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Abstract
The demand for inexpensive, miniaturized, reliable, and portable sensors is ever increasing
in the present time. In this regard, nanomaterial enabled sensors are considered promising
candidates for numerous sensing applications due to their distinct physical and chemical
attributes. The present thesis explores the salient features of nanomaterials by
incorporating them in sensor technology for various applications. The thesis aims to
develop affordable, compact, and robust nanomaterial enabled chemiresistive sensors for
various sensing applications, including healthcare, food processing and agriculture, and
environmental monitoring.
In this research work, various chemiresistive sensors have been developed by
incorporating surface modified multiwall carbon nanotubes (MWCNTs) and metal based
nanomaterial composite as the sensing material. In this regard, covalent and noncovalent
functionalization techniques have been explored to attach suitable functional groups on the
surface of MWCNTs for highly sensitive and selective applications. In one research work,
the surface of MWCNTs has been modified with thiol functional groups for urea sensing
applications in aqueous solution and raw milk samples. In

another work,

poly(diallyldimethylammonium chloride) solution (PDDA) has been attached to
MWCNTs surface using a noncovalent functionalization approach to form MWCNTPDDA composites. These MWCNT-PDDA composites have been explored for room
temperature carbon monoxide gas sensing applications. A section of research has also
demonstrated the synthesis of metal oxide heterojunction composite, where molybdenum
disulfide-copper oxide (MoS2-CuO) nanocomposite has been explored for acetone gas
sensing application. A section of the research has also demonstrated the development of a
paper based enzymatic chemiresistor for point-of-care (POC) detection of ethanol in
i
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human breath. The sensor is developed on a biodegradable paper substrate with alcohol
dehydrogenase (ADH) modified MWCNT composite as the sensing material. In addition,
the sensor is also integrated with an electronic circuit to develop proof-of-concept
prototypes for the POC detection of ethanol in human breath.
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Abstract
The demand for sensing technologies providing miniaturization capability, ease of
fabrication, high selectivity, cost-effectiveness, quick detection, high reliability, and easy
portability is ever increasing in the present time. With rapid industrialization and
urbanization, real-time monitoring of environmental pollutants has become one of the
emerging areas of research across the globe as the excessive presence of environmental
pollutants have a negative impact on the environment and human health. The integration
of nanotechnology and material science with sensing technologies has broadened the
scope of improvement in various sensing parameters for a wide range of applications. This
chapter has focused on a detailed discussion about various nanomaterial enabled sensor
architectures. A comprehensive discussion about various sensing nanomaterials has also
been provided in this chapter. In context with the extensive discussion, this chapter
identifies the knowledge gaps and presents the objectives of the thesis.
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1.1 Overview
In recent years, the demands for sensor technologies have expanded enormously especially
for applications in biomedical, chemical, food processing, environmental, and industrial
safety. A sensor is a device that can respond to an external stimulus, which will change the
conductance, capacitance, temperature, pressure, mass, or other properties of the sensing
material and produce a recognizable signal. The key performance parameters of a sensor
are sensitivity, selectivity, fast response, cost-effectiveness, stability, reproducibility,
detection limit, and ease of fabrication [1–4]. Over the years, several sensor technologies
such as electrical, electrochemical, microelectromechanical system (MEMS), and
micro/nano-fluidics have been exploited by researchers and industrialists across the globe
for various applications in the field of medical diagnostics, environmental monitoring,
industrial safety etc. [5–9]. The present thesis aims to develop nanomaterials enabled
chemiresistive sensors for various applications in healthcare, food processing and
agriculture, and environmental monitoring.
In recent years, due to rapid urbanization and industrialization, the attention of the
researchers across the globe has been attracted towards real-time monitoring of the
excessive presence of environmental pollutants such as nitrogen monoxide (NO), carbon
monoxide (CO), carbon dioxide (CO2), nitrogen dioxide (NO2), hydrogen sulfide (H2S),
ammonia (NH3), methane (CH4), sulfur dioxide (SO2), and volatile organic compounds
(VOCs) [10–20]. The excessive presence of environmental pollutants has negative effects
on the environment and human health. Overexposure to environmental pollutants for a
long period can lead to several health ailments related to nose, eye, liver, kidney, lung,
central nervous systems and so on [21–24]. Recently, breath analysis is considered an
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emerging research area that enables rapid, cost-effective, simple, and non-invasive earlystage diagnosis of diseases. Human breath contains VOCs that include acetone (C3H6O),
isoprene (C5H8), ethanol (C2H5OH), ethane (C2H6), methane (CH4), pentane (C5H12),
ammonia (NH3), and hydrogen sulfide (H2S) depending on abnormal metabolism or
intoxications [25–33]. Thus, exhaled breath carries different biomarkers that enable earlystage diagnosis and help prevention of a broad range of diseases, including lung disorders,
cancer, diabetes, gastrointestinal and liver diseases, and pathogen infections [34–39].
Thus, the need for affordable, rapid, reliable, portable, and point of care (POC) devices for
real-time monitoring of health and environmental pollutants is of paramount importance.
In this regard, nanomaterials have been considered promising candidates for sensing
applications, including health and environmental monitoring, food safety, industrial safety
etc.
The integration of nanotechnology and nanoscience with sensor technologies has boosted
development of electrical sensors in numerous applications. In this regard, researchers
have utilized the distinct physical and chemical attributes of nanomaterials and
incorporated them with sensors for various applications, including biosensing, drug
delivery, medicine, optoelectronic, microfluidics, energy storage, chemical and gas
sensing [40–52]. Nanomaterials are those materials that present at least one dimension in
nanometer scale and possess a high surface to volume ratio, quantum confinement, costeffectiveness, superior catalytic activity, and unique electronic, mechanical, optical,
magnetic or thermal properties [53–58]. Depending on the structural and dimensional
evolution, nanomaterials can be classified as nanotubes, nanoparticles, nanofibers,
nanorods, nanoflowers, nanosheets, nanoplates etc. [59–63]. Recently, a great deal of
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research is directed towards the miniaturization of nanomaterials based sensors, which can
lead to low power consumption, compactness, less sensing materials, robustness, and costeffectiveness. Integration of nanomaterials with sensors has opened up a large scope of
development towards miniaturized devices for various sensing applications.

1.2 Classification of sensors
Recently, the demand for miniaturized, affordable, rapid, and reliable sensors for real-time
health and environmental monitoring has increased. In this regard, nanomaterials enabled
sensors have shown promising results for chemical and gas sensing applications. Sensor
technologies can be classified into electrical, optical, gravimetric, or thermal, depending
upon the method of transduction. Various types of sensors and the sub-categories are
shown in Figure 1.1. Depending upon the device architecture, electrical sensors can be
subdivided into chemiresistors, chemicapacitors and field effect transistors (FETs) based
sensors. Optical sensors category can be divided into optical fiber, colorimetric,
fluorescence, photoluminescence, and surface plasmon resonance (SPR) sensors. The
gravimetric sensors can be sectioned into quartz crystal microbalance (QCM), surface
acoustic wave (SAW) and microcantilever sensors [64–71]. The present thesis emphasizes
the development of nanomaterial based electrical sensors for chemical and gas sensing
applications.
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Figure 1.1: Various types of sensors and sub-categories.

1.2.1 Chemiresistor sensor
Chemiresistor sensor enabled with nanomaterials represents the simplest and common
device architecture for numerous sensing applications. A chemiresistor consists of two
metal electrodes (source and drain) on an insulating substrate (glass, silicon dioxide,
plastic, paper) connected by nanomaterials (NM). The schematic diagram of a
chemiresistor sensor device is shown in Figure 1.2. A chemiresistor sensor measures the
variation of electrical resistance of the nanomaterial upon attachment or adsorption of
target analytes on the surface of the nanomaterial. Depending on the variation of electrical
resistance of the nanomaterial, target analytes can be detected quantitatively and
qualitatively and the results can be represented in the form of various sensing parameters.
The specificity of the chemiresistor sensor for a particular analyte can be achieved by
incorporating suitable functional groups on the surface of the nanomaterial. Over the
years, chemiresistor sensors have gathered tremendous attention due to their unique

TH-2664_156153001
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advantages such as simple structure, small size, ease of fabrication, low cost, robustness,
and easy integration with electronic circuits for portable device applications [72–84].

Figure 1.2: Schematic diagram of a simple chemiresistor sensor.

1.2.2 Chemicapacitor sensor
Chemicapacitor sensor is another device architecture of electrical sensors that consists of a
dielectric layer and a nanomaterials (NM) layer sandwiched between two electrodes. The
device architecture of the chemicapacitor sensor device is shown in Figure 1.3. The
change in capacitance can also be analyte specific that enables detection of a particular
analyte when it attaches to the surface of the nanomaterial. Different functional groups can
be incorporated on the surface of the nanomaterial layer to increase the sensing
performance of the chemicapacitor sensor. In recent years, chemicapacitor sensors have
gained attention owing to their thermal stability, low power consumption, low cost, and
high sensitivity [85–90]. Further, an AC field is used for measurements in chemicapacitors
to reduce 1/f noise and ensure a rapid response. Moreover, electrophoretic effects from an
applied directional voltage can also be avoided using an AC field that can reduce drift and
enhance the reversibility of the chemicapacitor.

Figure 1.3: Device architecture of a chemicapacitor sensor.
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1.2.3 Field effect transistor (FET) sensor
Field effect transistor (FET) device architecture is a three electrodes structure consists of
the source, drain, and gate. The bottom gate configuration of the FET sensor is shown in
Figure 1.4, where highly doped silicon is used as gate electrode and nanomaterials (NM)
form the conducting channel between source and drain electrodes. The gate provides
additional control of carrier densities of nanomaterials through modulation by applied gate
voltage. Recently, nanomaterials are considered a potential candidate for sensing material
in FET sensor for numerous sensing applications. In this regard, the nanomaterial surface
is modified with a suitable functional group for sensing different target analytes. FET
sensors have considerable applications due to their salient features such as high
integration, mass production, miniaturization, high sensitivity, and tunable electrical
properties [91–99].

Figure 1.4: Schematic device architecture of a bottom gate FET sensor.

1.3 Classification of sensing nanomaterials
Over the past decade, researchers across the globe have extensively exploited the
advantages of nanomaterials in the field of sensing and energy harvesting. A variety of
nanomaterials based sensors have been developed for various sensing applications. In this
section, a glimpse of various sensing nanomaterials has been presented.

TH-2664_156153001
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1.3.1 Carbon nanomaterials
In recent years, carbon nanomaterials have been considered a promising candidate for
nano-enabled devices for numerous sensing applications due to their fascinating electrical,
chemical, and physical properties. Another significant advantage of carbon nanomaterials
over its peers is the room temperature operation that enables carbon nanomaterial based
sensors for portable sensing applications in the field of environmental, food and
agriculture, and health monitoring. The most common carbon nanomaterials reported for
various sensing applications include carbon nanotubes, carbon nanofibers, graphene,
graphene oxide, nanodiamond, and fullerene [100–105]. Figure 1.5 presents various
structures of carbon nanomaterials. For example, surface modified graphene and graphene
oxide with nanoparticles and polymers have been proposed for numerous sensing
applications [106–108]. Moreover, several works related to modified carbon nanofiber,
nanodiamond, and fullerene have been reported for various sensing purposes in the field of
healthcare, food and agriculture, chemical, and biosensing [109–112].

Figure 1.5: Various structures of carbon nanomaterials.
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Among various carbon nanomaterials, carbon nanotube (CNT) has been able to grab
attention as a sensing material owing to excellent electrical and mechanical properties,
thermal stability, high surface to volume ratio, ease of fabrication, less toxicity, low power
consumption, and so on [113–118]. CNTs are mainly categorized as single-walled carbon
nanotube (SWCNT) and multi-walled carbon nanotube (MWCNT) depending on the
number of graphene layers. In the CNT sensor, the electrical conductance of the nanotube
changes upon exposure to the target analyte and produces a recognizable signal. The
performance and selectivity of the CNT sensor can be improved by incorporating suitable
functional groups on the CNT surface. The surface modification of the CNT has been
reported through various techniques, including plasma treatment, low-pressure oxygen
plasma treatment, for coating metal nanoparticles, conducting polymers, or polymeric
composites, for the detection of NH3, VOCs, H2S, NO2, CO, C6H6 or other gases [119–
128]. For example, a wearable sensor has been developed by wrapping the surface of
MWCNTs with polyvinyl alcohol, which showed a fast response and recovery time with
higher selectivity and sensitivity towards ethanol vapors. The carboxyl functionalized
MWCNT poly-(m-aminophenol) nanocomposite film and molecularly imprinted poly(methyl methacrylate) on MWCNT have also been employed as effective sensor materials
for the highly sensitive detection of various aliphatic alcohols [129, 130]. Further,
SWCNTs have also been employed as the gate material in the field effect transistors for
the measurement of alcoholic vapors [99]. Moreover, the performance and specificity of
the sensor can also be drastically improved by incorporating suitable enzyme on CNT
surface for various gas and biosensing applications [131–137]. For instance, biosensor
based on conjugation of glucose oxidase have been demonstrated for enhanced glucose
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sensing applications [138, 139]. Similarly, urease enzyme has also been immobilized on
the surface of MWCNTs for rapid urea detection [140]. In another example, cholesterol
oxidase has been immobilized in carboxyl modified MWCNT surface for detection of
cholesterol in human blood [141].
1.3.2 Metal based nanomaterials
Over the years, metal based nanomaterials are gaining much attention for various
applications in medical and healthcare, environmental, chemical, and energy harvesting.
Sensors using metal based nanomaterials possess faster response/recovery speed, higher
sensitivity, better stability and reversibility, and they are cost-effective with simple
fabrication processes compared to other sensing materials based sensor [142–148]. Metal
based nanomaterials can be divided into four categories, including metal nanoparticles,
metal oxides, metal sulfides, and transition metal dichalcogenides. Figure 1.6 shows
classifications of various metal based nanomaterials and its subcategories.

Figure 1.6: Classifications of metal based nanomaterials.
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The combination of metal nanoparticles and chemical or biological molecules is very
attractive and has gained great attention from researchers and industries for application
specific sensor development. Over the years, several metal nanoparticles such as gold
(Au), silver (Ag), platinum (Pt), iron (Fe), palladium (Pd), copper (Cu), and nickel (Ni) are
reported in various chemical and biosensing applications [149–157]. For instance, Au and
Ag nanoparticles have been widely used in various biomedical and sensing applications
such as drug delivery and cancer treatment, antibacterial and antifungal activity, peroxides
and glucose sensing and so on [158–161]. Moreover, several works have been reported on
Pt and Pd nanoparticle based sensors for various applications in the field of medical, food,
and agriculture [162–164].
The other category of metal based nanomaterials includes metal sulfides, which is a kind
of combination of sulfur anions and metal/semi-metal cations in the form of MxSy (x : y =
1 : 1, 1 : 2, 2 : 1, 3 : 4). The tunable bandgaps of metal sulfides are suitable for transistor
applications in addition to their excellent sensing performance [165–167]. In this regard,
various metal sulfides such as copper sulfide (CuS), zinc sulfide (ZnS), iron sulfide (FeS),
cadmium sulfide (CdS), silver sulfide (Ag2S), and tin sulfide (SnS2) have been extensively
used for several sensing applications [168–175]. For example, ZnS nanowire and SnS2
nanorods have been demonstrated as sensing material for acetone gas sensing application
[176, 177]. In another example, CdS thin film and hollow sphere CuS have been reported
for ethanol detection [178, 179]. Moreover, heterojunction of metal sulfide such as
SnS2/ZnS has also been proposed for ammonia gas sensing application [180].
Over the years, metal oxide based sensors have been broadly used in various gas sensing
applications due to their outstanding physical and chemical properties, cost effectiveness,
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wide bandgap, and simple preparation method. Moreover, the surface of metal oxide has
strong adsorption characteristics and high reactivity towards target gas due to the
availability of large number of free electrons on the conduction band and oxygen
vacancies on metal oxide surface [181–185]. Several metal oxide nanomaterials such as
zinc oxide (ZnO), copper oxide (CuO), titanium dioxide (TiO2), tin oxide (SnO2), iron
oxide (Fe2O3), indium oxide (In2O3), tungsten trioxide (WO3), and cobalt oxide (Co3O4)
have been reported for various sensing applications [186–197]. For example, different
morphologies of ZnO such as nanowires, nanorods, nanofibers, nanosheets, and
nanoparticles have been explored for various gas sensing applications, including ammonia,
nitric oxide, methane, acetone, ethanol, and carbon monoxide [198–203]. In another
example, TiO2 nanotube, CuO nanowire, and CuO nanosheet have also been proposed for
ethanol gas sensing application [204, 205]. Moreover, nanoparticle doped metal oxides
such as Nb-doped TiO2, F-doped SnO2, and Al-doped TiO2 have also been demonstrated
for various gas sensing applications [206–208].
The

other

category

of

metal

based

nanomaterials

includes

transition

metal

dichalcogenides, which are semiconductors of type MX2, where M denotes transition
metal atom (Mo or W) and X denotes chalcogen atom (S, Se or Te). In this regard, various
transition metal dichalcogenides, including molybdenum disulfide (MoS2), molybdenum
diselenide (MoSe2), molybdenum ditelluride (MoTe2), tungsten disulfide (WS2), tungsten
diselenide (WSe2), and tungsten ditelluride (MoTe2) have been reported for various
sensing applications [209–214].
Among several metal oxide nanomaterials, copper oxide (CuO) is widely used in various
gas sensing applications. CuO is a p-type semiconductor with excellent active gas sensing
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properties such as ease of access, good stability, and high catalytic activity towards a wide
range of oxidation and reduction reactions. Moreover, p-type metal oxide nanomaterials
provide the scope of formation of p-n junctions, which can be used for selective gas
sensing applications [215–220]. Molybdenum disulfide (MoS2) is a typical transition metal
dichalcogenides with n-type semiconducting behaviors and exhibit excellent properties
such as high mobility, high surface to mass ratio, tunable bandgap, nontoxic, excellent
mechanical strength and so on [221–225]. Recently, hybrids of metal oxide and transition
metal dichalcogenides as sensing material are attracting the academics across the globe for
various applications, including electronic devices, energy storage, biosensing, gas and
chemical sensing, and so on [226–234].

1.4 Knowledge gap
In the context of previous discussion, although several works have been reported on
nanomaterial based sensors, only few literature have shown gas sensing application at
room temperature. Further, sensors based on pristine nanomaterial usually exhibit low
sensitivity, poor selectivity, slow response and recovery, and require high operating
temperature. The room temperature operation of a sensor provides the platform for easy
integration of electronic circuits for miniaturized devices in portable applications. The
surface of the nanomaterial can be incorporated with suitable functional group/enzyme for
highly selective and sensitive detection of target analytes. Moreover, analytical techniques
have been extensively explored for chemical and gas sensing, however these analytical
techniques are time-consuming, expensive, complex sample collection, need prepossessing of samples, and require expertise in performing the experiment. With this
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knowledge gap, the objectives of the thesis are designed based on chemiresistive devices
and discussed in the subsequent sections.

1.5 Objective of the Thesis
The main objective of the thesis is the development of nanomaterial enabled electrical
sensors for healthcare, food processing and agriculture, and environmental monitoring
applications. For the development of electrical sensor, chemiresistive device architecture
has been explored with various nanomaterials as sensing platform. The present thesis
demonstrates the development of affordable chemiresistor sensors for various chemical
and gas sensing applications. The objectives of the present thesis are as follows:
❖ Fabrication of a carbon nanotube based non-enzymatic sensor for urea detection in
raw milk sample.
❖ Development of a chemiresistor with surface modified carbon nanotubes for CO
gas sensing application.
❖ Synthesis of MoS2-CuO nanocomposite for room temperature acetone gas sensing
application.
❖ Development of a paper based enzymatic chemiresistor for POC detection of
ethanol in human breath.

1.6 Organization of the Thesis
The complete thesis work is presented in six chapters. Chapter 1 starts with the
introduction, providing a brief overview of sensor technologies, sensor architectures, and
various sensing nanomaterials, followed by the objectives of the present thesis.
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Subsequently, four technical chapters are presented. Chapter 2 presents the development
of a non-enzymatic urea sensor based on MWCNT nanocomposite. The thiol functional
group (SH) is attached on the surface of MWCNT for the preparation of sensing material.
The sensing performance of the sensor has been examined for various urea concentrations,
and a probable sensing mechanism is proposed. Further, the sensor has been used to detect
urea concentrations in raw milk samples to evaluate practical applicability. Chapter 3
demonstrates the development of a room temperature CO gas sensor based on MWCNTPDDA composite. Here, the surface of MWCNTs has been modified with
poly(diallyldimethylammonium chloride) solution (PDDA). The sensing performance of
the MWCNT-PDDA composite has been explored for CO gas, and a probable sensing
mechanism is proposed. Chapter 4, demonstrates room temperature acetone gas sensing
based on MoS2-CuO nanocomposite. The gas sensing performance of MoS2-CuO
nanocomposite has been evaluated by exposing the sensor to various acetone
concentrations and interfering gases. The probable sensing mechanism of the sensor has
been discussed in detail. Chapter 5 demonstrates a paper based enzymatic chemiresistor
for POC detection of ethanol in human breath. The sensor is developed on a biodegradable
paper substrate with alcohol dehydrogenase (ADH) modified MWCNT composite as the
sensing material. The sensor is exposed to various ethanol concentrations and other VOC
gases, and the performance of the sensor has been evaluated. The sensor is integrated with
an electronic circuit to develop proof-of-concept prototypes for the POC detection of
ethanol in human breath. Chapter 6 presents the summary of the significant findings and
important conclusions of the present thesis and future scope of work. A brief detail of
outcomes of this thesis in terms of patents, publications, and conferences has also been
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provided at the end of the thesis. The flowchart for the organization of the thesis is shown
in Figure 1.7.

Figure 1.7: Flowchart for the organization of the thesis.
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Abstract
In this work, we have demonstrated a urea sensor based on starch coated gold
nanoparticles (S-AuNPs) and thiol group (-SH) functionalized multiwall carbon nanotube
(MWCNT-SH) nanocomposite. The surface modifications of the MWCNTs are
characterized using Fourier transform infrared (FTIR) and Raman spectroscopy. The
surface analysis of the nanocomposite is recorded using field emission scanning electron
microscope (FESEM) and field emission transmission electron microscope (FETEM). The
sensor is developed on a glass substrate where silver and MWCNT-SH/S-AuNPs are used
as contact electrodes and sensing material, respectively. The response of the sensor is
observed over a range between 10 mg/dL to 60 mg/dL with high sensitivity and limit of
detection of 0.48 mg/dL. The sensor has demonstrated almost stable performance for two
months with excellent reproducibility. The developed sensor is evaluated to detect urea in
a raw milk sample, where the sensor can recover urea between 85.17 % and 88.73 % in the
milk sample. The proposed sensor has the potential to be used for milk quality assessment
in households and dairy industries.
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2.1 Overview
Integration of nanomaterials with chemiresistive devices has opened up a large scope of
development of sensing parameters for various applications, including healthcare, food
processing and agriculture, environmental monitoring etc. In this regard, carbon and metal
based nanomaterials have been extensively used for various sensing applications due to
their salient features like high surface to volume ratio, superior catalytic activity, costeffectiveness, excellent electronic and mechanical properties, and unique magnetic, optical
or thermal properties [1–7]. Moreover, nanomaterials enabled chemiresistive sensors
provide small size, simple structure, ease of fabrication, cost-effectiveness, and ease of
integration with microcontrollers for portable device applications. Over the years, carbon
based materials like carbon nanotubes (CNTs), carbon blacks, graphene, carbon
nanofibers, graphene oxide, nanodiamond, fullerene, and nanocomposites have been able
to grab the attention of researchers for sensing applications [8–15]. In the literature,
several sensors based on CNT composite such as platinum doped CNT, CNTpoly(diallyldimethylammonium chloride) solution (PDDA), CNT-palladium (Pd),
carboxyl

functionalized

CNT-poly-(m-aminophenol)

nanocomposite,

molecularly

imprinted poly-(methyl methacrylate) on CNT, CNT/zinc oxide (ZnO) nanofibers, etc.
have been established for chemical and biosensing applications [16–21].
Urea is the final product of nitrogen metabolism and extensively used in agriculture, food,
and dairy industries. However, excessive use of urea in agricultural fields leads to an
increase in residual nitrate in the soil indiscriminately and causing soil pollution. Further,
the toxicity of ammonia and carbon dioxide, released from urea degradation, is also a
detriment to crops and plants. In addition, the excess urea derivatives present on the soil
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wash off to nearby water streams and water bodies with rain or leaches into the
groundwater, thus causing water pollution. Currently, the presence of urea derivatives on
daily use products is of foremost concern worldwide [22, 23]. The detection and
monitoring of urea have great importance in clinical analysis, food processing technology,
and dairy industries. In dairy industries, urea is used as one of the milk adulterate over the
years in developing countries and causes serious health hazards such as acidity, ulcers,
indigestion, and kidney malfunctions [24, 25]. The permissible concentration level of urea
in milk is 18−40 mg/dL [26]. Further, the measurement of milk urea nitrogen (MUN)
could help control the diet of dairy cattle

as protein overfeeding is harmful to the

reproductive process and may cause health problems in the dairy cattle [27]. Several
analytical techniques such as colorimetry, infrared spectroscopy, fluorimetry, gas
chromatography (GC), high performance liquid chromatography (HPLC), liquid
chromatography-mass spectrometry (LCMS), electroanalytical, and chemiluminescence
have been explored for urea quantification [28–34]. However, these analytical techniques
are time consuming, expensive, and require expertise in running the experiment.
Moreover, most of these techniques use urease as an enzyme, which catalyzes the
hydrolysis of urea to ammonia (NH3) and carbon dioxide (CO2), but stability and storage
of enzyme based sensors are always a major concern. Several non-enzymatic sensors
based on materials like tin oxide (SnO2), nickel cobalt oxide (NiCo2O4) nanoneedles,
nickel/cobalt oxide decorated graphene, and polypyrrole/platinum electrode have been
used for detection of urea concentration [35–38].
In this study, we have proposed a nanomaterial based resistive sensor to quantify urea
concentration in an aqueous solution. The resistive sensor consists of a pair of silver (Ag)
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electrodes deposited on a glass substrate and surface modified MWCNTs composite as the
sensing material. The surface of MWCNTs was functionalized using the oxidation of
MWCNTs, followed by the attachment of the thiol group on the surface of MWCNTs. The
surface modifications of MWCNTs were characterized by using Fourier transform infrared
(FTIR) and Raman spectroscopy. The synthesis of starch coated gold nanoparticles (SAuNPs) was characterized by transmission electron microscopy (TEM) and UV visible
spectroscopy. The thiol functionalized MWCNTs were used as a conducting channel
between the electrodes, and the S-AuNPs layer provides the platform for starch-urea
reaction. The electrical resistance change was measured based on starch-urea interaction
for different urea concentration, and the influence of other milk adulterant was also
performed. The response of different urea concentrations was observed between 10 mg/dL
to 60 mg/dL with high sensitivity and limit of detection of 0.48 mg/dL. The stability and
reproducibility of the urea sensor were examined for the feasibility of its commercial
potential. Further, the standard addition and spike-recovery methods were used to detect
urea in the raw milk sample.

2.2 Experimental section
2.2.1 Materials
Multiwall carbon nanotubes (purity 98 %, diameter = 6–13 nm, length = 2.5–20 µm),
nitric

acid

(HNO3),

sulfuric

acid

(H2SO4),

glass

slides,

silver

wire,

dicyclohexylcarbodiimide solution (DCC) (C13H22N2), cysteamine (NH2CH2CH2SH),
ethanol (C2H5OH), starch ((C6H10O5)n), urea (NH2CONH2), gold(III) chloride solution
(HAuCl4), ammonium sulfate ((NH4)2SO4), calcium carbonate (CaCO3), hydrogen
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peroxide solution (H2O2) were procured from Sigma Aldrich, India. The Milli-Q grade
water was used in all the experiments.
2.2.2 Preparation of materials
The surface of MWCNTs was functionalized using the oxidation of MWCNTs in a (1:3)
HNO3/H2SO4 mixture followed by ultrasonication for 3 h at room temperature [39].
Herein, 2 mg MWCNTs were dispersed in 8 mL of the mixed acid solution and sonicated
for 3 h. The treated MWCNTs were washed thoroughly with deionized water until the pH
of the filtrate became neutral and dried in a vacuum oven. Further, the carboxylic acid
functionalized MWCNTs (MWCNT-COOH) were functionalized with thiol group by
reacting it with cysteamine in ethanol suspension with the assistance of DCC [40].
Typically, 6 mg of oxidized MWCNTs were spread in 20 mL ethanol and sonicated for 10
min. The DCC solution (0.5 mg/mL) was prepared by spreading in ethanol and added to
the MWCNT-COOH solution and stirred for 20 min. Subsequently, 5 mM cysteamine
solution was added to the solution and stirred for 24 h at room temperature. The
precipitate obtained after 24 h was centrifuged, and thiol-functionalized MWCNTs
(MWCNT-SH) were obtained. Starch solution (0.01%) was prepared by dissolving 20 mg
of starch powder in 20 mL boiling water and cooled down. Starch coated gold
nanoparticles (S-AuNPs) were prepared by adding 300 µL of 0.03 M HAuCl 4 solution in
20 mL starch solution, and the mixture was sonicated for 5 min. Further, 400 µL of H2O2
was added to the solution and sonicated for 20 min resulting in reddish violet color, which
confirmed the formation of starch coated gold nanoparticles [41].
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2.2.3 Sensor fabrication
The urea sensor was developed on a clean glass substrate of 1 cm × 1 cm size with
MWCNT composites as the sensing material. A pair of silver (Ag) electrodes was
deposited on the glass substrate using a shadow mask to cover the channel with a thermal
evaporator (Hind High Vacuum, Auto 500). The sensing materials were deposited between
the two silver electrodes by drop casting and dried in a hot air oven for 30 min. The
fabrication process steps of the urea sensor are illustrated in Figure 2.1 (a)–(d), and the
optical image of the urea sensor is shown in Figure 2.1 (e).

Figure 2.1: (a)–(d) Schematic diagram of MWCNT composite based urea sensor
fabrication; (e) Optical image of the fabricated urea sensor.
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2.2.4 Characterizations
The material characterizations were performed using Fourier transform infrared
spectroscopy (FTIR) (Thermo Scientific Nicolet, iS10) and Raman spectroscopy (Horiba
LabRam HR Evolution). Field emission transverse micrograph and selected area electron
diffraction (SAED) pattern were recorded with the help of a field emission transmission
electron microscope (FETEM) (JEOL, JEM-2100F). The formation of starch coated gold
nanoparticles (S-AuNPs) was characterized using UV visible spectrophotometer
(Shimadzu, UV-2600). The surface morphology of the materials was recorded using field
emission

scanning

electron

microscope

(FESEM)

(JEOL,

JSM-7610F).

The

thermogravimetric analysis (TGA) was performed using a thermogravimetric analyzer
(Mettler Toledo). The electrical characterizations of the fabricated sensors were performed
with a parameter analyzer (Keithley, 4200 SCS).

2.3 Results and discussion
2.3.1 Material’s characteristics
The attachment of functional groups on the surface of MWCNTs has been characterized
using FTIR and Raman spectroscopy. The FTIR spectra of MWCNT, MWCNT-COOH,
and MWCNT-SH are shown in Figure 2.2 (a). For MWCNTs, the appearance of a peak at
1634 cm-1 is due to the presence of a C=C bond available on the surface of MWCNTs
[42]. The oxidation of MWCNTs (MWCNT-COOH) can be confirmed by the appearance
of a peak at 1721 cm-1, which is due to the presence of a C=O bond on the carboxyl group
[43]. For thiol functionalized MWCNTs, the appearance of peaks at 2972 cm -1 and 2876
cm-1 are attributed to stretching vibration bands of CH2 and CH3, respectively. The peaks
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at 2552 cm-1, 1655 cm-1, and 1322 cm-1 indicate the presence of thiol functional group (SH), amide group (-CONH) and amine group (-CN) respectively [40].

Figure 2.2: Characterization of surface modified MWCNTs at different functionalization
stages. (a) FTIR and (b) Raman spectra of MWCNT, MWCNT-COOH, and MWCNT-SH.

Further, Raman spectroscopy is also used to confirm the carboxyl and thiol group's
functionalization on the surface of MWCNTs. Figure 2.2 (b) shows the Raman spectra of
MWCNTs, MWCNT-COOH, and MWCNT-SH. The prominent peak appeared at 1324
cm-1 (D band), and 1585 cm-1 (G band) can be attributed to disorder in sp2 carbons
available on the surface of MWCNTs and sp2 vibration of carbon atoms on the graphitic
surface of MWCNTs, respectively. The shifting of D band (1324–1331 cm-1) and G band
(1585–1594 cm-1) confirms the functionalization of the carboxyl group on the MWCNTs
surface [44]. After the functionalization of the thiol group on the MWCNT-COOH
surface, the D band and G band shift from (1331–1329 cm-1) and (1594–1592 cm-1),
respectively. Another evidence for this functionalization is the increase in ID/IG ratio in the
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Raman spectrum [45]. The calculated ID/IG ratios for MWCNTs, MWCNT-COOH, and
MWCNT-SH are 1.225, 1.465, and 1.532, respectively. The functionalization of the
carboxyl group on the MWCNTs surface creates defects on the surface of MWCNTs and
the ID/IG ratio increases.

Figure 2.3: S-AuNP characterization, (a) FETEM image at 200 nm scale with inset at 20
nm scale, (b) HRTEM image, (c) SAED pattern, and (d) UV visible spectra.

Figure 2.3 (a) represents the FETEM image of the starch coated gold nanoparticles (SAuNPs), and the inset shows the enlarged image of a single S-AuNP. The image reveals
the formation of a hexagonal shaped S-AuNP. The HRTEM image of the S-AuNP is
illustrated in Figure 2.3 (b), and the calculated inter-planar distance is ~0.21 nm. Figure
2.3 (c) shows the SAED pattern of the S-AuNPs, which confirms the crystalline nature of
the particles. The UV visible spectroscopy of the S-AuNPs is represented in Figure 2.3 (d).
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The observance of UV visible absorption peak at 538 nm endorses the formation of SAuNPs, as described in [41].
2.3.2 Sensing mechanism
Starch is a polymeric carbohydrate consisting of long chains of glucose connected by
glycoside bonds. When starch reacts with urea at elevated temperature (>150 ℃) for a
longer duration (~2 h), the following chemical reactions occur,
St. OH + CO(NH2 )2 →

Heat

St. OCONH2 + NH3

(2.1)

where St. OH represents the starch solution. In the present case, we use this concept for the
development of the urea sensor. The sensing mechanism of the urea sensor is proposed in
Figure 2.4. The synthesized starch coated gold nanoparticles (S-AuNPs) are coated over
thiol functionalized MWCNTs. Urea degrades starch above 150 ºC, and gold nanoparticles
are attached with the thiol (-SH) group present on the surface of MWCNTs. Thus, the
electrical conductivity of the sensor changes upon exposure to urea.
Figure 2.5 represents the FESEM images and FTIR spectra of MWCNT-SH, MWCNTSH/S-AuNP nanocomposite, and reaction product of starch urea reaction. FESEM images
for MWCNT-SH, MWCNT-SH/S-AuNP nanocomposite, and reaction product are shown
in Figure 2.5 (a), (b) and (c), respectively. The image of MWCNT-SH reveals a smooth
surface with entangled tubes, whereas the surface of MWCNT-SH/S-AuNP composite
shows formation of clusters. Figure 2.5 (c) shows that the starch layer was decomposed
after the reaction at elevated temperature (180 ℃), and hence the morphology looks
different compared to Figure 2.5 (b). Further, FTIR spectra of starch, urea, and the starchurea reaction product are shown in Figure 2.5 (d). For starch, peaks at 2934 cm-1 (-CH
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Figure 2.4: Schematic representation of the sensing mechanism of MWCNT-SH
nanocomposite based urea sensor.

Figure 2.5: FESEM images of (a) MWCNT-SH, (b) MWCNT-SH/S-AuNP composite, and
(c) reaction product of starch-urea reaction; (d) FTIR spectra of starch, urea, and starchurea reaction product.
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group), 1639 cm-1 (-H bonding in COOH group) and 1159 cm-1 (-CO group) have
appeared [46]. Peaks at 3341 cm-1 (-NH group), 1642 cm-1 (-CO group), 1586 cm-1 (-NH
deformation) and 1448 cm-1 (-CN group) are observed for urea [47]. The spectrum of
starch-urea reaction product shows peaks at 3332 cm-1 (-NH group), 2924 cm-1 (-CH
group), 1660 cm-1 (-CO group), 1620 cm-1 (-H bonding in COOH group), 1595 cm-1 (-NH
deformation) and 1452 cm-1 (-CN group).
We have performed a thermogravimetric analysis (TGA) of the components, and the
mixtures undergone the chemical reaction. TGA of starch (Figure 2.6 (a)) shows minimal
degradation (less than 10%), mainly because of the removal of water and volatile
molecules present in the starch molecules, since starch does not undergo decomposition
below 200 ℃. TGA of urea (Figure 2.6 (b)) shows onset of weight loss at 150 ℃ and rapid
decomposition (up to 65%) above 200 ℃. Figure 2.6 (c) shows the TGA analysis of a 1:1
mixture of starch and urea, while Figure 2.6 (d) shows the thermal curves of the three
samples in a single plot. The thermal curve of the mixture falls in between that of starch
and urea, as the weight loss of the mixture is mitigated by the slow degradation of starch.
The thermal curve of urea shows that although onset temperature of urea is 150 ℃, the
weight loss is insignificant (less than 10%) up to 180 ℃. Therefore, in this study on urea
sensor, we have restricted the temperature at ~180 ℃ or below, to avoid total degradation
of urea.
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Figure 2.6: TGA analysis of (a) starch, (b) urea, (c) starch-urea reaction product, and (d)
comparison of thermal curves of the three samples.

2.3.3 Sensing performance
The MWCNT based urea sensor fabricated as described in section 2.2.3 is initially
characterized using a sourcemeter, and the corresponding I-V curve is plotted in Figure 2.7
(a). Then, 5 µL of S-AuNPs solution (0.01%) is dispensed on top of the MWCNT layer
and dried for 30 min at room temperature, and corresponding I-V characteristics are
measured. It is observed that the current reduces significantly due to the de-doping of the
MWCNTs. The electrical conductance of MWCNTs is very high, however starch available
on the S-AuNP solution possesses very low electrical conductance. Thus, the overall
electrical conductance of the nanocomposite (MWCNT-SH/S-AuNP) reduces and hence
the current of the sensor decreases. Subsequently, urea solution of 10 mg/dL is dispensed
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on the sensor surface and heated at an elevated temperature (~180 ℃) for two hours, and
resultant I-V characteristics are measured. In this case, urea degrades starch and current
through the sensor channel increases. Different urea concentrations ranging from 10
mg/dL to 60 mg/dL are prepared in deionized water to carry out sensitivity analysis. The
calibration curve is obtained from the measured values of the sensor current at different
urea concentrations. Figure 2.7 (b) shows the sensor response calculated by using the
equation,
Response =

∆R
R0

=

R0 − Ru
R0

(2.2)

where 𝑅0 is the resistance of MWCNT-SH/S-AuNP composite, and 𝑅𝑢 is the resistance of
the sensor after the reaction. The measurements are repeated for three times for each
concentration and the average value and error bar are reported. In Figure 2.7 (b), linear
regression analysis is used in two different concentration ranges 10–40 mg/dL and 40–60
mg/dL, and the coefficients of determination (R2) are found to be 0.992 and 0.995,
respectively. The sensitivity values of the sensor are 0.72 % per mg/dL and 0.31 % per
mg/dL for urea concentration in the ranges of 10–40 mg/dL and 40–60 mg/dL,
respectively. The calculated limit of detection (LOD) of the urea sensor is found to be 0.48
mg/dL. Further, another two different combinations of sensing materials are also evaluated
for various urea concentrations. In the first case, MWCNT-COOH/starch composite is
used as sensing material instead of MWCNT-SH/S-AuNP. In the other case, the
MWCNT-COOH/S-AuNP composite is being exposed to different urea concentrations.
The calibration plots of MWCNT-COOH/starch and MWCNT-COOH/S-AuNP composite
based urea sensors are presented in Figure 2.7 (c) and (d), respectively. The calculated
LOD for MWCNT-COOH/starch and MWCNT-COOH/S-AuNP composite based urea
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Figure 2.7: (a) I-V analysis of the sensor for MWCNT-SH, MWCNT-SH/S-AuNP
nanocomposite, and after reaction of starch with 10 mg/dL urea solution; Response of
urea sensor based on (b) MWCNT-SH/S-AuNP, (c) MWCNT-COOH/starch, and (d)
MWCNT-COOH/S-AuNP nanocomposites for different urea concentrations.

Table 2.1: Urea sensing parameters of various sensing materials.
Sl. No.

Sensing material

Sensitivity

LOD

(% per mg/dL)

(mg/dL)

1

MWCNT-SH/S-AuNP

0.72

0.48

2

MWCNT-COOH/starch

0.27

4.62

3

MWCNT-COOH/S-AuNP

0.52

2.23

TH-2664_156153001

Urea sensor

61

sensors are found to be 4.62 mg/dL and 2.23 mg/dL, respectively. The sensing parameters,
such as sensitivity and LOD of all three sensing material combinations, are shown in Table
2.1. The ascending order of response to urea is found to be MWCNT-COOH/starch,
MWCNT-COOH/S-AuNP, and MWCNT-SH/S-AuNP composite.
The selectivity of the sensor judges the practical applicability of any sensor. Therefore, the
developed MWCNT-SH/S-AuNP nanocomposite based urea sensor was tested towards
various common milk adulterants such as detergent, calcium carbonate, and ammonium
sulfate. For the selectivity study, the interference compound of 60 mg/dL concentration
was prepared in deionized water. The selectivity of the urea sensor towards other
compounds is shown in Figure 2.8 (a). The response of the sensor towards urea is much
higher (at least 4 times) compared to other milk adulterants. In order to study repeatability
and reproducibility of the sensor, three different sets of the sensor were prepared distinctly
in three different batches. The sensors were exposed to urea solutions (60 mg/dL), and the
response of the sensor is shown in Figure 2.8 (b). The response of the urea sensor is found
to be negligibly changed under the same fabrication procedures, which indicates that the
developed urea sensors are highly reproducible. The stability of the sensors was evaluated
for two months, and the response is shown in Figure 2.8 (c). The sensors showed excellent
stability for two months, with a 7.54 % decrease in response, which exhibits excellent
practical applicability of the developed urea sensor. The decrease in the sensor response
after four weeks is probably due to the degradation of the starch coated gold nanoparticles
solution.
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Figure 2.8: (a) Selectivity, (b) Reproducibility, and (c) Stability of the MWCNT-SH/S-AuNP
nanocomposite based urea sensor.

2.3.4 Milk quality assessment
The urea sensor was examined to detect urea in raw milk sample to test its practicability.
Spike and recovery method was used for the detection of urea in raw milk samples at
various concentrations. For this purpose, known concentrations of urea were spiked in the
milk sample, and the % recovery of urea from the real sample was calculated by using the
following equation,
% Recovery =
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where M and B are the analytical response due to urea in spiked and blank samples,
respectively, and S is the urea's analytical response in standard aqueous solutions. Figure
2.9 represents responses for aqueous solution and real sample (milk) between 10 mg/dL
and 60 mg/dL concentrations of urea. A gradual increase in response is observed with
increase in urea concentrations. The % recovery between 85.17 % and 88.73 % of urea
from the milk samples is obtained at different tested concentrations. Further, the results of
proposed urea sensor are validated with the standard pH technique, which is used as a
standard analytical method for urea quantification in the raw milk samples [48]. Spike and
recovery method was used for the detection of urea in raw milk samples at various
concentrations. The pH of the sample varies directly proportional to the urea
concentrations due to the hydrolysis of urea by an enzyme urease. The urease enzyme
solution (1800 U/mL) was prepared by diluting with aqueous glycerol (50 % v/v). The
different urea concentration solutions were prepared in a phosphate buffer solution.
Firstly, 0.2 mL of urease solution was taken and added to the solutions of different urea
concentrations, and then mixed at room temperature. The pH value of each spiked urea
concentration was measured with a pH meter (Thermo Scientific EUTECH pH 150). For
each spiked urea concentrations, 10 mL milk samples were prepared by adding 5 mL of
raw milk and 5 mL of urea solution prepared in buffer solutions. Again, 0.2 mL of urease
solution were added to different spiked milk samples and mixed at room temperature, and
the pH of the milk samples were recorded. The analytical details of recovered urea, %
recovery and relative standard deviation (RSD) of the proposed sensor and the
corresponding results of pH technique are mentioned in Table 2.2.
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Figure 2.9: Comparative detection of urea in aqueous solution (red bars) and raw milk
sample (blue bars) for urea concentrations between 10 mg/dL and 60 mg/dL.

Table 2.2: Recovery of urea from spiked milk samples.
Sl.

Spiked

No.

urea
(mg/dL)

Resistive sensor

Recovered

%

urea (mg/dL)

Recovery

Standard method

RSD

Recovered

%

urea (mg/dL)

Recovery

1

10

8.87 (±0.03)

88.73

4.11

9.6 (±0.03)

95.99

2

20

17.61 (±0.03)

88.03

3.98

19.44 (±0.03)

97.22

3

30

25.60 (±0.03)

85.32

4.75

28.62 (±0.03)

95.41

4

40

34.07 (±0.04)

85.17

5.61

38.18 (±0.02)

95.45

5

50

43.07 (±0.02)

86.13

2.38

47.05 (±0.03)

94.10

6

60

52.20 (±0.03)

87.01

3.20

56.99 (±0.04)

94.99
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2.4 Conclusions
In this work, we have developed a resistive sensor based on MWCNT-SH/S-AuNP
nanocomposite for urea detection. The sensor was characterized by FTIR, Raman, UV
visible, FETEM, SAED, FESEM, and TGA. The sensor is tested for urea detection in the
range of 10 mg/dL to 60 mg/dL with sensitivity and detection limit of 0.72 % per mg/dL
and 0.48 mg/dL, respectively. The sensor demonstrated a selective response towards urea
and is highly reproducible. The stability of the sensor has been evaluated, where the sensor
was found to be stable for two months, with ~7.54 % decrease in sensor response. The
sensor can detect urea in raw milk samples with % recovery between 85.17 % and 88.73
%. The prominent features of the developed urea sensor are ease of fabrication, cost
effectiveness, robustness, and easy handling. It is suitable for detecting urea in dairy
products and has the potential to be translated into a miniaturized portable device for
practical applications.
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Abstract
A

resistive

sensor

based

on

multiwalled

carbon

nanotube

(MWCNT)-

poly(diallyldimethylammonium chloride) solution (PDDA) composite is proposed for
highly sensitive carbon monoxide (CO) detection at room temperature. The surface of
MWCNTs is functionalized with PDDA, and the functionalization is investigated by
Fourier transform infrared and Raman spectroscopy. The MWCNT-PDDA composite is
used as a sensing material with deposited interdigitated electrodes (IDE) of silver (Ag) on
glass substrates. The resistance of the sensors changes due to charge transfer from CO to
the positively charged quaternary ammonium group present on PDDA. The developed
sensors are able to detect very low concentrations of CO gas ranging from 1 to 20 ppm
with high sensitivity and limit of detection (LOD) of 127 ppb. The interference of other
gases and volatile organic compounds is investigated, and the results are presented. The
influence of humidity and temperature on the sensors is also explored. The stability and
repeatability of the sensors are examined, and the sensors are almost stable for 2 months
with

excellent

reproducibility.

The

sensors

also

follow

the

Langmuir

adsorption/desorption model. The sensors have shown excellent potential for rapid CO gas
sensing, and it can be used in wearable electronics applications.
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3.1 Overview
In recent times, researchers across the globe have been exploring the potential of
chemiresistive sensors for gas, chemical, and biosensing applications. The advantages of
nanomaterials enabled chemiresistive sensor over conventional sensing techniques have
been discussed in detail in the previous chapters. In this regard, several nanoengineered
materials such as nanotubes, nanowires, nanoribbons, nanobelts have been used to
fabricate chemiresistive sensors for chemical and biosensing applications [1–6]. The
prominent features of carbon nanotube (CNT) based sensors and various surface
modification/functionalization approaches have been discussed in detail in the previous
chapters. In particular, CNTs have been employed to fabricate highly selective and
sensitive gas sensors due to their excellent mechanical and electrical properties, and lowtemperature operation [7–12]. However, pristine CNTs are hardly selective, and hence
surface functionalization is required for selective and sensitive operation [13]. In this
regard, suitable metal oxides or metals or conducting polymers can be attached on the
surface of CNTs to enhance the selectivity of the sensors [14–16].
Carbon monoxide (CO) is a toxic, odorless, and colorless air pollutant, and it is harmful to
human health and the environment when it is leaked in the air [17]. The major source of
CO pollutants is automotive emissions, combustion of carbon comprising fuels such as
natural gas, coal, gasoline, wood, and industrial activities [18, 19]. Exposure to CO for a
longer duration of time can lead to headaches, nausea and vomiting, dizziness, and in
severe cases, unconsciousness, or death [20]. Exhalation of moderate to high levels of CO
over long periods reduces the amount of oxygen carried by hemoglobin around the human
body and increases the risk of heart disease [21]. Thus, CO gas monitoring and sensing at
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room temperature with high sensitivity and selectivity are of paramount importance for
environmental safety, industrial control, and health hazards, etc. Over the last decades,
several techniques such as electrochemical, thermoelectric, optical, potentiometric, and
resistive sensors have been used for the CO gas detection [22–25]. In this regard, various
metal oxide such as zinc oxide (ZnO), copper oxide (CuO), tin oxide (SnO2), cobalt oxide
(Co3O4), samarium oxide (Sm2O3), gallium oxide (Ga2O3), indium oxide (In2O3) etc. have
been employed as a sensing material for CO detection [26–32]. However, the major
drawback of metal oxide-based sensors is high operating temperature and, thus, the
requirement of additional heating arrangement for CO detection. Of the late, various
nanocomposites based on CNT like PANI-MWCNT, ZnO/MWCNT, Pt/MWCNTs, Pt
doped SWCNT have been employed as sensing material for CO detection [33–36].
In contrast to the above works, we have proposed a MWCNT-PDDA composite based
resistive sensor for low concentration detection of CO gas at room temperature. For sensor
development, MWCNT-PDDA composite was used as a sensing material with deposited
interdigitated electrodes (IDE) on glass substrates. The substitution of PDDA on the
MWCNT surface was confirmed using Fourier transform infrared (FTIR) and Raman
spectroscopy. The gas sensing of different CO concentrations ranging from 1 to 20 ppm
was measured inside a controlled gas chamber. The schematic diagram of the CO gas
sensing setup with the sensor is shown in Figure 3.1. The effect of temperature and
humidity on the sensors was investigated, and the influence of other interfering gases was
also explored. The sensors showed fast response and recovery time with limit of detection
(LOD) of 127 ppb. We discussed the sensing mechanism of the CO gas sensor based on
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the adsorption/desorption model, and the experimental results confirmed the Langmuir
model.

3.2 Experimental section
3.2.1 Materials
Multiwalled carbon nanotubes (purity 98 %, diameter = 6–13 nm, length = 2.5–20 µm),
poly(diallyldimethylammonium chloride) ((C8H16NCl)n) solution, glass slides, silver wire,
methanol (CH3OH), ethanol (C2H5OH), 2-propanol (C3H7OH), and acetone (C3H6O) were
procured from Sigma Aldrich (India). The chemicals were of analytical grade and
employed in the experiments without further purification. The Milli-Q grade water was
used for cleaning and to prepare the solutions.
3.2.2 Preparation of MWCNT-PDDA composite
The synthesis of the MWCNT-PDDA composite was carried out by following the surface
modification method [37]. Typically, MWCNTs (2 mg) were dispersed in 1 mL of
aqueous PDDA solution (5 %) and sonicated for 10 min, followed by stirring for 3 h.
Further, the solution was centrifuged for 10 min, and the collected MWCNT-PDDA
composite was washed with deionized water to remove loosely attached PDDA on the
MWCNT surface.
3.2.3 Sensor fabrication
The sensor was fabricated using MWCNT-PDDA composite as the sensing material. The
sensor was developed on a glass substrate, which was cut into pieces of 1 cm x 1 cm and
cleaned by using standard substrate cleaning methods. The fabrication process of the
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MWCNT-PDDA based CO sensor are illustrated in Figure 3.2 (a)–(c). The IDEs were
patterned on the glass substrate by using a shadow mask, and Ag electrodes were
thermally evaporated (Hind High Vacuum, Auto 500) on the glass substrates. The
patterned substrates were treated with UV ozone for 10 min for better adhesion of
MWCNT-PDDA composite on the substrates. Typically, 10 µL of MWCNT-PDDA
composite solution was drop casted on the patterned substrate and dried at room
temperature. A photograph of the MWCNT-PDDA based CO sensor is shown in Figure
3.2 (d). The sensor was placed inside a controlled environment chamber, and the IDEs
were connected with a sourcemeter (Keithley 4200 SCS, U.S.A.) for electrical
measurements. Computer-controlled mass flow controllers (MFC) were used to regulate
the CO and N2 gas flow to the chamber. A 100 ppm CO gas cylinder was used to prepare
five different concentrations of CO, ranging from 1 to 20 ppm.

Figure 3.1: Schematic diagram of the CO sensing measurement setup with the sensor.
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Figure 3.2: (a)–(c) The fabrication steps of the MWCNT-PDDA based CO sensor; (d)
Optical image of the CO sensor.

3.2.4 Sensing mechanism
The sensing mechanism of CO sensing is based on the adsorption (physisorption)
phenomenon of the CO molecule on the MWCNT-PDDA composite. PDDA contains a
positive charge on the nitrogen atom [38]. On the other hand, in the case of CO, the carbon
atom acts as the nucleophilic part, as mentioned in the previous work reported by Frenking
et al. [39]. Therefore, when the CO comes in contact with the MWCNT-PDDA composite,
a charge transfer phenomenon from CO to the positively charged quaternary ammonium
group of PDDA takes place, as shown in Figure 3.3. Owing to this charge transfer to the
composite, the overall resistance of the sensor decreases. In other words, the charge
transfer helps the sensor to gain more conductance resulting in giving higher current.
However, during the removal of the CO molecule from the composite, it regains the
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electrons from the quaternary ammonium group of the PDDA, which increases the
resistance of the sensor and thus the current reduces.

Figure 3.3: Schematic diagram of the CO sensing measurement setup with the sensor.

3.3 Results and discussion
3.3.1 Characterizations
The FTIR spectroscopy (Thermo Scientific Nicolet iS10 FTIR spectrometer, U.S.A.) has
been performed to confirm the surface modification of MWCNT with PDDA. The FTIR
spectra of MWCNT, PDDA, and MWCNT-PDDA composite is shown in Figure 3.4 (a).
The observed peak at 1630 cm-1 in the spectrum of MWCNTs can be assigned to the
stretching vibration of C=C [40]. The observed peaks at 2900 cm-1 and 2830 cm-1 in the
spectrum of PDDA can be attributed to stretching vibrations of CH2 and CH3, respectively.
The appearance of peaks at 1637 cm-1, 1479 cm-1, and 1320 cm-1 in PDDA have
corresponded to C=C bond, CH2 bending, and C-N bond, respectively [37, 41]. The
difference in the spectra of MWCNT-PDDA composite with MWCNT and PDDA
confirms the surface modification of PDDA on MWCNT. The peaks at 2881 cm-1, 2816
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cm-1, and 1475 cm-1 in the spectrum of MWCNT-PDDA composite are attributed to the
presence of PDDA on the surface of MWCNT.
Raman spectroscopy (Horiba LabRam HR Evolution Raman spectrophotometer, U.S.A.)
analysis of MWCNT and MWCNT-PDDA composite are shown in Figure 3.4 (b). The
observed D band (1325 cm-1) and G band (1585 cm-1) for both the spectra, corresponding
to the defects in the sp3 carbon atoms, and crystalline graphitic carbon present in MWCNT
[37, 42]. The shifting of D band (1325–1327 cm-1) and G band on (1585–1588 cm-1)
confirms the functionalization of PDDA the surface of MWCNT. Further, the change in
the intensity ratio of D band and G band (ID/IG) can also be used for the confirmation of
the functionalization. The measured value of ID/IG for MWCNT and MWCNT-PDDA
composite is 1.38 and 1.42, respectively. The ID/IG is increased for MWCNT-PDDA
composite due to the creation of more defects on the surface of MWCNT.

Figure 3.4: Spectroscopic analysis of surface modified MWCNTs at different stages. Plot
(a) and (b) show the FTIR and Raman spectra of the MWCNT-PDDA composite,
respectively.
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3.3.2 Response of CO sensor
The transient response of the sensor based on MWCNT-PDDA composite was measured
for different concentrations of CO gas ranging from 1 to 20 ppm. The transient response of
the sensor for 1 ppm CO gas is shown in Figure 3.5 (a). When the sensor is exposed to CO
gas, the resistance of the sensor decreases and almost saturates after some time due to the
adsorption of CO onto the surface of the MWCNT-PDDA composite. The resistance of
the sensors changes due to charge transfer from CO to the positively charged quaternary
ammonium group present on PDDA. As the CO gas is removed, the sensor reaches its
initial resistance. The transient response for other concentrations of CO gas is also the
same in nature. Figure 3.5 (b) shows the transient response of the sensor for 1 ppm, 5 ppm,
10 ppm, 15 ppm, and 20 ppm CO gas. The response time of a sensor is defined as the time
taken by the sensor to reach from 10 % to 90 % of the output signal and vice-versa for
recovery time. The response and recovery time of the sensor for 1 ppm CO gas is shown in
Figure 3.5 (c). The response time is lesser compared to the recovery time of the sensor.
The response and recovery time variations of the MWCNT-PDDA composite sensor upon
exposure to different CO gas concentrations are shown in Figure 3.5 (d). The response
time of the sensor decreases as the concentration of CO gas increases, while it is opposite
in the case of recovery time. The measured value of response and recovery time is shown
in Table 3.1. The sensor exhibited the fastest response and recovery time of 18 s (20 ppm)
and 33 s (1 ppm) for CO gas sensing, respectively.
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Figure 3.5: Plot (a) and (b) show the transient response of the sensor upon exposure to 1
ppm CO, and other concentrations of CO gas, respectively; Plot (c) and (d) show the
measurement of response and recovery time of the sensor upon exposure to 1 ppm CO,
and at various concentrations of CO gas, respectively.

Table 3.1: Response and recovery time of the sensor.

CO Concentration (ppm)

Response time (s)

Recovery time (s)

1

29

33

5

26

34

10

21

36

15

19

41

20

18

45
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Figure 3.6: Plot (a) shows the response of the MWCNT-PDDA composite towards
different CO concentrations ranging from 1 to 20 ppm. Plot (b) shows the response of the
sensor towards different gases such as acetone, methanol, ethanol, propanol, NO2, CO2,
and CO.

The response of the sensor is measured by exposing the MWCNT-PDDA composite to
various concentrations of CO gas (1, 5, 10, 15, and 20 ppm). The response of the sensor is
given by the following equation,
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 (%) =

∆𝑅
𝑅0

x 100% =

𝑅𝑔 −𝑅0
𝑅0

x 100%

(3.1)

where 𝑅0 and 𝑅𝑔 are the resistance of the sensor before and after exposure to CO gas,
respectively. The response of the sensor for different CO concentrations are shown in
Figure 3.6 (a). Further, linear regression analysis is used to calculate the slope of the
calibration curve, and Figure 3.6 (a) shows a very good linear response upon exposure to
various concentrations (1–20 ppm) of CO gas. The measured value of response (%) for 1
ppm, 5 ppm, 10 ppm, 15 ppm, and 20 ppm are 5.25, 6.62, 8.24, 10.09, and 11.51,
respectively. The limit of detection (LOD) of the sensor is calculated and found to be 127
ppb. The sensor was exposed to different gases (20 ppm) to check the selectivity of the
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sensor. The selectivity analysis of the sensor towards different gases is shown in Figure
3.6 (b). The response of the sensor for CO gas is much bigger compared to the other gases,
including CO2, NO2, propanol, ethanol, methanol, and acetone.
Since the gas sensing measurements were performed at room temperature, another study
was also done to figure out the effect of temperature on the base resistance of the sensors.
Figure 3.7 (a) represents that the base resistance of the sensors decreases with an increase
in temperature. The change in base resistance of the sensor is less up to 100 ℃, and hence,
the sensors are considerably stable for different temperatures up to 100 ℃. The effect of
humidity on the base resistance of the sensors is shown in Figure 3.7 (b). The base
resistance of the sensors increases with an increase in relative humidity, and the measured
maximum change of base resistance was 4 % for 80 % relative humidity. Though the base
resistance of the sensors is changing with relative humidity, the normalized resistance or
sensitivity of the sensors changes marginally since the final resistance also changes. This
marginal change in normalized resistance does not influence the sensing efficiency of the
device. The reproducibility studies of the sensors were carried out with three different
sensors prepared distinctly in three different batches and are shown in Figure 3.7 (c). In
order to find the stability of the sensors, the base resistance of the sensor was measured for
2 months with a week interval. The sensors were almost stable for 2 months, and the
stability study is shown in Figure 3.7 (d). The present sensor exhibits the fastest response
time of 18 s and recovery time of 33 s with very low CO detection range at room
temperature.
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Figure 3.7: Plot (a) and (b) show the effect of temperature and humidity on the base
resistance of the sensors, respectively; Plot (c) and (d) show the reproducibility and
stability analysis of the sensors, respectively.

3.3.3 Adsorption-desorption kinetics
The interaction between CO molecules and the synthesized MWCNT-PDDA composite
occurs by the following reaction pathway [33].
𝑘+ /𝑘−

𝐶𝑂 + 𝑒 − ↔

𝐶𝑂− (𝑎𝑑𝑠)

(3.2)

where, 𝑘+ and 𝑘− are the adsorption and desorption rate constants. Here, we have
assumed that a single layer of CO gets deposited on the MWCNT-PDDA composite by
following the adsorption/desorption model (Langmuir model). The response and recovery
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time of the sensing system can also be obtained by fitting the conductance data in the
adsorption/desorption model [43]. The changes in conductance values are written below,

∆𝑔 = ∆𝑔max [1 − 𝑒

∆𝑔 = ∆𝑔max [𝑒

(−

(−

𝑡
)
𝜏−

𝑡
)
𝜏+

] for response

] for recovery

(3.3)

(3.4)

where ∆𝑔 and ∆𝑔max represent the change in conductance (time-dependent) and the
maximum conductance change, respectively. 𝜏+ and 𝜏− are the response time and the
recovery time, respectively. These two parameters are expressed by the following
equations [44],
𝜏+ = 𝑘

1

(3.5)

+ 𝐶+𝑘−

1

𝜏− = 𝑘

(3.6)

−

where C represents the concentration of CO. However, for reducing the complicacy in
fitting, the exponential curves (corresponding equations 3.3 and 3.4) can be converted to
straight lines by taking natural logarithm in both the sides and hence, the equations
become as follows,
∆𝑔

ln (1 − ∆𝑔

max

∆𝑔

ln (∆𝑔

max

𝑡

) = −𝜏
𝑡

) = −𝜏

−

+

(3.7)

(3.8)

We have shown one representative result by fitting the data in equations (3.7) and (3.8) in
Figure 3.8 (a) and (b), and both the R2 values for these two plots are 0.99. The R2 values
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indicate that our prior assumption regarding the adsorption/desorption model is valid, i.e.,
our CO sensing system also follows the Langmuir model.

Figure 3.8: Plot (a) shows the Langmuir adsorption model (fitted line) with experimental
data, and Plot (b) shows the Langmuir desorption model (fitted line) with experimental
data.

3.4 Conclusions
We have reported a highly sensitive resistive sensor for the detection of low-level CO gas
at room temperature with MWCNT-PDDA composite as the sensing material. The
conductance of the sensors changes due to transfer of charge from CO to the positively
charged quaternary ammonium group available on PDDA. The sensors are able to detect
very low CO concentrations ranging from 1 to 20 ppm at room temperature. The sensors
have shown high sensitivity with fast response and recovery time for CO sensing with
LOD of 127 ppb. The influence of temperature and humidity on the sensors has been
parametrically studied. The performance of the MWCNT-PDDA based CO sensor
improves at elevated temperature up to 100 ℃. The selectivity, stability, and repeatability
analysis of the sensors have been reported. Further, the Langmuir adsorption/desorption
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model has also been studied to understand the sensing mechanism of the CO gas sensor.
The device shows excellent potential for rapid CO gas sensing. The sensor can be
developed on flexible substrates as portable CO sensor for air quality monitoring in indoor
like underground garages, tunnels, engine repair shops, etc. as well as in industrial
applications such as chemical, medical and food industries.
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Abstract
Rapid and efficient detection of acetone gas at room temperature is of great importance for
non-invasive screening of diseases as well as environmental and industrial safety. In this
work, we have demonstrated a resistive room temperature acetone gas sensor based on
molybdenum disulfide (MoS2)-copper oxide (CuO) nanocomposites. The morphological
and structural characteristics, crystalline nature, and attachment of CuO nanoparticles on
MoS2 nanosheets were investigated using field emission scanning electron microscope
(FESEM), energy dispersive X-ray (EDX), field emission transmission electron
microscope (FETEM), X-ray diffractometer (XRD), and Raman analysis. The sensing
properties of the MoS2-CuO nanocomposite sensor were investigated systematically by
exposing to various acetone gas concentrations at room temperature. It was found that the
sensor showed excellent response towards acetone with high sensitivity and fast response
and recovery time with detection limit of 93 ppb. Furthermore, the sensor also showed
good repeatability, reproducibility and stability at room temperature, and portended
enormous potential for real time monitoring of acetone in the fields of health care,
environmental, and industrial applications. The probable sensing mechanism of MoS2CuO nanocomposite based acetone sensor has been discussed in detail.

TH-2664_156153001

102

TH-2664_156153001

Chapter 4

Acetone sensor

103

4.1 Overview
The salient features of nanomaterial enabled chemiresistive sensors have been discussed in
detail in the previous chapters and considered as promising candidates for room
temperature portable gas sensing due to their small size, robustness, simplicity, ease of
fabrication and integration [1–8]. In this regard, metal oxide semiconductor based sensors
have been able to attract attention of researchers because of the prominent features like
high chemical stability, cost effectiveness, easy miniaturization, integration, and real-time
monitoring [9–11]. In this regard, a variety of metal oxide semiconductors such as zinc
oxide (ZnO), copper oxide (CuO), indium oxide (In2O3), titanium oxide (TiO2), tungsten
oxide (WO3), cobalt oxide (Co3O4), tin oxide (SnO2) etc. have been reported for gas
sensing application [12–18]. However, sensors based on pristine metal oxide
semiconductor usually exhibit low sensitivity, poor selectivity, slow response and
recovery and require high operating temperature. In recent times, sensors employing p-n
heterojunction metal oxide semiconductor have attracted attention for enhancing the
performance of gas sensors by resistance manipulation through controlling the interface
potential energy barrier and narrowing the conduction channel [19–21]. CuO is a p-type
narrow bandgap metal oxide semiconductor, which shows good stability and high catalytic
activity towards gas sensing [22]. Molybdenum disulphide (MoS2) is an n-type
semiconductor, and exhibits excellent properties such as high mobility, high surface to
mass ratio, tuneable bandgap, nontoxic, and excellent mechanical strength [23, 24]. Thus,
the development of room temperature highly sensitive gas sensor based on heterojunction
sensing materials is of great importance in the field of sensors for biomedical, industrial
and environmental safety applications.
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Human breath analysis is an attractive topic of research as it facilitates rapid, simple, cost
effective, and non-invasive early diagnosis of diseases [25–27]. The volatile organic
compounds (VOCs) present in exhaled human breath are considered as biomarkers of
several diseases, and their excessive presence indicates health disorder [28]. The detection
of VOCs is essential in industries, as prolonged exposure to VOCs is harmful to humans
and may cause ailments related to lung, nose, eye, kidney, liver, and nervous systems [29,
30]. The efficient and rapid detection of VOCs is essential for early detection of health
hazards and industrial and environmental safety. Among VOCs, acetone vapor in human
breath is considered as a biomarker for diabetic patients. The acetone vapor in exhaled
breath of a healthy person is in the range of 300–900 ppb and exceeds 1800 ppb for
diabetic patients [31]. Conventional analytical technique such as gas chromatography mass
spectroscopy (GCMS) has been used for acetone gas sensing [32]. However, analytical
techniques are expensive and time consuming, involve complex collection and prepossessing of samples, and require expertise in performing the experiment. Thus, the
point-of-care detection of acetone gas is of high importance in healthcare and
environmental monitoring.
In this work, we present fabrication and demonstration of a room temperature resistive
acetone gas sensor using MoS2-CuO nanocomposite as a sensing layer. The characteristics
of the MoS2-CuO nanocomposite are investigated by using Raman, FESEM, FETEM,
EDX, and XRD analysis. The MoS2-CuO nanocomposite sensor is exposed to various
acetone gas concentrations and systematically investigated the response of the sensor at
room temperature. The repeatability, reproducibility, and stability of the sensor are
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evaluated. In addition, the mechanism of acetone gas sensing by the synthesized MoS 2CuO nanocomposite sensor is discussed in detail.

4.2 Experimental section
4.2.1 Materials
Molybdenum disulfide (MoS2), copper (II) nitrate trihydrate (Cu(NO3)2·3H2O), copper (II)
chloride dihydrate (CuCl2·2H2O), poly(diallyldimethylammonium chloride) ((C8H16NCl)n)
solution (PDDA), sodium hydroxide (NaOH), silver wire, glass slides, acetone
(CH3COCH3), methanol (CH3OH), ethanol (C2H5OH), propanol (C3H7OH), acetic acid
(CH3COOH), hexane (C6H14) and toluene (C7H8) were procured from Sigma Aldrich,
India.
4.2.2 Preparation of materials
The preparation of acetone gas sensing material involved two-step process. Firstly, CuO
nanoparticles were synthesized by precipitation method using copper nitrate trihydrate
(Cu(NO3)2·3H2O) and copper chloride dihydrate (CuCl2·2H2O). Typically, 0.1 M of
CuCl2·2H2O and 0.1 M of Cu(NO3)2·3H2O were added to 100 mL of deionized water and
stirred for 10 min. Then, 1 M NaOH was added dropwise to the solution and stirred till the
precipitation occurred. Afterwards, the solution was stirred and heated at 330 ℃ till the
precipitate turned black. The precipitates were washed thoroughly with deionized water
and absolute ethanol several times till the pH of the solution became neutral.
Subsequently, the washed precipitates were vacuum dried to get the CuO nanoparticles.
Secondly, 4 mg of MoS2 powder and 2 mg of CuO nanoparticles were dispersed in 2 mL

TH-2664_156153001

106

Chapter 4

of aqueous PDDA solution (2 %) and stirred for 30 min. Further, the solution was washed
with deionized water and centrifuged to obtain the MoS2-CuO nanocomposite.
4.2.3 Characterization
Raman spectra were recorded on a Horiba LabRam HR Evolution Raman spectrometer.
Field emission scanning electron microscopy (FESEM) images were recorded on JEOL
JSM-7610F scanning electron microscope. Energy dispersive X-ray (EDX) spectra were
recorded using Zeiss, Sigma 300 energy dispersive X-ray spectroscope. Field emission
transmission electron microscopy (FETEM) images and selected area electron diffraction
(SAED) pattern were recorded on JEOL JEM-2100F transmission electron microscope.
The crystallinity of the sample was checked with an X-ray diffractometer (XRD) using
Bruker, D8 Advance XRD with Cu-Kα [α = 1.54 Å]. All the electrical characterizations of
the acetone sensor were carried out with Keithley 4200-SCS semiconductor parameter
analyzer at room temperature.
4.2.4 Sensor fabrication and measurement
The acetone gas sensor was fabricated on a clean glass substrate, and silver (Ag)
electrodes were patterned on the glass substrate using a shadow mask with the help of a
thermal evaporator (Hind High Vacuum, Auto 500). Subsequently, MoS2-CuO
nanocomposite was deposited on the channel region of the sensor by drop casting and
dried at 60 ℃ for 1 hour. The fabrication process steps of the acetone sensor are illustrated
in Figure 4.1 (a)–(d), and the optical image of a fabricated acetone sensor is shown in
Figure 4.1 (e). The MoS2-CuO nanocomposite based acetone sensor was placed inside a
controlled environment chamber, and the electrical parameters of the sensor were
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Figure 4.1: (a)–(d) Schematic illustration of the fabrication process of MoS2-CuO
nanocomposite based acetone sensor; (e) Optical image of a fabricated acetone sensor.

measured using a sourcemeter. The flow of background gas (nitrogen) was controlled by
the mass flow controller (MFC) and the calculated volume of target analyte was loaded in
a bubbler connected with the test chamber. The required concentration of the target
analyte is calculated by using the following equation [33, 34],
𝑉 .𝜌

𝐿 𝐿
𝐶𝑔 = 𝑀𝑊.𝑉
x 2.24 x 107
𝐶

(4.1)

where 𝐶𝑔 is the concentration of acetone gas (ppm), 𝑉𝐿 is the volume of liquid analyte
(µL) to be injected, and 𝜌𝐿 is the density of the liquid (g/mL), 𝑀𝑊 is the molecular weight
of liquid analyte (g/mol), and 𝑉𝐶 is the volume of the test chamber (mL). The electrical
response of the sensor was measured by exposing the sensor to target gas concentrations.
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The response of the sensor is calculated by using the equation, 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 = 𝑅𝑔 /𝑅𝑎 , where
𝑅𝑎 and 𝑅𝑔 are the resistances of the sensor before and after exposure to acetone gas,
respectively.

4.3 Results and discussion
4.3.1 Morphological and structural characteristics
Figure 4.2 (a) represents the FESEM image of MoS2, which displays the stacking pattern
of nanoflakes. FESEM images of CuO nanoparticle clusters and MoS2-CuO
nanocomposite are shown in Figure 4.2 (b) and 4.2 (c), respectively. As illustrated in
Figure 4.2 (c), it can be observed that CuO nanoparticle clusters are implanted in the MoS2
nanoflakes. Figure 4.2 (d) represents the scanning area for EDX and elemental mapping of
the MoS2-CuO nanocomposite. The peaks in Figure 4.2 (e) confirm the presence of
elements Mo, S, Cu, and O on the composite and the inset shows the weight percentage of
these elements. Figure 4.2 (f)–(i) represent the elemental mapping of Mo, S, Cu, and O in
the scanning area. Figure 4.3 (a) represents the FETEM image of MoS2-CuO
nanocomposite where black spots can be ascribed to the attachment of CuO nanoparticles
on MoS2 surface. The HRTEM and SAED pattern of the MoS2-CuO nanocomposite are
shown in Figure 4.3 (b) and (c), respectively.
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Figure 4.2: FESEM images of (a) MoS2, (b) CuO, and (c) MoS2-CuO nanocomposite; (d)
Scanning area for EDX analysis, (e) EDX spectrum of the MoS2-CuO nanocomposite;
Mapping images of (f) Mo, (g) S, (h) Cu, and (i) O.

Figure 4.3: (a) FETEM image, (b) HRTEM image, and (c) SAED pattern of the MoS2-CuO
nanocomposite.

Some important information of the synthesized CuO nanoparticle and MoS2-CuO
nanocomposite can be obtained from the Raman spectra shown in Figure 4.4 (a). It is well
established that the structure of CuO crystal is monoclinic, and it belongs to the space-
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6
group of 𝐶2ℎ
[35, 36]. In CuO nanocrystals, a total of twelve optically responsive zone

centers exist, viz. 4𝐴𝑢 + 5𝐵𝑢 + 𝐴𝑔 + 2𝐵𝑔 . Three out of twelve, i.e. 𝐴𝑔 + 2𝐵𝑔 are Raman
active [37], where 𝐴𝑔 is situated in the near proximity of 300 cm-1, and the two 𝐵𝑔 s are
situated in the proximities of 350 cm-1 and 636 cm-1, respectively. The evidence of peaks
near the mentioned wavenumber regions is very much clear in the spectra of both CuO and
MoS2-CuO nanocomposite in Figure 4.4 (a). We have further deconvoluted the Raman
spectrum of CuO to get a better understanding and it is shown in Figure 4.4 (b). The peaks
at 280 cm-1 and 320 cm-1 can be assigned to 𝐴𝑔 and 𝐵𝑔1 respectively, whereas the peak at
617 cm-1 can be assigned to 𝐵𝑔2 [37]. The assigned wavenumbers for the peaks are lower
than the reported ones, which can be due to the size effects of the particles [36]. In this
figure, three more peaks are also observable at 245 cm-1, 603 cm-1 and 643 cm-1. Amongst
these, the peak at 245 cm-1 can be assigned to the one-magnon scattering generated from
the antiferromagnetically ordered Cu2+ ions [35, 38]. The other two peaks (603 cm-1 and
643 cm-1) can be assigned to the two-phonon scattering of the non-zero density of states
region in the CuO crystal. Interestingly, the prominent peaks of CuO are still intact in the
MoS2-CuO nanocomposite (Figure 4.4 (a)). However, after deconvolution of the selective
peak regions, it is seen that there is a minute but definite redshift of the 𝐴𝑔 (282 cm-1) and
𝐵𝑔1 (336 cm-1) peaks (Figure 4.4 (c)). On the contrary, in 𝐵𝑔2 peak (582 cm-1), a definite
blueshift is observed in Figure 4.4 (d). A similar phenomenon has happened to other peaks
due to the two-phonon scattering in the sample. In addition, the peak due to the onemagnon scattering has diminished in the composite material, and a new peak near the 300
cm-1 region has appeared, which can be assigned to the 𝐵𝑔1 corresponding to the phonon
−
−
vibration of the 2Ґ12
+ Ґ−
25 +Ґ2 mode [37]. Moreover, the prominent peaks of MoS2 (380
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cm-1 and 406 cm-1) have also shifted left (376 cm-1 and 401 cm-1) after the formation of the
composite, as seen in Figure 4.4 (a). The shifts in the peaks can also be considered as
confirmations about the formation of the nanocomposite (MoS2-CuO).

Figure 4.4: (a) Raman Spectra of CuO, MoS2, and MoS2-CuO nanocomposite;
Deconvoluted peaks of (b) CuO, and (c) & (d) MoS2-CuO nanocomposite.

The crystalline nature of CuO before and after MoS2 attachment can be examined from the
XRD spectra shown in Figure 4.5 (a). The polycrystalline nature of the synthesized CuO is
quite evident by matching the crystalline planes (110), (002), (111), (-202), (020), (-113),
(-311), (220), (-312), and (203) at the corresponding 2θ values of 32.58°, 35.57°, 38.9°,
48.98°, 53.37°, 61.8°, 66.3°, 68.14°, 72.3°, and 75.35°, respectively. These results are in
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good agreement with the results reported by Zhu et al. and Azam et al. [39, 40]. However,
it is clear from the figure that the full width at half maximum (FWHM) of the CuO
reduces after the attachment with MoS2 nanosheets. Furthermore, a minute but noticeable
shift in the peaks (for both CuO and MoS2) is observed in the XRD spectrum of the MoS2CuO nanocomposite, evident from Figure 4.5 (b) which shows the normalized
deconvoluted plots of CuO and MoS2-CuO nanocomposite expanded around 35.57°
corresponding to (002) plane of CuO. Interestingly, the peak corresponding to (102) plane
of MoS2 falls in this region [41], and is included in Figure 4.5 (b). In the case of the
composite, a duplet is observed, which conveys the information about the presence of the
properties of both CuO and MoS2. After deconvolution, it is observed that there is a
definite blue shift in the peaks of the composite with respect to the pristine materials. This
shift can also correspond to the generated strain in the nanocomposite after attachment.

Figure 4.5: (a) XRD pattern of CuO, MoS2, and MoS2-CuO nanocomposite, and (b)
Normalized deconvoluted peaks of CuO, MoS2, and MoS2-CuO nanocomposite expanded
around 35.57° corresponding to (002) plane of CuO.
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4.3.2 Gas sensing performance
The MoS2-CuO nanocomposite based sensor was exposed to a wide range of acetone
concentrations from 0.5 ppm to 10 ppm at room temperature, and the transient response of
the acetone sensor is shown in Figure 4.6 (a). It is observed that the response of the sensor
increases with an increase in acetone gas concentration. Figure 4.6 (b) plots the response
of the sensor against acetone gas concentration at room temperature. The inset plot of
Figure 4.6 (b) demonstrates the response of the sensor for low acetone concentrations in
the range of 0.5–2 ppm. The sensor exhibits the response values of 16.21±0.32 and
4.35±0.13 for acetone gas at highest concentration of 10 ppm and lowest concentration of
0.5 ppm, respectively. The sensitivity is calculated from the slope of the curve and limit of
detection (LOD) is calculated as, 𝐿𝑂𝐷 = 3𝜎𝑏 /𝑆𝑙𝑜𝑝𝑒, where 𝜎𝑏 is the standard deviation
of the blank sample. The sensitivity and LOD of the acetone sensor are calculated and
found to be 2.59 ppm-1 and 93 ppb, respectively in the linear range 0.5–2 ppm. The time
required for the sensor output to change from 10 % to 90 % of the total response gives the
response time on exposure to acetone gas and similarly recovery time after subsequent
removal of the gas. Figure 4.6 (c) represents the response and recovery time of the sensor
for 0.5 ppm acetone gas concentration. Similarly, response and recovery time are
measured for different acetone gas concentrations and shown in Figure 4.6 (d). It is clear
from Figure 4.6 (d) that the MoS2-CuO nanocomposite sensor shows lower response time
and larger recovery time at greater concentrations of acetone gas, because a large number
of acetone gas molecules are involved in interaction with the sensing material. The sensor
exhibited the fastest response time of 61 s and recovery time of 57 s for 10 ppm and 0.5
ppm acetone gas concentrations, respectively.
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Figure 4.6: (a) Transient response and (b) response versus concentration plot of the
sensor towards 0.5–10 ppm acetone gas exposure; (c) Response and recovery time
calculation of the sensor for 500 ppb acetone gas; (d) Response and recovery time of the
sensor with respect to concentration of acetone gas at room temperature.

The interference of VOCs on sensor performance is evaluated by exposing the sensor to
gas having concentration of 10 ppm of each VOC, viz. acetic acid, carbon monoxide,
nitric oxide, toluene, propanol, hexane, methanol and ethanol. Figure 4.7 (a) demonstrates
the response of the sensor towards VOCs, and suggests that the sensor is highly selective
towards acetone. Further, the key performance parameters for the sensor, such as
repeatability, reproducibility and stability, are also evaluated by exposing the sensor to
acetone gas. Figure 4.7 (b) represents the repeatability analysis of the MoS2-CuO acetone
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sensor, where the sensor is exposed to three cycles of 500 ppb of acetone gas, and the
decrease in response of the sensor is ~6.2 %. Figure 4.7 (c) demonstrates the
reproducibility of the sensor, where three different sensors are prepared in three different
batches and exposed to 10 ppm of acetone gas. The stability of the sensor is checked by
exposing the same sensor to 10 ppm of acetone gas at an interval of one week for 4 weeks,
and the response is plotted in Figure 4.7 (d). The sensor shows excellent stability over a
period of time and thus shows excellent viability for acetone gas monitoring at room
temperature for practical applications.

Figure 4.7: (a) Selectivity, (b) repeatability, (c) reproducibility, and (d) stability analysis of
the MoS2-CuO nanocomposite based acetone sensor.
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4.3.3 Acetone sensing mechanism
The sensing mechanism can be explained by elucidating the interaction between the
acetone molecules with the adsorbed oxygen species on the surface of the CuO
nanoparticles. At room temperature, negatively charged oxygen molecules cover the
surface of the CuO nanoparticles. This phenomenon helps to generate a hole-accumulation
layer on the surface according to the following steps [19].
−
𝑂2𝑎𝑑𝑠 + 𝑒 − ↔ 𝑂2𝑎𝑑𝑠

(4.2)

−
−
𝑂2𝑎𝑑𝑠
+ 𝑒 − ↔ 2𝑂𝑎𝑑𝑠

(4.3)

−
2−
𝑂𝑎𝑑𝑠
+ 𝑒 − ↔ 𝑂𝑎𝑑𝑠

(4.4)

The adsorbed negatively charged oxygen reacts with acetone and helps the acetone
molecules to get oxidized. It can be deemed responsible for the consumption of the holeaccumulation layers. As a result, the conductivity of the CuO nanoparticles is reduced. An
overall reaction [19] is shown below, and a pictorial representation of the mechanism is
shown in Figure 4.8 (a).
−
𝐶3 𝐻6 𝑂𝑔𝑎𝑠 + 8𝑂𝑎𝑑𝑠
↔ 3𝐻2 𝑂 + 3𝐶𝑂2 + 8𝑒 −

(4.5)

To understand the phenomenon occurring in the nanocomposite during the above
mentioned reactions, which occur at the surface of the CuO nanoparticles, we present the
band diagram of the MoS2-CuO nanocomposite at different reaction conditions. The band
structures of CuO and MoS2 before contact are represented in Figure 4.8 (b). In this figure,
Evacuum, EC, EF, and EV refer to the energy levels of vacuum, conduction band, Fermi level,
and valance band, respectively. The parameters considered for CuO and MoS2 respectively
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Figure 4.8: (a) Schematic illustration of MoS2-CuO nanocomposite and acetone gas
sensing mechanism (inset), and corresponding band diagram of (b) MoS2 and CuO
before contact, and of MoS2-CuO nanocomposite (c) in air and (d) in the presence of
acetone gas.

are as follows: work function 5.3 eV and 4.5 eV, energy gap 1.88 eV and 1.28 eV, electron
affinity 4.07 eV and 4.22 eV [24]. The Fermi levels get flattened (Figure 4.8 (c)) after the
two semiconductor materials come in contact with each other as the energies at the
junction are equilibrated [24]. Owing to this, a depletion layer (DL) is generated along with
the accumulation layer (AL) at the junction, as shown in Figure 4.8 (c). These two
combined layers act as a potential barrier at the junction and the overall resistance
increases. Subsequently, when the acetone (gas) molecules come in contact with the
surface of CuO, they consume the oxygen species from the surface and donate electrons,
as described in the above equation. It greatly increases the charge concentration at the
junction. Consequently, reorganization of charges takes place and the depletion region
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further expands in the CuO domain as shown in Figure 4.8 (d) causing further increase in
the overall resistance through the CuO surface.

4.4 Conclusions
In this study, we have proposed a room temperature acetone gas sensor based on MoS2CuO nanocomposite. The structural and morphological characteristics of the MoS2-CuO
nanocomposite sensor were performed through different characterization techniques. The
response of the MoS2-CuO nanocomposite sensor was investigated systematically by
exposing it to various acetone gas concentrations. It was found that the sensor exhibits
response of 16.21±0.32 and 4.35±0.13 for acetone gas concentrations of 10 ppm and 500
ppb, respectively and a detection limit of 93 ppb at room temperature. Further, the sensor
has demonstrated selective response towards acetone and shown good repeatability,
reproducibility, and stable sensing performance over a period of time at room temperature.
In addition, a probable sensing mechanism of acetone sensing by MoS2-CuO
nanocomposite was also discussed in detail. The sensing performance of the sensor
indicates enormous potential for real time acetone gas monitoring for practical
applications such as non-invasive healthcare and environmental and industrial safety.
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Development of a paper based enzymatic chemiresistor for
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Abstract
A paper based chemiresistor has been fabricated to selectively sense ethanol in human
breath. The chemiresistor was composed of a sensing mixture of multiwall carbon
nanotubes (MWCNTs), poly(diallyldimethylammonium chloride) solution (PDDA),
alcohol dehydrogenase (ADH), and coenzyme (NADH). The aluminum electrode was
deposited on the paper surface, followed by drop-casting of the aforementioned sensing
mixture. The resistance of the sensors was measured by exposing the same in gas-vapor
mixture as well as the sample solution. The surface-modified MWCNTs specifically broke
down ethanol present in the gas-vapor mixture or in a solution to generate a quantitative
electronic response proportional to the ethanol concentration. Subsequently, the
interference of other volatile organic materials was also tested to prove the selectivity and
sensitivity of the sensor towards ethanol in the presence of different volatile organic
compounds (VOCs). The variation of the resistance during the interaction between sensor
and ethanol was also characterized by measuring the surface potential of the channel
material under ethanol exposure using Kelvin probe force microscopy (KPFM). The
sensor was integrated with a voltage divider circuit, a display, and a microcontroller unit
to make a proof-of-concept prototype for the point-of-care (POC) detection of ethanol in
human breath.
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5.1 Overview
The features of carbon nanotube based chemiresistive sensor have been discussed in detail
in the previous chapter and considered to be an excellent sensor candidates due to their
diverse mechanical and electrical properties, which often lead to a compact, low power,
and portable sensing device [1, 2]. The CNT sensors have decent advantageous over the
conventional metal oxide sensors because of less toxicity, room temperature operation,
ease of functionalization, higher selectivity and sensitivity, ease of fabrication, and lower
energy consumption [3, 4]. In particular, the sensitivity and selectivity of CNT sensors can
be modulated through their sidewall functionalization towards targeted materials [5]. A
charge-transfer during the adsorption of the molecules to be sensed in the functionalized
CNTs causes a significant change in the electrical properties of the CNTs, which is
translated for chemical and biosensing applications. In this regard, several surface
modification approaches on CNT surface such as low-pressure oxygen plasma treatment,
plasma treatment, metal nanoparticles or conducting polymers coating, polymeric
composites etc. have been reported for various gas sensing applications [6–11].
Exposure to volatile organic compounds (VOCs) either as indoor or outdoor pollutants
cause various ailments ranging from eye, nose, lung, liver, kidney to the central nervous
systems [12]. The major sources of VOCs in the air are paints and their solvents, wood
additives, aerosol sprays, cleansers and disinfectants, repellents, fuels, and automotive
products [13–18]. Since most of the VOCs have a negative impact on the environment and
subsequently on human health, point-of-care (POC) detection of them is perhaps the need
of the hour [19–22]. For example, portable, inexpensive, and user-friendly VOC detection
devices are already in use in the industries like food and beverage, paint, biomedical,
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pharmaceutical, and oil, among others [23–26]. Apart from industrial gaseous or volatile
effluents, VOCs are also present in human breath depending on abnormal metabolism or
intoxications [27, 28]. Thus, of late, the POC detection of toxic VOCs in human breath has
also become important to measure the quality of human health [29]. Intake of alcoholic
beverages can increase the concentration of ethanol in the exhaled air, which is an
intoxicated state of health condition. In particular, driving under the influence (DUI) of
alcohol has been deemed illegal beyond a permissible breath alcohol concentration
(BrAC) of 0.05–0.08 % owing to its fatal accidental consequences across the world [30].
Further, due to its flammable properties, sensing and detection of ethanol vapor are also
essential during the large scale production of ethanol and fuel processing [31]. In this
direction, of late, sensitive, and specific POC detection of ethanol from a gas-mixture is on
high demand owing to its applicability in arresting DUI or fire hazards. A low-cost,
portable, and user-friendly device with fast response time is expected to detect ethanol
specifically from human breath or air in the presence of other VOCs or gases.
The major challenge in the development of such sensors has been the significantly low
concentrations of ethanol in human breath or air [32]. Traditionally, there are a number of
centralized and costly analytical techniques such as gas chromatography (GC),
spectrophotometry and high performance liquid chromatography (HPLC) have been
available for such measurements in an accurate as well as specific manner [33–35]. Of
late, employing the principle of micro or nanosciences, a wide range of electrochemical,
resistive, gravimetric, or optical sensors have been developed for the detection of VOCs
[36–39]. In particular, for alcohol sensing, various inorganic materials have been
employed in the sensor architecture, such as zinc oxide (ZnO), Au-doped ZnO nanowires,
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cadmium oxide (CdO), titanium oxide (TiO2), vanadium oxide (V2O5), indium oxide
(In2O3) nanowire and so on [40–45].
In view of this background, the target of the present work is to develop a paper based
disposable miniaturized biosensor for accurate detection of ethanol in liquid solutions and
gas-vapor mixtures. For the sensor development, we employ a chemiresistive architecture
owing to its ease of fabrication, low fabrication cost, and biodegradability, as they can be
fabricated on a paper substrate. For this purpose, a pair of aluminum electrodes were
coated on the paper separated by a channel wherein the composite of MWCNTs,
poly(diallyldimethylammonium chloride) solution (PDDA), alcohol dehydrogenase
(ADH), and coenzyme (NADH) was deposited. The positively charged PDDA surface
facilitated the electrostatic attachment of negatively charged ADH on the MWCNTs. The
enzyme ADH specifically broke down ethanol present in the gas-vapor mixture to
generate an electronic response across the sensor equivalent to the ethanol loading in the
analyte. The interferences of other volatile organic materials were also tested to prove the
selectivity and sensitivity of the sensor towards ethanol in the presence of a gas-vapor
mixture. The variation of the resistance during the interaction between sensor and ethanol
was also characterized by measuring the surface potential of the channel material using
atomic force microscopy. The sensor has further been integrated with a voltage divider
circuit, an LCD screen, and an open-source microcontroller unit to develop a low-cost,
portable, and user friendly point-of-care (POC) detection of ethanol in human breath with
fast response and recovery times. The proposed breath analyzer is able to detect the
ethanol concentration ~0.01 % (v/v) in a liquid phase, which is well below the value ~0.08
% (v/v) recommended by WHO.
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5.2 Experimental section
5.2.1 Materials
Multiwalled carbon nanotubes (purity 98 %, diameter = 6–13 nm, length = 2.5–20 µm),
poly(diallyldimethylammonium chloride) ((C8H16NCl)n) solution, alcohol dehydrogenase
(EC 1.1.1.1), β-Nicotinamide adenine dinucleotide sodium salt (C21H26N7NaO14P2),
Whatman filter paper, aluminum wire, ethanol (C2H5OH), methanol (CH3OH), 2-propanol
(C3H7OH), acetone (C3H6O), chloroform (CHCl3), acetic acid (CH3COOH), and hexane
(C6H14) were procured from Sigma Aldrich (India). Phosphate buffered saline (PBS) was
obtained from SRL, India. The Arduino Uno R3 development board, Liquid crystal
display (LCD), and resistors were procured from Rhydo Labz, India. The chemicals were
of analytical grade and employed in the experiments without further purification. The
Milli-Q grade water was used for cleaning and to prepare the solutions.
5.2.2 Preparation of materials
The surface of MWCNTs was functionalized with positively charged PDDA. Typically, 3
mg MWCNTs were dispersed in 1 mL of aqueous PDDA solution with 10 min
ultrasonication before stirring for 3 h at room temperature [46]. MWCNT-PDDA
nanocomposite was collected by centrifuging for 10 min. The composite obtained was
washed with deionized (DI) water to remove loosely attached PDDA from the MWCNTs
surface. Thereafter, ADH was attached to the surface of MWCNT-PDDA nanocomposite
via electrostatic interactions. For this step, typically, 15 mg ADH was added in 1 mL PBS
containing 2 mg of MWCNT-PDDA composite, and the solution was then stirred for 10 h
at 4 ℃. The MWCNT-PDDA-ADH nanocomposites were washed and collected by
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centrifugation for 10 min. Each step of surface modification of MWCNTs mentioned
above was characterized by Fourier transform infrared (FTIR) and Raman spectroscopy.
Different ethanol concentration solutions from 0.01–0.20 % (v/v) were prepared by mixing
pure ethanol with Milli-Q water. The VOC mixture was prepared by mixing methanol, 2propanol, acetone, acetic acid, hexane, and chloroform at different proportions in v/v.

Figure 5.1: Schematic shows the fabrication steps, the fabricated sensor, and the
connection of the sensor with a source meter. Image (a) shows sensor fabrication steps,
namely electrode deposition, and drop-casting of MWCNT-PDDA-ADH composite as the
sensing material. Image (b) shows the top view of the fabricated sensor, and Image (c)
shows the sensor connection with a source meter for measurement purposes.

5.2.3 Sensor fabrication
The sketch of the sensor fabrication steps is shown in Figure 5.1 (a). A 5 mm × 5 mm size
of Whatman filter was taken, and aluminum electrodes were deposited by thermal
evaporation (Hind High Vacuum, Auto 500). The MWCNT-PDDA-ADH solution was
deposited on the channel region of the sensor. Typically, 10 µL of MWCNT-PDDA-ADH
solution was deposited between two aluminum electrodes by drop-casting. Following this,
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1.5 mM NADH solution was prepared and dropped above the MWCNT-PDDA-ADH
nanocomposite film. The actual image of the developed sensor is given in Figure 5.1(b).
The sensor was connected with a source meter (Model 2614B, Keithley, U.S.A.), as shown
in Figure 5.1(c) and initial resistance was measured without the sample solution.
Thereafter, 5 µL of alcohol solution was put on the sensor, and resistance was measured.
The variation in the resistance of the sensors was studied at different concentrations of
ethanol solutions. The measurements were repeated five times for each concentration, and
the average value was reported.

5.3 Results and discussion
5.3.1 Sensor characteristics
The FTIR spectroscopy (Thermo Scientific Nicolet iS10 FTIR spectrometer, U.S.A.) has
been used to characterize each step of surface modification of MWCNTs. Figure 5.2 (a)
shows the FTIR spectra of MWCNTs (Figure 5.2 (a) (i)), PDDA (Figure 5.2 (a) (ii)),
MWCNT-PDDA (Figure 5.2 (a) (iii)), ADH (Figure 5.2 (a) (iv)) and MWCNT-PDDAADH (Figure 5.2 (a) (v)). The appearance of a peak at 1632 cm-1 in Figure 5.2 (a) (i) is
due to the stretching of the C=C bond presence the carbon skeleton of MWCNTs [47]. The
appearance of peaks at 2901 cm-1 and 2831 cm-1 in PDDA (Figure 5.2 (a) (ii)) is attributed
to the stretching vibrations bands of the groups CH2 and CH3, respectively. The peaks at
1638 cm-1, 1473 cm-1 and 1339 cm-1 in PDDA are appeared due to the presence of C=C
bond, CH2 bending, and C-N bonds, respectively [46]. The PDDA adsorption on the
surface of MWCNTs is confirmed by the appearance of the peaks at 2873 cm -1, 2808 cm-1
and 1471 cm-1 of MWCNT-PDDA composite (Figure 5.2 (a) (iii)). The vibration bands of
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amide-I and amide-II of ADH appear at 1631 cm-1 and 1540 cm-1, respectively (Figure 5.2
(a) (iv)). The adsorption of ADH on MWCNT-PDDA composite is confirmed by the
appearance of the vibration band of amide II at 1542 cm-1 (Figure 5.2 (a) (v)).

Figure 5.2: Characterization of the modified MWCNTs at different stages of preparation.
Image (a) shows FTIR spectra of MWCNTs (i), PDDA (ii), MWCNT-PDDA composite (iii),
ADH (iv) and MWCNT-PDDA-ADH composite (v). Image (b) shows Raman spectra of
MWCNTs (i), MWCNT-PDDA composite (ii) and MWCNT-PDDA-ADH composite (iii).

Raman spectroscopy (Horiba LabRam HR Evolution Raman spectrophotometer, U.S.A.)
is used to confirm the probable interactions between MWCNTs and PDDA in each step of
the fabrication process. Figure 5.2 (b) shows the Raman spectra of MWCNTs (Figure 5.2
(b) (i)), MWCNT-PDDA (Figure 5.2 (b) (ii)) and MWCNT-PDDA-ADH (Figure 5.2 (b)
(iii)). The appearance of a prominent peak at 1323 cm-1 (D band) is attributed to disorder
in sp2 carbons available on the surface of MWCNTs and peak at 1584 cm-1 (G band) is
corresponding to the sp2 vibration of carbon atoms on the graphitic surface of MWCNTs
[48–50]. After the adsorption of PDDA on the surface of MWCNTs, the D band and G
band of spectra shifts from (1323–1326) cm-1 and (1584–1589) cm-1 respectively (Figure
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5.2 (b) (ii)), which confirms the functionalization of PDDA on the MWCNTs surface.
After the functionalization of ADH on MWCNT-PDDA surface, the D band and G band
further shifts from (1326–1330) cm-1 and (1589–1598) cm-1, respectively (Figure 5.2 (b)
(iii)) [46]. Another evidence for this functionalization is the increase in ID/IG ratio in the
Raman spectrum [51, 52]. The calculated ID/IG for MWCNTs, MWCNT-PDDA, and
MWCNT-PDDA-ADH is 1.225, 1.342 and 1.403, respectively. Functionalization of
PDDA on MWCNTs surface creates more defects on the surface of MWCNTs, thus the
ID/IG ratio increases and as we functionalized further with ADH the ratio increases further.
5.3.2 Sensor performance
The I-V analysis of the sensor was carried out before and after exposure to ethanol at
different time intervals such as 2 min, 4 min, and 6 min. It was observed that the current
was maximum when the sensor was not exposed to ethanol and as exposure time
increased, the current reduced further, as shown in Figure 5.3 (a). The transient current
response of the sensor towards ethanol exposure is shown in Figure 5.3 (b). The reduction
of sensor current occurred due to a series of reactions through which ethanol oxidized to
acetaldehyde in the following manner,
ADH

CH3 CH2 OH + NAD+ ↔
NADH →

CH3 CHO + NADH + H +

NAD+ + H + + 2e−1

(5.1)
(5.2)

The electrons produced by the reactions reduce the conductance of the channel material as
MWCNTs was originally p-type material and subsequently the current of the sensor
reduced.
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Figure 5.3: Plot (a) shows I-V analysis of the sensor before and after exposure to ethanol
for different time duration and plot (b) shows transient current response of sensor upon
exposure to 0.08 % (v/v) ethanol concentration at a fixed voltage of 3.3 V.

In order to carry out sensitivity analysis, different ethanol concentrations were prepared
ranging from 0.01 % to 0.20 % (v/v). The calibration curve was obtained from the
measured values of the current flowing through the channel of the sensor. Figure 5.4 (a)
shows the response (𝑆) of the sensor upon exposure to different ethanol concentrations.
The sensor response was calculated by using the equation,
𝑆=

∆𝑅
𝑅0

=

𝑅𝑓 −𝑅0

(5.3)

𝑅0

where 𝑅0 and 𝑅𝑓 are the resistances of the sensor before and after exposure to ethanol,
respectively. Linear regression analysis is used to determine the slope, the regression
coefficient (R2) and intercepts. The sensor showed a good linear response (R2 = 0.965)
upon exposure of different ethanol concentrations (0.01 % to 0.20 % (v/v)). The limit of
detection (LOD) of the sensor could be calculated by using the equation,
𝐿𝑂𝐷 = 3 ×

TH-2664_156153001

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑏𝑙𝑎𝑛𝑘 𝑠𝑎𝑚𝑝𝑙𝑒
𝑆𝑙𝑜𝑝𝑒

(5.4)

138

Chapter 5

Figure 5.4: (a) Response of the MWCNT-PDDA-ADH sensor towards different ethanol
concentrations in aqueous solution and the inset plot is a linear fit for ethanol
concentration from 0.01 % to 0.10 % (v/v); Response of the sensor towards (b) vapors of
different VOC’s and (c) ethanol vapors at varying concentrations in the presence of a
mixture of different VOCs; (d) The change of the base resistance of the chemiresistive
sensor taken at different time intervals (1, 7, 14, and 21 days) after fabrication at room
temperature.

The measured LOD of the sensor determined from the calibration curve is 0.00071 %
(v/v). In order to check the selectivity, the sensor was exposed to different VOCs such as
acetone, chloroform, hexane, acetic acid, methanol, 2-propanol, and ethanol individually
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under the same investigating conditions. During the study, it was found that the sensor
showed an excellent selectivity towards ethanol vapor, as compared to other VOCs shown
in Figure 5.4 (b). The results demonstrated that the sensor could be a good candidate for
alcohol breathe analyzer. Further, we performed another experiment to examine whether
the prepared sensors were capable to detect ethanol vapors under the interference of a
mixture of different VOCs. Here, acetone, chloroform, hexane, acetic acid, methanol, and
2-propanol were used to prepare VOCs mixture. The sensor was exposed to VOC mixture
vapor in presence of ethanol concentration varying from 10–100 % (v/v). The sensor
response was calculated for each case and the calibration plot has been shown in Figure
5.4 (c). Linear regression analysis is used to determine the slope, the regression coefficient
(R2) and intercepts. The sensor showed a good linear response (R2 = 0.922) under
exposure to VOC mixture vapor with different ethanol concentrations (10–100 % (v/v)).
The LOD of the sensor determined from the calibration curve was found to be 1.41 %
(v/v).
The stability of any sensor is an important property, as far as the usability of the product
by the end users. Stability also influences the base resistance and sensitivity of the sensor,
which play an important role in determining the quick response of the sensors. Although
the sensitivity is defined by the normalized resistance of the fabricated sensor, the base
resistance should not be changed much with time in order to make it a marketable end user
product. We took the base resistance of a specific sensor at every 7-day interval, till 21
days and the same is plotted in Figure 5.4 (d). It was observed that a marginal change of
base resistance took place with the progress in time. However, the variation was not that
significant, which could affect the normalized resistance data to a considerable extent. It
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may also be noted here that, as enzymes are very prone to decomposition at a temperature
higher than 45 ℃ and so, the sensors are always kept in a low temperature of ~4 ℃ inside
the refrigerator. In such storage conditions, sensors did not show considerable change of
resistivity, selectivity and sensitivity. Moreover, the sensors could retain their properties at
ambient temperature for around ~48 h after they were withdrawn from the cold
environment.
5.3.3 Surface potential measurements
Surface potential (SP) measurement of the sensor was carried out with the help of Kelvin
Probe Force Microscopy (KPFM) (Bruker, Innova series, USA) in order to comprehend
the distribution of the surface charge on the channel before and after the exposure of
alcohol vapor. The main aim of this study was to decipher the science behind the resistive
response of the sensor after exposure to alcohol vapor. A modulation voltage of 2 V was
applied between the cantilever and the sample surface to attain a resonance frequency of
cantilever in order to map the surface potential over the device surface. A Pt/Ir AFM tip
has been used for the experiment whose work function has been optimized by using the
known work function of a highly oriented pyrolytic graphite (HOPG) surface. The tips
were used for measuring the surface potential where the KPFM gave the contact potential
difference (CPD) between the work function of the tip (ϕtip) and the work function of the
material (ϕsample). We could quantitatively measure the surface potential by applying the
following equation,
𝐶𝑃𝐷 = (∅𝑡𝑖𝑝 - ∅𝑠𝑎𝑚𝑝𝑙𝑒 )/𝑒
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Figure 5.5: Images (a) and (c) denote the topographies of the composite sample before
and after the exposure of the alcohol vapors. Images (b) and (d) denote the
corresponding Surface Potential Microscopy (SPIOM) images before and after the
exposure of alcohol vapors.

where, e is the elementary electronic charge. The surface potential was experimentally
measured by the null method, which was compensated by a potential feedback circuit. We
could get the surface topography and potential images at the same time to corroborate the
reliability the site-specific measurement of surface charges. It may be noted here that in
these experiments, the same area was chosen for scanning before and after the exposure of
alcohol vapor. The ADH-PDDA wrapped MWCNTs showed a negative SP as MWCNTs
are a p-type semiconductor, and PDDA has quaternary ammonium ions in its molecular
structure. Figure 5.5 (a) shows the distribution of the surface charge of the bare alcohol
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sensor before exposure to alcohol. The acquired KPFM data were processed by the
NanoScope Analysis 1.5 software without further modifying the raw data. It was observed
that the CPD attained values in the range of -91.3 mV to -74.4 mV, which led to an
average CPD of the surface to be approximately -16.9 mV. After exposure to alcohol, we
scanned the same area immediately. It was observed that the exposure of alcohol mitigated
the surface charge over the sensor area, and the CPD values were found to be varying from
-103.8 mV to -51.4 mV.
Alternatively, the average CPD of the surface after the exposure was found to be nearly 52.4 mV. The results accounted for a change of ±35.5 mV of the CPD values before and
after the exposure of the alcohol. With the help of a freshly prepared HOPG sample, the
Pt/Ir AFM tip confirmed a work function of ~4.56 eV. Therefore, by using the Eq. (3), the
respective work function of the material surface before and after the exposure of the
alcohol vapor was estimated to be ~4.58 eV and ~4.61 eV, respectively. These values also
justified the variation of the surface potential after the exposure of alcohol vapors. The
change was due to the reactive interaction between the gas and the surface of the channel
material of the device. The overall electronic interaction caused the surface charge to get
changed, and thus, the sensor showed a variation in resistance on alcohol exposure.
Mitigation of surface charge was a clear indication of a reduction of charge carriers
available on the surface of the sensor. A change in the surface potential leads to the change
in resistance of the chemiresistive sensor, which has been attributed to Figure 5.3.
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Figure 5.6: KPFM maps showing sensitivity kinetics of ADH-PDDA wrapped MWCNTs
before and after exposure to alcohol vapor. (a) shows the initial value before exposure to
alcohol vapors. (b–j) show the kinetics of sensitivity just after the exposure of alcohol
vapors. Each KPFM map was taken while maintaining 256 number of line scans and 1 Hz
of scan frequency.

Further continuing with the experiment, we carried out the kinetics of variation of contact
potential differences (VCPD) above the surfaces of ADH-PDDA wrapped MWCNTs before
and after the exposure of alcohol vapors. Figure 5.6 shows the kinetics of the change of
the surface charge, as measured by the KPFM. The experiment was carried out with 9
steps (as charge saturation was attained after 9 steps) of repetitive scans after the exposure
of alcohol vapors. Fixing scan parameters such as keeping 256 lines scans at about 1 Hz of
scan frequency, took us about 4 minutes and 30 seconds of time for each image scan. As
shown in Figure 5.5, after 30 seconds of alcohol exposure, we started recording the data
immediately. The KPFM image, just after the exposure showed a drastic variation in VCPD
(Figure 5.6 (b)), which gradually settled to a value close to the value recorded before the
exposure (Figure 5.6 (j)). The initial variation of the surface charges might be attributed to
the accumulation of free charges due to reactive interaction at the gas and surface
interface, and the subsequent decay in the surface charges might be due to the charge
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neutralization because of the presence of free ions in the atmosphere. The periodical
changes of VCPD and attaining a saturation value ±16.3 mV at the end of 9 steps (Figure
5.6 (j), low to high difference) close to the initial measurement (Figure 5.6 (a)) led to the
prevalence of lag phase in sensitivity of the device. More importantly, this behavior
allowed one to use the same device for another set of data measurements and hold a good
prospect of repeatability.
5.3.4 Breath analyzer
The different components and electronic circuits of the breath analyzer prototype are
shown in Figure 5.7. Figure 5.7 (a) shows the setup and the connections of the sensor. The
position of the sample container and the demonstration of the circuit after exposure of
alcohol vapor on the sensor are depicted in Figure 5.7 (b). The internal circuitry of the
device presented in Figure 5.7 (c) explains the functioning mechanism of the developed
prototype. The integrated circuit with the paper based sensor works on voltage divider
principle using the sensor as a variable chemiresistor (9), as shown in Figure 5.7 (c). The
integrated electronic circuit with the paper-based alcohol sensor is composed of the
following components, namely (i) Arduino UNO R3 microcontroller board, (ii) the LCD,
and (iii) a voltage divider circuit made on a breadboard. The two resistors which were
used in making the voltage divider circuit are R1 (the variable chemiresistor or the paper
based alcohol sensor) and known resistor R2 (100 kΩ). One end of the alcohol sensor was
connected with a supply voltage (5 V) while the other resistor terminal was grounded, as
shown in Figure 5.7 (c) of the main manuscript. The microcontroller had an integrated 10bit analog to digital converter (ADC) for digitizing the analog inputs. The analog input
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from the sensor was given to the analog input through pin A0 on the Arduino UNO R3
development board (4 in Figure 5.7 (c)), and the output was displayed on the LCD unit.

Figure 5.7: Photograph (a) shows the breath analyzer prototype consisting of LCD (1),
connection clips (2), paper based alcohol sensor (3), Arduino UNO (4), breadboard (5),
and connecting wires (7). (b) shows the live setup after exposing the alcohol vapor
coming from the sample container (6). (c) shows the connections of LCD and voltage
divider circuit (9) with the Arduino UNO (4). The LCD (1) shows positive and negative
response indicating the presence and absence of ethanol.

It was observed that, upon the exposure of alcohol vapor on the sensor, the resistance
increased as ethanol is oxidized under the influence of ADH. Subsequently, the
normalized resistance increased, as discussed in the Section 5.3.1, and the same had been
programmed with the help of Arduino UNO microprocessor board in such a way, that on
the exposure of the alcohol vapor the LCD showed the message ‘Alcohol: + ve’. Further,
for the detection of alcohol in human breath, we have performed a breath analysis of two
different volunteers to check the feasibility of the breath analyzer for real samples. For the
demonstration of breath analyzer in human breath, the breath analyzer displays a message
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‘Alcohol: + ve’ for the volunteer who has consumed alcohol, and it shows ‘Alcohol: - ve’
for the volunteer who has not consumed alcohol.

5.4 Conclusions
We report the development of a low-cost, disposable, sensitive, and selective paper based
chemiresistive sensor for the ultrafast detection of ethanol from a gas-vapor mixture or a
solution. The channel material of the sensor was composed of a mixture containing
surface-modified MWCNTs and coenzyme (NADH), which made the sensor very
selective towards ethanol in the gas-vapor mixture. The variations in the surface charge
during the exposure of the ethanol has been characterized by the KPFM. The sensor could
detect alcohol concentration even below 0.01 % (v/v) in a vapor mixture, which is found
to be much lower than that found in human breath after the consumption of alcohol. The
details of the stability, specificity, and selectivity statistics have been parametrically
reported as sensor statistics. The paper based sensor is further integrated with a voltage
divider circuit, a display, an open-source microcontroller unit to make a proof-of-concept
prototype for sensitive and selective POC detection of ethanol in human breath.
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6.1 Summary
In summary, the present thesis takes advantage of the salient features of nanomaterials by
employing them in sensor technology for various applications. The thesis aims to develop
affordable, compact, low cost, and robust nanomaterial enabled chemiresistor devices for
various sensing applications, including healthcare, food processing, agriculture, and
environmental monitoring. The first chapter provides a brief overview of various sensor
technologies, sensor architectures, and sensing nanomaterials.
In the second chapter, we discuss the development of a nanomaterial based chemiresistive
sensor to quantify urea concentration in an aqueous solution. The sensor consists of a pair
of silver (Ag) electrodes deposited on a glass substrate and surface modified multiwall
carbon nanotubes (MWCNTs) composite as the sensing material. The surface of
MWCNTs was functionalized using the oxidation of MWCNTs, followed by the
attachment of the thiol group on the surface of MWCNTs. The thiol functionalized
MWCNTs were used as a conducting channel between the electrodes, and the starch
coated gold nanoparticles (S-AuNPs) layer provides the platform for starch-urea reaction.
The change in electrical resistance was measured based on starch-urea interaction for
different urea concentrations, and the influence of other milk adulterants was also
performed. The stability and reproducibility of the urea sensor were examined for the
feasibility of its commercial potential. Further, the standard addition and spike-recovery
methods were used to detect urea in the raw milk sample.
The third chapter illustrates the fabrication of a room temperature carbon monoxide (CO)
sensor based on MWCNT-poly(diallyldimethylammonium chloride) solution (MWCNT-
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PDDA) composite. Interdigitated electrodes (IDEs) were deposited on glass substrates,
and MWCNT-PDDA composite was used as a sensing material. The sensing performance
of the MWCNT-PDDA composite was determined for various CO gas concentrations. The
effect of temperature and humidity on the sensors was investigated, and the influence of
other interfering gases was also explored. We discussed the sensing mechanism of the CO
gas sensor based on the adsorption/desorption model, and the experimental results
confirmed the Langmuir adsorption/desorption model.
In the fourth chapter, we discuss the fabrication of a room temperature acetone gas sensor
based on molybdenum disulfide (MoS2)-copper oxide (CuO) nanocomposite. The sensor
consists of Ag electrodes deposited on a glass substrate and MoS2-CuO nanocomposite as
the sensing material. The MoS2-CuO nanocomposite sensor was exposed to various
acetone gas concentrations at room temperature, and the response of the sensor was
investigated systematically. The selectivity of the MoS2-CuO nanocomposite sensor was
examined by exposing the sensor towards various interfering gases and volatile organic
compounds. The repeatability, reproducibility, and stability of the sensor were evaluated.
In addition, the mechanism of acetone gas sensing by the synthesized MoS2-CuO
nanocomposite sensor was discussed in detail.
The fifth chapter illustrates the development of a paper based disposable miniaturized
sensor for accurate detection of ethanol in liquid solutions and gas-vapor mixtures. The
sensor was developed on a paper substrate with alcohol dehydrogenase (ADH) modified
MWCNTs as a sensing layer. The sensing performance of the paper based sensor was
measured by exposing the sensor towards various ethanol concentrations in the gas-vapor
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mixture and the sample solution. The interferences of other volatile organic compounds
were also examined to prove the selectivity and sensitivity of the sensor towards ethanol in
the presence of a gas-vapor mixture. In addition, the variation of the resistance during the
interaction between sensor and ethanol was also characterized by measuring the surface
potential of the channel material using atomic force microscopy. Further, the sensor was
integrated with an electronic circuit to develop a low-cost, portable, and user-friendly
point-of-care (POC) ethanol detection in human breath with fast response and recovery
times.

6.2 Salient outcomes of the thesis
The salient outcomes of the thesis can be highlighted in the following ways,
➢ Non-enzymatic urea detection in raw milk sample
➢ Room temperature carbon monoxide gas sensing in ppm level
➢ Room temperature acetone gas sensing
➢ Paper based disposable sensor for ethanol detection
➢ Breath analyzer prototype for ethanol sensing in human breath

6.3 Future scope
The work in the present thesis can be extended for future study in the following ways,
➢ The MWCNT-SH composite based non-enzymatic sensor can also be targeted to
detect urea concentrations in water bodies and agricultural fields.
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➢ The surface of MWCNTs can be modified with other suitable functional groups for
the detection of various environmental pollutants such as NO, NO2, H2S, CO2,
SO2, and other volatile organic compound gases.
➢ Metal based nanomaterial heterojunction can be used to detect various volatile
organic compounds apart from acetone sensing with MoS2-CuO nanocomposite, as
discussed.
➢ The paper based disposable sensor can also be targeted for other biosensing
applications by incorporating suitable enzymes on sensing material surface.
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