-
8/MWCNT-coated chemiresistive sensor is highly sensitive and selective towards acetone at ppb
levels with a quick response and recovery time. Overall, our study provides a promising approach
for the sensitive and selective detection of acetone in human exhaled breath, which has potential

applications in the diagnosis and monitoring of diabetes.

5.2 Results and Discussion

5.2.1 Characterization of ZIF-8, MWCNTs and ZIF-8/MWCNT

Nanocomposite

This work utilizes an in-situ sonochemical synthesis method to create ZIF-8 and ZIF-8/MWCNT
nanocomposite. Rather than utilizing functionalized-MWCNTs for making MOF/MWCNT
nanocomposite, unmodified MWCNTSs were used. This decision was made due to the possibility
of functionalization resulting in the loss of desirable properties, such as hydrophobicity, which is

not ideal for gas sensing applications. The synthesized ZIF-8 and ZIF-8/MWCNT nanocomposite
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and MWCNTSs were characterized using various methods, including FT-IR spectroscopy (Figure
3.1), Raman spectroscopy (Figure 3.2), XRD analysis (Figure 3.3), UV-vis spectroscopy (Figure
3.4), and BET analysis (Figure 3.5). FE-SEM/EDX analysis (Figure 3.6 and 3.7) were performed
for ZIF-8 and ZIF-8/MWCNTS.

Using a Tauc plot analysis (Eq. (4-1)) of the UV-Vis absorption spectra, the optical band gaps
(Eg) of ZIF-8, MWCNTSs, and ZIF-8/MWCNT have been determined (Figure 4.2a). The results
indicate that the composite of ZIF-8 with bare MWCNTSs exhibits a semiconducting behavior with
a narrow band gap, which could potentially enhance the gas-sensing performance of the material.
This is due to the ease of electron sharing to make van der Waals interaction with the target

gas/vapour, as explained in our previous publication [93].
5.2.2 Sensor Performance Evaluation

In order to assess the sensing performance of ZIF-8 and ZIF-8/MWCNT nanocomposites
(10wt% of MWCNTS), they were applied to QCM chips and IDE chips through spray coating.
These chips were then exposed to predetermined concentrations of acetone, methanol, ethanol, and
isopropanol. Upon exposure to different gases or vapours at RT (25 C°), the molecules are
physically adsorbed into the pores and surfaces of the ZIF-8 material through van der Waals
interaction. This adsorption causes an increase in the mass of the QCM crystal, leading to a
decrease in its resonance frequency. With IDE-based chemiresistive sensors, the van der Waals
interaction causes changes in resistance through the transfer of electrons between the gas/vapour
molecules and the ZIF-8/MWCNT layer.

To explore how incorporating MWCNTSs with ZIF-8 affects its sensing capabilities, QCM chips
coated with ZIF-8 and ZIF-8/MWCNT nanocomposite were exposed to 100 sccm dry air to

establish the baseline frequency (Fo). They were then exposed to varying concentrations (0.62 - 20
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ppm) of target VOCs (acetone, IPA, ethanol, and methanol) at the same flow rate until the sensor
response reached a steady state. Afterward, the baseline was restored by cycling the flow of dry
air. Figure 5.1a shows that the responses of the ZIF-8-coated QCM sensor to acetone, IPA,
ethanol, and methanol vapours are insignificant (AF = 0). However, Figure 5.1b shows that the
ZIF-8/MWCNT-coated QCM sensor displays substantial responsiveness to all of these VOCs
down to 0.62 ppm. This phenomenon can be attributed to the smaller band gap of the composite
(as depicted in Figure 4.2a), which facilitates electron sharing between the composite and the
gas/vapour molecules, leading to a van der Waals interaction and higher gas adsorption in the
composite as compared to pure ZIF-8 [93].

Although the ZIF-8/MWCNTs nanocomposite resulted in a significant improvement in the
sorption of VOC:s, it is essential to achieve chemical selectivity towards acetone when designing
an acetone sensor. Thus, we investigated the different sensing platforms with different response
mechanisms on chemical selectivity. We developed a ZIF-8/MWCNT-coated chemiresistive
sensor and compared its performance with the ZIF-8/MWCNT-coated QCM sensor. Our results
indicated that the ZIF-8/MWCNT-coated chemiresistive sensor demonstrated high selectivity
towards acetone and had negligible responses to other VOCs such as IPA, ethanol, and methanol
(Figure 5.1c). This high selectivity can be attributed to the different sensing mechanism of the
chemiresistive sensor, which is discussed in detail in section 3.3, as opposed to the gravimetric
QCM sensor used above. This research work highlights how different sensing mechanisms can be

exploited to achieve chemical selectivity.
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Figure 5.1 Sensing responses of a) ZIF-8-coated QCM sensor, b) ZIF-8/MWCNT-coated QCM

sensor, and c) ZIF-8/MWCNT-coated IDE chemiresistive sensor to varying concentrations (0.62-

20 ppm) of acetone, IPA, ethanol, and methanol at RT (25 C°),

respectively. All error bars

represent standard deviations of seven measurements.
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To further investigate the potential of our ZIF-8/MWCNT-coated chemiresistive sensor for
diabetes diagnosis and monitoring through breath analysis, various parameters were studied,
including selectivity, reversibility, response and recovery time, repeatability, and LOD, as shown
in Figure 5.2. The selectivity of our ZIF-8/MWCNT-coated chemiresistive sensor towards acetone
was evaluated in the presence of other VOCs commonly found in human exhaled breath, such as
IPA, ethanol, methanol, CO, and different percentage of RH. As can be seen in Figure 5.2a, the
responses of our sensor to IPA, ethanol, methanol, and RH less than 60% are negligible. Moreover,
the sensor response to 60-90% RH remains significantly less than that to 0.62 ppm of acetone
(Figure 5.2e). Binary mixtures containing 20 ppm of acetone and each of the gas/vapours
mentioned, and varying RH levels from 30 to 90% were tested. Notably, the chemiresistive sensor
exhibited nearly identical responses when compared to 20 ppm of acetone alone, thereby
confirming its selective sensing capabilities even in the presence of other gas/vapor. Although, the
average RH of exhaled breath is reported around 66-76% [274], our sensor's response to acetone
remained unaffected by humidity, even at extremely high RH levels (>75%) as shown in Figure
5.2a and e. This chemical selectivity can be attributed to ZIF-8's varying adsorption sites with
different electron affinity and the specific sensing mechanism of chemiresistive sensors, as
explained in detail in section 3.3.

Reversibility of the ZIF-8/MWCNT-coated chemiresistive sensor was confirmed by exposing it
to repeating cycles of acetone at varying concentrations (0.62-40 ppm) and dry air flow to recover
back to the baseline, as shown in Figure 5.2b. The response and recovery times for acetone were
also determined and observed to be typically within a minute (Figure 5.2c). For the determination
of LOD, the relative resistance change as a function of acetone concentration was normalized and

fitted as a power-law dependence (Figure 5.2d), with the x-intercept representing the LOD of ~1.7
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ppb. The normalized minimum measurable limit was determined to be on the order of 0.0002,

corresponding to the 3x noise floor in exposure to a flow of dry air. The error bars in Figure 5.2d

represent standard deviations for measurements taken from seven independent experiments, which

ensure repeatability.
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Figure 5.2 a) Normalized resistance changes of the ZIF-8/MWCNT-coated chemiresistive
sensor toward 20 ppm of IPA, 20 ppm of ethanol, 20 ppm of methanol, 20 ppm of acetone, 900
ppm of CO-, and varying RH levels (30-90% RH), and selectivity tests of 20 ppm acetone in a
binary mixture in presence of 20 ppm of IPA, 20 ppm of ethanol, 20 ppm of methanol, 900 ppm
of CO., and varying RH levels (30-90% RH) at a total flow rate of 100 sccm, respectively. b)
The dynamic response/recovery signals of the chemiresistive sensor for acetone at a total flow

rate of 100 sccm: as it is evident the chemiresistive sensor shows complete reversibility and good
response in this range of concentrations, even as low concentration as 0.62 ppm. c) Acetone
response and recovery times for the ZIF-8/MWCNT-coated chemiresistive sensor as a function
of acetone concentration. d) Normalized resistance changes as a function of acetone
concentration depicting the LOD from power law fit of obtained response data. All error bars
represent standard deviations of seven measurements. e) Normalized resistance changes of the

ZIF-8/MWCNT-coated chemiresistive sensor toward 20 ppm of IPA, 20 ppm of ethanol, 20 ppm
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of methanol, 0.62 ppm of acetone, 900 ppm of CO», and varying RH levels (30-90% RH), and
selectivity tests of 0.62 ppm of acetone in a binary mixture in presence of 20 ppm of IPA, 20
ppm of ethanol, 20 ppm of methanol, 900 ppm of CO., and varying RH levels (30-90% RH) at a

total flow rate of 100 sccm, respectively.

5.2.3 Sensing Mechanisms

The low sorption amounts of alcohols and acetone in ZIFs at atmospheric pressure and RT, as
evidenced by the literature [93], [265], [275], are disadvantageous characteristics of these
materials. This was demonstrated experimentally with the ZIF-8-coated QCM sensor, which did
exhibit negligible responses to acetone, IPA, ethanol, and methanol at atmospheric pressure and
RT (25°C), as shown in Figure 5.1a. The lack of changes in the mass of the QCM sensor indicates
that there is negligible adsorption of these analytes in our ZIF-8 pores. This is due to the absence
of hydrogen bond groups at the inner surface of the ZIF-8 material and uncoordinated centers from
the inorganic pattern, which renders the adsorption of alcohols and acetone molecules inside their
pores energetically unfavorable at atmospheric pressure, as explained by Zhang and Snurr [254]
and Canivet et al. [262]. Furthermore, unlike many other MOFs, ZIF-8 does not possess metal
oxides cluster [254], [262], which are the main sites for adsorption of alcohols and acetone through
hydrogen bonds in other types of MOFs.

In this study, the low adsorption of alcohols and acetone in atmospheric pressure and RT by ZIF-
8 (Figure 5.1a) has been addressed by creating a composite of ZIF-8 with MWCNTSs (Figure
5.1b). The significant responsivity in the ZIF-8/MWCNT nanocomposite can be attributed to two
factors: its higher BET surface area compared to pure ZIF-8 (Table 3.1), and the narrower band

gap and p-type semiconducting behavior of ZIF-8/MWCNTSs compared to pure ZIF-8 (Figure
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4.21) [93]. However, literature shows that despite ZIF-8 possessing a high surface area, its
response to VOCs is negligible at concentrations below 10% (100,000 ppm) or at relative pressures
below 0.1 [276], [277]. This is due to the absence of hydrogen bond groups and uncoordinated
centers on the inner surface of ZIF-8, making adsorption of alcohols and acetone energetically
unfavorable at atmospheric pressure [254], [262]. This indicates that the influence of the high
surface area in ZIF-8 becomes significant only at very high concentrations or elevated pressure
when it comes to alcohols and acetone adsorption. The use of bare MWCNTSs in ZIF-8/MWCNTSs
also lacks hydrogen bond groups, further hindering adsorption of low concentration of alcohols
and acetone at atmospheric pressure. Therefore, the disparity in surface area between ZIF-8 and
CNT-embedded ZIF-8 becomes noticeable only under high concentration or saturation of alcohols
and acetone at elevated pressure. However, in our study that focuses on very low concentrations
of VOCs at atmospheric pressure, the contribution of difference in BET surface area between the
materials (Table 3.1) becomes comparatively less pronounced. Therefore, the enhanced uptake of
VOCs in ZIF-8/MWCNTSs can primarily be attributed to the narrower band gap and p-type
semiconducting behavior of ZIF-8/MWCNTSs compared to pure ZIF-8 (Figure 4.2a) [93]. The
synthesized ZIF-8 nanoparticle exhibits intrinsic semiconducting properties with a 3.2 eV band
gap [93]. However, the absence of free charge carriers in intrinsic semiconductors results in a high
activation energy, which can impact gas-sensing performance. However, ZIF-8 composite with
bare MWCNTSs has a p-type semiconductor behavior with a narrower 2.87 eV band gap. The
introduction of MWCNTSs creates acceptor levels within the band gap, shifting the effective Fermi
level and enabling easy electron sharing [93]. This narrower band gap facilitates improved electron
sharing, thereby promoting more van der Waals interactions with the target gas and ultimately

enhancing gas uptake [93].
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The order of resonance frequency changes or responsivity of the ZIF-8/MWCNT-coated QCM
sensor for the tested VOCs is as follows: acetone > IPA > ethanol > methanol. The results for IPA,
ethanol, and methanol indicate that a higher molecular weight (molar mass) results in a higher
frequency change (Table 5.1), which is consistent with previous research [278]-[280]. However,
this generalization is not always the case, as our results shown in Figure 5.1b. Although acetone
has a lower mass than IPA, the resulting frequency changes are higher due to its higher polarity

(dipole moment) [280] (Table 5.1).

Table 5.1 Summary of VOCs’ properties.

Analyte Molar mass (g/mol) Dipole moment (D) [68]
[68][280]

Acetone 58.08 2.88

IPA 60.10 1.66

Ethanol 46.07 1.69

Methanol 32.04 1.70

In the case of the ZIF-8/MWCNT-coated chemiresistive sensor, changes in resistance occur as
a result of the physisorption of analyte molecules through van der Waals interactions with the ZIF-
8/MWCNT layer, which can either accept or donate electrons. This process results in a negative
(—Ae™), positive (+Ae™), or neutral (Ae™ = 0) exchange of electrons between the sensing layer
and gas/vapour analytes, leading to a decrease, increase, or no change in normalized resistance
change (AR/Ro) in the nanocomposite, respectively. The synthesized ZIF-8/MWCNT exhibits p-
type semiconductor behavior with holes as the charge carriers [93]. As shown in Figure 5.3,
molecules such as acetone, IPA, ethanol, and methanol, which have electron-deficient carbon
atoms and electron-rich oxygen atoms, can function as electron acceptors or donors depending on

the ZIF-8's adsorption sites with varying electron affinity [93], [281]. The negligible resistance
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changes observed in the ZIF-8/MWCNT-coated chemiresistive sensor to IPA, ethanol, and
methanol suggest that there is no clear winner in the competition between electron donating and
accepting of these analytes, resulting in an overall negligible change in the charge density of the
nanocomposite layer (Ae~ = 0). Moreover, although the chemiresistive sensor demonstrates only
minimal positive responses (+Ae~) to CO, and H20, it displays a substantial positive response
(+Ae™) to acetone, suggesting that in our system, CO2 and H.O are slightly and more likely to
donate electrons than to accept them. In contrast, acetone exhibits a significantly higher propensity

for electron donation than acceptance (as shown in Figure 5.2a and 5.3).
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Figure 5.3 a) Schematic illustration of water, acetone, IPA, ethanol, methanol, and CO>
molecules physisorption into the pores and surfaces of ZIF-8/MWCNT via electron accepting
from or donating to ZIF-8/MWCNT layer and the net exchanged electrons (Ae ™) from the

sensing layer to them.
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Table 5.2 Comparison of Sensing Performance for Acetone Detection at RT with previous

works.

Material Testing Limit of Detection Selectivity

concentration range (LOD) in mixture
PANI/Cellulose/WQO3 based Impedance sensor [150] 10-100 ppm 10 ppm -
V05 nanoneedles based resistive sensor [282] 1.7-140 ppm 0.941 ppm -
SnO; based resistive sensor [283] 10-100 ppm - -
SnO,/rGO based resistive sensor [284] 10-2000 ppm - -
TiO2 Nanotubes based resistive sensor [285] 10-1000 ppm - -
Ni/ZnO Nanorods based resistive sensor [286] 100 ppm - -
Na/ZnO Nanoflowers based resistive sensor [287] 1-500 ppm 0.09 ppm -
VO/Zn0O based resistive sensor [288] 10-200 ppm - -
Cu-BTC-based PP capacitive sensor [68], [69] 250-1500 ppm 100 ppm -
Cu-BTC-based IDE capacitive sensor [69] 250-1500 ppm 149 ppm Yes
ZIF-8/MWCNTSs nanocomposite (this work) 0.62-40 ppm 1.7 ppb Yes

5.3 Conclusions

A significant improvement by addressing the disadvantage of ZIF-8’s low sorption amounts of
VOCs at atmospheric pressure and RT was achieved by synthesizing ZIF-8 into a nanocomposite
with bare MWCNTSs. The resultant ZIF-8/MWCNT-coated QCM sensor exhibited outstanding
sorption performance in detecting low concentrations of VOCs at 0.62 ppm at atmospheric
pressure and RT (25°C), compared to the ZIF-8-coated QCM sensor. This outstanding sorption
performance could be attributed to the p-type semiconducting behavior of ZIF-8/MWCNT with a
narrower band gap. A comparative study was conducted between the chemiresistive sensor and
the gravimetric QCM sensor based on ZIF-8/MWCNT to investigate the effect of different sensing
platforms with different sensing mechanisms on achieving high selectivity for acetone. This
comparative study provides a significant reference to guide future studies on designing other gas
sensors for achieving high selectivity. The results indicate that the ZIF-8/MWCNT-coated

chemiresistive sensor exhibited a significant performance for acetone detection in terms of low
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response to humidity, high selectivity, good repeatability, complete reversibility, and fast response
time was achieved with a determined LOD of approximately 1.7 ppb at RT (25°C). This LOD is
much lower than the concentration level of 1.8 ppm in the exhaled breath of diabetic patients. As
obtaining a reliable response to ppb levels of acetone at RT and avoiding cross-sensitivity due to
the presence of other gases and the large amount of moisture in exhaled breath are still great
challenges (Table 5.2). Therefore, these results open a potential opportunity for a simple,

inexpensive, and noninvasive diagnosis and monitoring of diabetes.
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Chapter 6 : Application of ZIF-8/CNFs Nanocomposite as a

Spectrally Selective Photodetector

The contents of this chapter have been submitted in a paper entitled “Eco-friendly and High-
Performance Photodetector based on Bandgap-Engineered MOFs/CNFs Nanocomposites for

Violet Light Detection”, Advanced optical material, submitted.

6.1 Introduction

Photodetectors have emerged as essential components in various technological domains, including
optical communication, imaging, sensing, security, environmental monitoring, and medical
diagnostics. The ability to harness and convert light signals into electrical signals has
revolutionized these fields, enabling high-speed data transmission, precise imaging, and remote
sensing.[70] Despite the considerable progress made in photodetection technologies, significant
challenges persist. Conventional photodetectors, predominantly based on inorganic
semiconductors like silicon and complementary metal oxide semiconductors, have been widely
used due to their great compatibility with integrated circuits, which guarantees their application in
miniaturized photodetectors and other featured devices [70]-[74]. Nonetheless, given the intrinsic
drawbacks, e.g., high brittleness and complicated manufacturing process, these traditional
photodetectors are limited in flexible applications and manufacturing cost-savings. Besides, due
to the broadband absorption of inorganic semiconductors, spectrally selective detection of these
photodetectors is unavailable without attached optical filters or photonic crystal surface patterning
[74]. Traditional spectrometers typically utilize diffraction gratings or dichroic prisms within
broad-spectrum photodetectors to achieve spectral selectivity. However, the intricate

manufacturing processes and associated high cost have posed significant obstacles to their
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widespread commercial adoption [74]. Therefore, nanomaterials have emerged as promising
candidates for next-generation photodetectors to overcome the shortcomings of conventional
photodetectors [70].

Nanomaterials in nonconventional device architectures have been extensively researched due to
their size-dependent optical and electrical properties. Various nanomaterials, such as
semiconducting nanoparticles, QDs, graphene, transition metal dichalcogenides, perovskite
nanocrystals, and organic molecules have demonstrated intriguing optoelectronic properties and
impressive photodetection performance [75]-[89]. However, each of these nanomaterials is
accompanied by limitations such as toxicity, low responsivity, low quantum efficiency, slow
response time, limited tunability, low stability, scalability, inadequate sensitivity in certain
wavelength ranges, high cost, fabrication complexities, challenges in large-scale synthesis,
challenges in device integration and compatibility with existing fabrication techniques, which
hinder their widespread implementation [70], [74], [90], [91]. Among the emerging nanomaterials,
CNFs, with their exceptional electrical conductivity, mechanical strength, and thermal stability,
have exhibited promising potential as high-performance and cost-effective photodetectors [289].
However, to our knowledge, there is no study on CNF-based photodetectors. On the other hand,
as CNF is a low band gap material [289], its selective performance could be hindered due to its
broadband absorption. However, this limitation of CNFs could be addressed by integrating them
with other materials to create composite structures for tuning the band gap.

The distinctive attributes of MOFs, characterized by their ultra-high surface area, tunable
structures and properties, diverse chemical functionality, and diverse optical properties, have
propelled them to the forefront of nanomaterial research [92], [93]. The versatility of these

crystalline networks, composed of metal ions coordinated with organic ligands, has allowed
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researchers to tailor MOFs for various applications, including gas storage, separation, catalysis,
and sensing [68], [69], [92]-[98]. Their intrinsic light-harvesting abilities and potential for
modification make them attractive candidates for photodetection. Incorporating MOFs into
photodetectors can lead to enhanced light absorption, charge separation, selective and tailored
photoresponse. While 2D MOFs and single crystal MOFs have demonstrated promising
photodetection capabilities [94], [99]-[103], their 3D counterparts have faced inherent limitations
in terms of limited carrier mobility and slow charge transport dynamics, hindering their ability to
swiftly respond to photogenerated carriers [46], [47], [50]. Nonetheless, challenges associated with
the synthesis of single crystal MOFs, high-quality and large area 2D MOF films, and their
integration into device architectures hinder their widespread adoption. These constraints have
motivated us to explore composite systems to leverage the strengths of 3D MOFs while addressing
their weaknesses.

One of the paramount challenges in modern photodetection is achieving high selectivity in the
identification of specific wavelengths or sources of light, which enhances the reliability and
accuracy of photodetectors. This is especially crucial in applications such as environmental
monitoring, medical imaging, optical communication, and intelligent optoelectronic devices where
accurate discrimination of different light sources is essential [290]. The integration of different
nanomaterials as a nanocomposite material holds great promise in addressing this challenge, as it
combines the complementary properties of different materials to enable enhanced selectivity
through tailored surface chemistry, materials’ bandgaps, energy band structures and efficient
charge separation [1], [93], [126], [133]. In this paper, we delve into the realm of photodetectors

based on the novel MOFs nanocomposites with CNFs.
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In this study, ZIF-8 was selected from the family of 3D MOFs due to its low water affinity and
stability under ambient conditions. However, like many 3D MOFs, ZIF-8 exhibits low charge
transport properties [93], and consequently limited optoelectronic responses. In contrast, CNFs
typically demonstrate broad optical absorption across a wide spectral range, which poses
constraints on their selectivity. The integration of ZIF-8 with CNFs presents a promising strategy
to address the individual limitations of both materials. By combining ZIF-8’s high surface arca
and porosity with CNFs’ excellent conductivity, a nanocomposite material is created that manifests
enhanced light absorption, improved photoresponse, efficient charge transport, and enhanced
charge separation. This composite approach not only enables fine-tuning of optoelectronic
properties but also establishes a platform for tailoring selectivity through band gap manipulation,
eliminating the need for attaching optical filters. This unique attribute simplifies the fabrication of
spectrally selective photodetectors, leading to reduced manufacturing costs. Furthermore, the
study employs the spray coating method to fabricate the composite thin film on an interdigitated
electrode (IDE) chip, streamlining the fabrication process and eliminating the complexity
associated with current photodetectors' hybrid heterojunction. This approach holds potential for
cost-effective, large-area thin film production of MOFs. The synthesis, characterization, and
distinctive optoelectronic behavior of this composite material are explored comprehensively.
Through an exhaustive investigation, improved sensitivity, response time, and spectral selectivity
of this photodetector to violet light under RT and ambient conditions are demonstrated, presenting
a strong case for their integration into diverse technological applications such as environmental
monitoring (ozone detection, air and water quality, etc.), biomedical imaging, optical

communication, astronomy and astrophysics, and security and authentication. This study
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illuminates the potential of 3D MOFs nanocomposites to unlock new possibilities for applications

in various fields requiring high-performance and spectrally selective photodetection.

6.2 Results and Discussion

6.2.1 Structural and Morphological Characterization of the ZIF-8, CNFs, and

ZIF-8/CNFs Nanocomposite:

In this study, the ZIF-8/CNFs nanocomposite is synthesized through an in situ sonochemical and
hydrothermal method, enabling the growth of ZIF-8 in the presence of bare CNFs. The resulting
nanocomposite is then spray-coated as a thin film onto an interdigitated electrode (IDE) chip
(Figure 6.1a). For further characterization, FT-IR spectroscopy (Figure 3.9), XRD analysis
(Figure 3.10), and UV-vis spectroscopy (Figure 3.11) for bare CNFs, ZIF-8 and ZIF-8/CNFs
nanocomposite, and FE-SEM/EDX analysis (Figure 3.12 and 3.13) for ZIF-8/CNFs

nanocomposite have been performed.

Laser Light

Ay

ZIF-8/CNFs
Coated thin

layer IDE Chip

Figure 6.1 Schematic of the photodetector device based on 8 um thick ZIF-8/CNFs spray-coated
thin film on the surface of an IDE chip.
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The band gaps (Eg) of the materials were assessed through the analysis of their UV-Vis absorption
spectra, employing a Tauc plot method (Eq. (4-1)) as depicted in Figure 6.2. The findings reveal
that the individual band gaps of CNFs and ZIF-8 are 1.17 eV and 3.20 eV, respectively.
Remarkably, the formation of a composite integrating these materials leads to a tailored band gap

of 2.44 eV for the ZIF-8/CNFs nanocomposite.
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Figure 6.2 Tauc’s plots for the optical band gap energy determination of CNFs (black), ZIF-8

(red) and ZIF-8/CNFs nanocomposite (blue), respectively.

6.2.2 Sensor Performance Evaluation:

The optoelectronic characteristics of the photodetector based on the ZIF-8/CNFs nanocomposite
were systematically investigated using a Keithley source measurement unit (SMU Model 2450).

These investigations were conducted under RT and ambient conditions within a dark box to
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prevent the influence of ambient light. Laser light sources emitting at wavelengths of 635 nm, 532
nm, and 404 nm were employed, with neutral density (ND) filters to adjust light power levels.
Upon exposure to the laser illumination, electrons situated in the valence band of ZIF-8/CNFs
absorbed photon energy, facilitating their transition from the valence band to the conduction band
[89]. As the concentration of electron carriers increased, the photodetector's conductivity was
correspondingly increased.

Preceding the photoelectronic property assessments, an examination of the ZIF-8/CNFs
nanocomposite's electrical properties was conducted through application of a bias voltage
spanning from -3V to 3 V in dark condition (Figure 6.3a). The observed nonlinear current-voltage
(1-V) behavior implies the establishment of a Schottky-type barrier within the devices [75]. With
the incorporation of a ZIF-8 layer, the incident light absorption prompts the emergence of excitons
(electron-hole pairs) at the Schottky-like ZIF-8/CNFs interface.

The selectivity of the ZIF-8/CNFs nanocomposite photodetector was subjected to comprehensive
scrutiny through exposure to distinct light wavelengths of 404 nm, 532 nm, and 635 nm at a
constant 100% light intensity, respectively (Figure 6.3b). As illustrated in Figure 6.3b, the current
under 404 nm illumination registers an augmentation compared to the dark current. This
enhancement can be attributed to the amplification of photogenerated carriers within the ZIF-
8/CNFs nanocomposite film upon light absorption. In contrast, the photodetector exhibits
negligible current variation in comparison to the dark current when exposed to photons with 532
nm and 635 nm wavelengths. In photodetectors, photon absorption and consequent photocurrent
generation are governed by the material's bandgap energy. Shorter incident light wavelengths of
404 nm carry higher energy, facilitating electron excitation across the bandgap and yielding a

photocurrent. In contrast, longer wavelengths of 532 nm and 635 nm carry comparatively lower
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energy, posing a greater challenge for photons to induce electron transitions and consequently
leading to the absence of photocurrent [77]. This underscores the photodetector's outstanding
selectivity, highlighting its potential for applications demanding highly selective photodetection.
Expanding on the observed wavelength selectivity pattern for 404 nm, subsequent investigations
were focused on evaluating the sensor's photodetection performance tailored specifically to this
wavelength.

To account for the influence of light intensity, Figure 3c illustrates the I-V characteristic under 404
nm illumination, spanning a range of light intensities from 72 uW/cm? to 72 mW/cm? (Figure
6.3c). With an increase in the intensity of optical power illumination, there is a correlated elevation

in the current, attributed to the augmented population of photogenerated carriers (Figure 6.3c).
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Figure 6.3 Photoelectric properties of ZIF-8/CNFs photodetector at RT. a) |-V characteristics
ZIF-8/CNFs under -3 to 3 V bias voltage in a dark environment. b) Response of the PD under
dark and laser illuminated of 404, 532, and 535 nm to show selectivity. ¢) I-V curves for
different power intensities of 404 nm wavelength. d) The power-dependent responsivity, e) the
light density-dependent detectivity, and f) External quantum efficiency (EQE) of the PD versus

optical power intensity at different bias voltage. Photoresponse of the PD as a function of time at
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bias voltage of g) 0.0005 V and h) 3 V. i) Rising and falling edges for estimating rise time (T)

and the fall time (Ts) the PD under 404 nm laser illumination at bias voltage of 3V.

For further assessment of the photodetector performance, the parameters of the figure of merit
including responsivity (R), specific detectivity (D), and external quantum efficiency (EQE) were
evaluated under 404 nm illumination, considering various light intensities and bias voltage levels.

These parameters are defined by the following equations:

_ g )

" PoptxA (6-1)

_ RV

e
1240

EQE = R x—=x100%  (6-3)

where Iq is the dark current (in A), Ip is the current under illumination (in A), Popt IS the power
density of incident light (in mW/cm?), A is the total effective illuminated area (0.063 cm?) of the
device, q is electron charge (1.602176634x 10~19), and 4 is excitation wavelength (404 nm). The
interrelation of these parameters with light intensity under various bias voltages is presented for
comparison in Figure 6.3d-f. Upon the application of bias voltage, an external electric field forms
at the junction interface, heightening the separation efficiency of photogenerated carriers. This
augmentation subsequently elevates the values of R, D, and EQE, which progressively rise with
the increase in applied voltage (Figure 6.3d-f) [77]. For each bias voltage, R, D, and EQE
experience amplification at lower light power intensity but diminish with increasing light power
intensity (Figure 6.3d-f).

The maximum R, D, and EQE values for 404 nm illumination are found to be 10 A/W, 6.31x 10
Jones, and 3112% at low light illumination power intensity of 72 uW/cm? under a bias voltage of

3 V. Remarkably, these values, particularly at the lowest power density, underscore the ultrahigh
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sensitivity of our photodetector. Notably, the achieved maximum EQE surpasses 100%, an
exceptional achievement surpassing previous reports (referenced in Table 6.1). These exceptional
outcomes arise from the abundant surface-to-volume ratio of ZIF-8 nanoparticles and CNFs,
yielding remarkable photon absorption and consequent photocurrent generation. Moreover, the
interface between ZIF-8 and CNFs facilitates exciton separation and carrier extraction, further
bolstering the photocurrent effects.

The time-switching responses (I-t) of the photodetector were assessed at bias voltages of 0.5 mV
and 3 V (Figure 6.3g and h). A repeated sequence of six on—off switching cycles illustrates the

consistent rise and decay of current changes (Al=I,, — Ip,, where L, is the current under illumination

and I, is the initial current in dark) demonstrating a uniform pattern across each cycle. As shown
in Figure 6.3g and 3h, while the enhancement of photoresponsivity is evident with increased
external bias voltage, the device remarkably maintains a high photoresponsivity even at an
extremely low external bias voltage of 0.5 mV. This observation underscores the photodetector's
capacity to effectively accomplish photodetection tasks while operating with minimal bias voltage
requirements, signifying its promising suitability for ultra-low power applications.

Two other fundamental properties of the photoresponse are the rise time (T) and fall time (T¥), as
depicted in Figure 6.3f. The rise time refers to the duration needed to transition from 10% to 90%
of the maximum current, while the fall time pertains to the time taken to transition from 90% to
10% of the falling edge. At a wavelength of 404 nm and a bias voltage of 3 V, the ZIF-8/CNFs

photodetector exhibits response times of 101 ms and 200 ms, respectively.
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Table 6.1 Comparison of this work with earlier reported MOFs based photodetector.

Materials Temperature Bias Wavelength  Responsivity ~ Detectivity EQE  Trise/Ttan Working Reference

© V) (nm) (AJ/W) (Jones) (%) (s) Wavelength

(nm)

2D MOF [Ni-CAT-1)/Bi,Se; RT 60 1500 4725 3.5 x10% 4185 0.130/0.006  500-2000 [99]
hybrid heterojunction
2D MOF [Fes(THT)(NHJ);]  -196 -1 785 0.142 7 x 108 2.3/2.15 400-1575 [100]
Single crystalline SMOF RT 50 365 0.650 4.8 x 10 221 150/163 365 [101]
[heterochiral AlaNDI-Ca]
Single crystalline MOF - 0.1/- 600-1000 [102]
[HKUST-1]
Eu-MOF RT 0 254 0.0002 1.015x 10%° 0.98/0.122 245 [103]
SnO2/MOF [ZrBDCJ/TFB 40 0 254 0.0017 785x10° 078  0.08/0150 254 [94]
heterojunction
ZIF-8/CNFs nanocomposite ~ RT 3 404 10.2 6.31x 10%° 3112 0.101/0.149 404 This work

6.3 Conclusions

By leveraging ZIF-8's impressive surface area and porosity alongside CNFs' outstanding
conductivity, we have created a nanocomposite material that excels in light absorption,
photoresponse, charge transport, and charge separation. This composite approach not only allows
for precise control over photoelectronic properties but also establishes a platform for selectivity
modulation through band gap manipulation, eliminating the need for external optical filters. This
unique attribute streamlines the fabrication of spectrally selective photodetectors, ultimately
reducing manufacturing costs. Throughout this comprehensive investigation, we have
demonstrated improved sensitivity, response time, and spectral selectivity of our photodetector to
violet light under RT and ambient conditions. These findings underscore the potential of 3D MOF
nanocomposites to advance photodetection technology and unlock new possibilities for their
integration into diverse technological applications such as environmental monitoring (ozone
detection, air and water quality monitoring, etc.), biomedical imaging, optical communication,

astronomy and astrophysics, and security and authentication. This study illuminates the path
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towards high-performance and spectrally selective photodetection, with far-reaching implications

for a wide range of fields requiring advanced photodetection capabilities.
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Chapter 7 : Conclusions and Further Works

7.1 Conclusions

In the pursuit of advancing the field of nanocomposite materials, this thesis has embarked on a
journey of innovation and discovery, exploring the synergistic potential of MOFs in combination
with- MWCNTs and CNFs. These investigations have yielded remarkable insights and
groundbreaking applications across three distinct projects: ZIF-8/MWCNTSs-based
nanocomposites for methane detection, ZIF-8/MWCNTs-based nanocomposites for diabetes

diagnosis via acetone detection, and the utilization of ZIF-8/CNFs as advanced photodetectors.

First Project: In our first project, we unveiled a rapid, cost-effective, and efficient method for the
preparation of the ZIF-8/MWCNTs nanocomposite. This composite marked a significant
advancement, offering an innovative sensing layer for a chemiresistive sensor capable of
selectively detecting CHs at ambient conditions. The ZIF-8/MWCNTSs nanocomposite,
characterized by its high surface area, narrow bandgap, rapid carrier mobility, stability, and non-
toxic properties, exhibited exceptional sensing performance surpassing that of previously reported
materials for CH4 detection. The introduction of p-type semiconducting behavior to the sensing
layer enabled the detection of CHa at an astonishingly low concentration of 10 ppb, with a LOD
of approximately 0.22 ppb.

Our sensor showcased not only unprecedented sensitivity but also commendable repeatability,
stability, reversibility, and high selectivity in the presence of various gases, including CO», CO,
NOz, NHs, alcohols, benzene, and toluene, all at RT and ambient conditions. Moreover, its minimal
response to humidity positions it as a promising candidate for real-world applications. we provide

the first comprehensive explanation of the sensing mechanism for MOFS/MWCNTS
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nanocomposite-based resistive gas sensors, particularly in their selective response to CH4 over
CO., alcohols, and moisture, laying the groundwork for tailored responses to other non-polar gases
with low reactivity. This pioneering work signifies the advent of a new class of sensing materials,
capable of selectively detecting low-reactivity gases through carrier manipulation within the

energy band gap.

Second Project: In our second endeavor, we achieved a significant enhancement by addressing
the limitation of ZIF-8's low sorption capacity for VOCs at atmospheric pressure and RT. This feat
was accomplished by synthesizing a nanocomposite of ZIF-8 and bare MWCNTS. The resulting
ZIF-8/MWCNT-coated QCM sensor demonstrated outstanding sorption performance, detecting
low concentrations of VOCs, particularly acetone, at 0.62 ppm under atmospheric pressure and
RT, surpassing the capabilities of the ZIF-8-coated QCM sensor.

This achievement was attributed to the p-type semiconducting behavior of the ZIF-8/MWCNT
composite, which featured a narrower bandgap. We conducted a comparative study between the
chemiresistive sensor and the gravimetric QCM sensor based on ZIF-8/MWCNT, shedding light
on the effect of different sensing platforms and mechanisms in achieving high selectivity for
acetone. The chemiresistive sensor emerged as a standout performer, boasting low response to
humidity, high selectivity, good repeatability, complete reversibility, and rapid response times,
ultimately achieving a LOD of approximately 1.7 ppb at RT. This LOD significantly outperforms
the typical acetone concentration in the exhaled breath of diabetic patients, marking a milestone in

the quest for simple, cost-effective, and non-invasive diabetes diagnosis and monitoring.

Third Project: Our third project heralded a paradigm shift in photodetection technology by

introducing a novel nanocomposite material that harnessed the unique attributes of MOFs and
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CNFs. This nanocomposite exhibited exceptional light absorption, photoresponse, charge
transport, and charge separation capabilities. Notably, it facilitated precise control over
optoelectronic properties and eliminated the need for external optical filters, streamlining the
fabrication of spectrally selective photodetectors and reducing manufacturing costs.

Throughout our comprehensive investigation, we demonstrated improved sensitivity, response
time, and spectral selectivity of our nanophotodetector under RT and ambient conditions. These
findings underscore the transformative potential of 3D MOF nanocomposites in revolutionizing
photodetection technology and unlocking new possibilities across diverse technological
applications.

In conclusion, these three distinct projects represent significant contributions to the fields of gas
sensing, medical diagnostics, and photodetection. They showcase the versatility and promise of
MOF-based nanocomposites, opening doors to innovative applications and breakthroughs that
have the potential to impact various industries and improve the quality of life for individuals
around the world. As we look ahead, the future holds exciting prospects for further exploration
and refinement of these pioneering technologies, propelling us towards a new era of scientific and

technological advancements.

7.2 Future Works

The culmination of our three distinct projects involving MOF nanocomposites with MWCNTSs and
CNFs marks significant progress in the fields of gas sensing and advanced photodetectors.
However, there remain several avenues for future exploration and development, building upon the

foundations we have laid.
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First Project - CH4 Detection: While our ZIF-8/MWCNTs nanocomposite has demonstrated
remarkable performance in CHas detection, there are still opportunities for improvement and
diversification. Future work should focus on:

. Real-World Applications: Extend the applicability of the sensor to real-world
scenarios, such as industrial settings or environmental monitoring, where the detection
of low concentrations of CHys is crucial.

. Miniaturization: Work on further miniaturizing the sensor to make it even more
compact and cost-effective, suitable for deployment in portable devices and widespread

use.

Second Project - Acetone Detection for Diabetes Diagnosis: Our ZIF-8/MWCNT-coated
sensors have shown great promise in detecting acetone for diabetes diagnosis. Future research in
this area should consider:

. Clinical Trials: Conduct clinical trials to validate the effectiveness of our sensors in
real healthcare settings. Collaborate with medical professionals and institutions to
integrate these sensors into diabetes management protocols.

. Cross-Sensitivity: Investigate any potential cross-sensitivity issues in more detail,
especially when exposed to a broader range of compounds found in exhaled breath.
Develop strategies to further minimize these interferences.

. Integration: Work on the integration of these sensors into wearable devices, smartphone

apps, or telehealth platforms to enable non-invasive, real-time diabetes monitoring.
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Third Project - Advanced Photodetectors: Our innovative hanocomposite material combining
MOFs and CNFs for advanced photodetectors represents a significant breakthrough. For future
endeavors, we should:

. Material Diversity: Investigate other MOFs and nanomaterial combinations to expand
the range of potential applications and fine-tune optoelectronic properties.

. Selective Photodetectors: Explore our selective photodetectors for specific
applications, such as medical imaging, optical communication or environmental
monitoring.

. Device Integration: Collaborate with industry partners to integrate these advanced
photodetectors into existing technologies and develop new applications, thereby

maximizing their impact.

In conclusion, our research has opened up exciting possibilities in the fields of gas sensing and
photodetection through the innovative use of MOF nanocomposites. These future research
directions promise to further advance these technologies and bring them closer to practical
implementation in various real-world settings, ultimately benefiting society in healthcare,

environmental monitoring, and beyond.
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