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ABSTRACT

In this thesis, the author developed and investigated nanostructured materials
based chemoresistive devices for gas sensing applications. The synthesis of
nanostructured materials, sensing device fabrication and their gas sensing
performance have been carried out. The investigated materials are based on
nanofibers, which are prepared by electrospinning process, and are uniformly
distributed over silicon substrates in a web-like morphology. The n-type
semiconductor materials, namely ZnO and SnO,, are used as base materials
and their sensitivity and selectivity have been significantly enhanced by using
graphene-loaded SnO, and reduced graphene oxide-loaded ZnO composite
nanofibers. The developed composite nanofibers based gas sensors have high
surface to volume ratio and achieved very high sensitivity towards different gas
species.

Sol-gel and electrospinning process were used to synthesize the composite
nanofibers whereas magnetron sputtering was used to deposit metal layers on
the composite nanofibers to make electrodes. Pd and Pt metal layers were
deposited, on all the composite nanofibers synthesized by the author, to fabricate
sensing devices. Various nanostructural characterizations were employed to
extract information of composite nanofibers such as their structural morphology,
interaction of second phase material (graphene or reduced graphene oxide) with
the metal oxide (SnO, or ZnO), orientation and the nature of the second phase and
the surface topology of the composite nanofibers. This information was required
to understand the electrical properties of the composite nanomaterials and link its
properties to their gas sensing characteristics.

Nanostructural characterization techniques such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction

(XRD) revealed that the developed composite nanofibers have polycrystalline,



one-dimensional nanostructure. It was also revealed that the composite
nanofibers were comprised of large number of nanograins, which evolved
during calcination, graphene or reduced graphene oxide nanosheets were present
randomly like tiny islands in the nanofibers, and these p-type graphene or reduced
graphene oxide nanosheets create localized p-n heterojunctions with the n-type
semiconductors.

The gas sensing results reveal that the overall sensitivity of the composite
nanofibers is greatly enhanced as compared to conventional materials and that the
reduced graphene oxide-loaded ZnO composite nanofibers are extremely sensitive
and selective towards H, gas while graphene-loaded SnO, based sensors are
more sensitive and selective towards H,S gas. However, all sensors showed
excellent sensitivity towards various gas species and were tested at various
temperatures. The temperature and the concentration of the second phase are
optimized with respect to the base semiconductor material. In the case of
reduced graphene oxide-loaded ZnO composite nanofibers, the optimized amount
of reduced graphene oxide was found to be 0.44 wt% while the optimal amount of
graphene in graphene-loaded SnO, composite nanofibers was 0.5 wt%. Graphene
loading into SnO, nanofibers not only increased the sensitivity but also decreased
the optimal operating temperature of the sensors as compared to pristine SnO,
nanofibers. In addition, the camparison of the gas sensing characteristics
of reduced graphene oxide-loaded ZnO and graphene-loaded SnO, composite
nanofibers was also carried out. Finally, novel hybrid sensing mechanisms
have been proposed as the possible reasons for extraordinary enhancement of
sensitivity and selectivity of these composite nanofibers.

The author’s investigations reveal that the graphitic carbon/metal oxide
composite nanofibers based sensors produce higher sensitivity than metal

oxide/metal oxide composite nanofibers.
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Chapter 1

Introduction

1.1 Overview

In recent years, research activities towards the development of chemically
sensitive solid-state gas sensors at a nanometer scale have been enormously
increased for better environmental control and safety. These gas sensor devices
are utilized for practical applications ranging from toxic gas detection to
manufacturing process monitoring, medical diagnostics to food processing and
air quality monitoring to safety processes.

Resistive-type metal oxide based solid state gas sensors are the most widely
studied, analyzed and used for practical applications among various other solid
state chemical sensors (such as acoustics, optics, catalytic, work function based,
electrochemical etc) [1]. The major advantages of metal oxide based gas sensors
are their simplicity in use, small size, ease of fabrication, high sensitivity (can
detect concentrations less than ppm levels) and low cost.

Shortly, after the discovery of the fact that the electrical properties of
semiconductors change due to the interaction of gases on its surface [2-4], in

the second half of the 20th century, Seiyama et al. [5] and Taguchi [6] were
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the first to develop the metal oxide based resistive gas sensors. The most widely
studied metal oxides for gas sensing applications are ZnO and SnO, because of
their high sensitivity and stability. Many modifications have been proved to be
effective to enhance the sensitivity, selectivity, stability and response speed of the
metal oxides such as decreasing their size down to the nanoscale [7, 8], use of
appropriate additives or dopants [9-11] and using synergistic effects of different
metal oxides [12, 13]. Common dopants are transition metals (dispersed as ions
in the oxide structure) or noble metals (Ag, Au, Pt, Pd etc.) which modify the
electric properties of the metal oxides either by electronic sensitization [14] or by
spillover effect [15, 16].

The methods to obtain selectivity in metal oxides can be classified into four
groups: (i) the use of filters which discriminate between the gases on the basis of
their chemical or physical properties (ii) the use of catalysts, promoters or surface
additives (iii) use of temperature modulation and (iv) the physical preparation
of the sensor material. The use of catalysts, promoters or additives and the use
of temperature control are the most common techniques to obtain selectivity in
metal oxides based gas sensors. However, the sensitivity and selectivity of the gas
sensors by these methods were not enough to cope with the challenges in many
specialized applications such as medical applications.

More recent studies have demonstrated that the use of composites or mixed
metal oxides is another efficient and promising approach to improve the sensitivity,
selectivity and other sensing parameters of metal oxide based gas sensors [17, 18].
These composite materials are likewise mentioned to as heterostructures and the
physical interface between the dissimilar materials is referred to as heterojunction
or heterointerface. The reason behind the improved sensing performance of the
composite materials based sensors is the physical contact/heterointerface between
the dissimilar materials, which makes the material system more conductive or

resistive depending on their work functions or Fermi levels. As the implementation
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of the nano materials [19] have improved the sensing performances as general,
however, the use of nanoheterostructures have significantly amplified the overall
performance of the gas sensors based on composite nanomaterials.

From various nanostructures, one-dimensional nanostructures (such as
nanowires, nanobelts, nanotubes, nanofibers, and so on.), have several unique
advantages such as large surface-to-volume ratio, small dimensions comparable
to Debye length, superior stability when in the form of single crystal structure, ease
of fabrication and funcionalization with target-specific receptor species, promoters
or inhibitors of specific reactions can be easily deposited on the surface, and self
heated devices can be prepared [20, 21]. Furthermore, they can be integrated with
field-effect transistors (FET) configuration that allows the use of gate potential
controlling the sensitivity and selectivity [22, 23].

However, among one-dimensional nanostructures, nanofibers have been
identified as the most promising structure for high sensitivity and lower detection
limits (sub-ppm level). They have relatively high surface-to-volume ratio than
other one-dimensional nanostructures due to the presence of a large number of
nanograins and a web like configuration and hence, are readily exposed to a
large number of gas molecules, resulting in higher sensitivity and faster responses.
Furthermore, nanofibers are generally synthesized by electrospinning which is a
simple, low cost method and the control over processing parameters and on the

characteristics of nanofibers is easy.

1.2 Synthesis of Metal Oxide Nanofibers

Metal oxide nanofibers are generally formed using same conventional methods
which have been employed to produce polymeric fibers, which mainly involves
the extrusion of a material by spinning to produce continuous nanofibers. Metal

oxides are combined with a polymer, capable of fiber forming, and are converted
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to a liquid state by heating, dissolution or pressurization. Although there are
other techniques for fiber production such as phase separation, template synthesis,
film splitting, drawing, thermal size-reduction, centrifugal spinning etc, capable
of forming fibers from melts and solution, however, electrospinning is a highly
flexible technique to produce long continuous nanofibers using solutions [24, 25],
gels and liquid crystals [26], melts [27] and emulsions [28-30]. In literature, most
of the composite metal oxide nanofibers for gas sensing applications reported have
been synthesized by electrospinning combined with sol-gel method.
Electrospinning has many unique advantages over the other methods for
the production of nanofibers or one-dimensional nanostructures. Nanofibers
produced by electrospinning have extremely long length with a very high
specific surface area and complex pore and web-like structure which are the
necessary requirements for gas sensing applications. Composite metal oxides
based gas sensors can be easily and massively produced on a commercial scale
by straightforward, very low cost, versatile and facile electrospinning process.
Here, it seems necessary to briefly explain the fundamentals and basic setup of
the electrospinning process to synthesize the composite metal oxide nanofibers

for gas sensing applications.

1.2.1 Electrospinning Process

Electrospinning is the most simple and versatile technique to generate various
structures with different configurations such as normal, aligned, hollow, porous
and core-shell of one-dimensional nanostructures from various materials even
from ceramics [31, 32]. Electrospinning is a well-known process which was
invented 80 years ago and has been extensively studied, analyzed and summarized
[33]. Electrospinning involves the uni-axial stretching of a viscoelastic polymeric
or melt solution based on electrostatic interactions (unlike a mechanical

extension).
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Electrospinning setup shown in Figure 1.1 basically consists of three
components: a high voltage power supply (mostly DC but AC is also feasible
[34]), a spinneret and a collector which is electrically conductive. The spinneret
(a metallic needle) is attached with a plastic syringe which is loaded with
the precursor/polymer solution. Since the quality and the final properties of
nanofibers greatly depends on the quality and the size of the nanofibers, therefore
the syringe is mostly connected with a syringe pump which enables to maintain
a constant feeding rate of the solution through the spinneret. The collector is

high voltage
power supply collector

metallic needle

syringe precursor
l solution

electrospun
. | €
nanofibers |§

FIGURE 1.1: Schematic of an electrospinning process

usually an aluminum foil to collect the nanofibers but it can be of any material
and in any configuration according to the required end product and it is positioned
at a certain distance from the spinneret. This whole setup is usually enclosed in a
box so that the environment or atmosphere (humidity etc,) can be controlled and
varied according to requirements.

Under the applied high voltage (usually 1-30 KV), the drop at the needle tip
deforms into a conical shape known as Taylor cone due to the presence of two

major electrostatic forces: the electrostatic repulsion between the surface charges;
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and the Coulombic forces exerted by the external electric field. After a certain
threshold value, the applied electric field overcomes the surface tension of the
solution and thus eject the drop from the needle towards the collector in the form
of long and thin thread. During elongation and whipping, evaporation of some
solvent also takes place which further reduces the diameter of the nanofibers.
Using this extremely simple electrospinning process, nanofibers in the size range
of a few micrometers to down to tens of nanometers can be produced.

Aside from the complex hydrodynamics involved in the electrospinning
process [35-37], there are some process parameters, which greatly determine
the morphology of the nanofibers. Major process parameters include viscosity
and surface tension of the solution, applied voltage, feed rate, distance between
spinneret and the collector, needle or nozzle size and the environment (humidity
etc).

Metal oxides are mostly ceramics and cannot be directly spinnable although
it is possible from their melt at extremely high temperatures. Thus, metal oxides
have to rely on the use of precursor solutions. Figure 1.2 presents a complete
procedure for the fabrication of composite ceramic nanofibers by electrospinning,
with RGO-loaded ZnO composite nanofibers as an example. It consists of
three major steps: (a) Preparation of an organic precursor solution containing

alkoxide or salt with a polymer matrix. The compatibility and solubility of a

4\RGO solution
L]
[

1

calcination RGO-loaded ZnO

ZnO precursor | | o Cfor nanofibers <% &
solution o at 600" C for O///)
0.5h in air
10 KV
6h stirring at 70° C
(a) preparation of (b) electrospinning (c) calcination

precursor solution process

FIGURE 1.2: Fabrication process of composite metal oxide nanofibers
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certain metal oxide with polymer solvent or precursor should be examined for
required viscosity, before preparation of the solution. The most common polymers
used to prepare metal oxides composite nanofibers with appropriate rheological
properties are polyvinylpyrrolidone (PVP), polyvinyl acetate (PVAc), polyvinyl
alcohol (PVA), polyacrylonitrile (PAN), and polyethylene oxide (PEO) [38]. (b)
Electrospinning of the prepared solution to produce the composite nanofibers
which also contain the polymer matrix or solvents. For metal oxide nanofibers,
electrospinning process is usually carried out at room temperature in a controlled
environment. (c) Calcination or sintering of electrospun nanofibers at elevated
temperatures to obtain the desired precursor nanofibers by evaporating the all
organic components. The diameter of calcined nanofibers is generally smaller than
as-spun nanofibers due to the loss of the polymeric solvents during calcination
process.

Moreover, extremely small grains, called nanograins, evolve on the nanofibers
during calcination process which play a significant role in the resultant gas sensing
properties of the nanofibers. The size of the nanograins can be manipulated and
changed according to the desired applications of the nanofibers by controlling
the heat treatment conditions (heating temperature, heating time, heating rate,
cooling rate etc). For gas sensing applications, the size of the nanograins
must be optimized to get best sensing performances and results. Usually,
nanofibers with smaller nanograins show better sensitivity and quicker response
than those with the larger nanograins. Furthermore, nanograins on nanofibers
also influence their electrical transport, magnetic, optical and photocatalytic
properties, in addition, to their gas sensing properties [39]. A number of
composite oxides based nanofibers that include CuO-SnO, [40], ZnO-CuO [41],
TiO,-ZnO [42, 43], p-NiO/n-Sn0O, [44], ZnO-In,05 bi-layer [45, 46], In,03-WO54
[47], LayO3-WO5 [48], SnO,-CeO, [49], SnO,/In,05 [50], ZnO/In,05/ZnO

tri-layer [45], In, \Ni, O3 [51] etc, have been prepared by electrospinning process
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for gas sensing applications.

1.2.2 Fabrication of Sensor Devices

After calcination of nanofibers, which were deposited on ceramic substrates (SiO,
or Si), electrodes are made by the deposition of a highly conductive metal (mostly
Au or Pt) usually by sputtering on the nanofibers in a well-controlled environment

using interdigitated electrode masks (IDE masks). An intermediate layer (usually

sputtering

IDE mask

sensor device
&Aulm layer
T - o

i layer

Si substrate

SiO, layer

calcined composite
nanofibers

FIGURE 1.3: A typical configuration of a sensor device

Ti) is also deposited which acts as an adhesive layer between Si/SiO, and Pt layer.
A typical sensor device fabricated by composite nanofibers is shown in Figure 1.3.
These metal layers act as electrodes for the measurement of electrical properties.
Another part of a gas sensor is the heating layer which is separated from sensing

and electrode layers by an insulating layer.

1.3 Applications of Chemical Gas Sensors

Chemical gas sensors have found their applications in the variety of fields. Some

of them are listed below,

1. Harmful chemicals detection
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2. Environmental monitoring

3. Chemical weapons detection

4. Space applications

5. Security and emergency applications

6. Food processing and quality

7. Home and industrial safety

8. For specialized applications such as high temperature gas sensing
9. Detection of harmful gases in mines

10. Non-invasive medical diagnostics such as breath analysis

However, here, the author would like to briefly highlight the most important

application of the chemical gas sensors in the following section.

1.3.1 Detection of Disease through Exhaled Breath Analysis

Among various possible applications of highly sensitive electrospun composite
nanofibers based gas sensors, detection of a disease through human breath is
the most potential application of these highly sensitive gas sensors. Exhaled
breath is a complex mixture of volatile and non-volatile organic compounds.
The primary components of exhaled breath, other than air, are water vapor,
hydrogen, ammonia, carbon monoxide, methane (in the range of parts per million
(ppm)) and trace amounts of volatile organic compounds (VOCs) such as acetone,
methanol, pentane, isoprene, ethanol and many other metabolite compounds,
typically in the range of parts per billion (ppb) or parts per trillion (ppt) range
[52, 53]. In addition to exhaled breath, VOCs are also present in other body

fluids such as blood, urine, stool and sweat [54-56]. Different VOCs have
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been correlated with different specific diseases because it is assumed that the
consequences of disease include the generation of new VOCs and/or alteration
of the concentrations of existing VOCs. Hence, the selective detection of VOCs
may serve as biomarkers for assessment or detection of disease [57]. Breath
analysis for disease detection through VOCs has a long history (since 1971) [56]
and it has been demonstrated that various serious and fatal diseases such as
different types of cancer, multiple sclerosis, Parkinson’s and Alzheimer’s disease,
tuberculosis, diabetes, and chronic kidney diseases can be detected via VOCs
present in breath [58, 59]. Several reviews can be consulted for the detailed study
of VOCs detection, breath sampling and biomarkers related to specific disease
[60-62]. However, an overview of the processes involved in the exhaled breath

analysis is presented in Figure 1.4 [59].

sample Collection/Preparati Measurement Unit/Chamber Data Analysis

Exhaled Breath ; and Prediction
P Sorbent trap/thermal desorption { Specific o [ Y Semi-selectiv
i recognition P ® recognition

AR C¥metw) X
Delivery | g8 sensor °®

. Collection container e |l

{ Delivery |

Pattern
recognition
i
Feature
extraction

¥ d
1™ »
als ‘f\i\ ® % Dehumidification unit

Trace level
breath marker Direct Delivery

| Unspecific d
i binding !
i
i

FIGURE 1.4: Processes involved in the exhaled breath analysis

Among several other VOCs detection techniques such as various gas
chromatography or mass spectroscopy techniques, laser spectroscopy,
proton-transfer reaction-mass spectroscopy (PTR-MS), selected ion flow
tube-mass spectroscopy (SIFT-MS), chemical gas sensors based on nanomaterials
have shown promising results for the detection of biomarkers in exhaled breath
[58, 63]. This can be attributed to the high sensitivity, low cost, controllable
properties, low power consumption, portability and simplicity of nanostructured
chemical gas sensors. In this regard, electron noses (arrays of sensors) offer

cheap and highly selective detection of gases in the presence of gaseous mixtures

10
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or background gases, enabling detection of multianalyte gases through pattern
recognition. Metal oxide electrospun nanofibers based gas sensors for VOCs
detection are still in development and are showing their potential for this
application.

Nevertheless, the detection of trace amounts of a mixture of VOCs present
in the exhaled breath which also carry high degrees of humidity (40-80%) with
nanofibers based gas detectors is really challenging. An ideal gas sensor for breath
analysis should have extremely high sensitivity (in the ppb level range), selectivity,
tolerance for variable chemical and humidity backgrounds, room temperature
operation, low cost and should respond rapidly and differently to small changes
of VOCs concentrations. Furthermore, it should have consistency in the output
and should come back to its baseline when not in contact with the VOCs. In this
regard, gas sensors comprised of metal oxide electrospun nanofibers can be an
important and promising tool for next-generation non-invasive medical diagnostic
applications, mainly because of their high surface to volume ratio, large depletion
region, the synergistic behavior of different components, detection ability of a
diverse range of analyses. However, still many technological advancements in
terms of material selection and their fabrication, need to be made.

Careful selection of different materials, morphologies, functionalization of
composites with dopants or catalysts, temperature modulation and further
clarification of their sensing mechanism may enhance the sensing performance
of electrospun composite nanofibers based sensors and allow the selective and
rapid detection of specific biomarkers related to specific diseases. Electron noses
(arrays of sensors) based on electrospun composite nanofibers would additionally

improve the precision, flexibility, portability and cost efficiency.
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1.4 Thesis Organization

The remainder of this thesis is primarily devoted to the investigation of the gas
sensing characteristics and sensing mechanism of graphene loaded SnO, and
reduced graphene oxide loaded ZnO nanofibers. A brief background, detailed
fabrication procedures and sensing mechanisms are discussed in every chapter.
Thesis organization is as follows:

Chapter 2 addresses in detail about the characterization and analysis of
gas sensing performance of graphene loaded SnO, composite nanofibers. The
evaluation of graphene content and the operating temperature is also discussed
in this chapter. Sensing mechanism related to this novel sensor is discussed in
detail according to the sensing results. The comparison of sensing properties of
graphene loaded SnO, nanofibers with pristine SnO, nanofibers is also presented.

Chapter 3 describes and develops fundamentals regarding reduced graphene
oxide loaded ZnO nanofibers. In this chapter, the overall general fabrication,
characterization analysis and sensing mechanisms related to reduced graphene
oxide loaded ZnO nanofibers is presented in detail. However, the main theme of
this chapter is to develop an extremely sensitive gas sensor and to optimize the
content of reduced graphene oxide nanosheets in the ZnO nanofibers. The sensing
properties of reduced graphene oxide loaded ZnO nanofibers are also compared
with pristine ZnO nanofibers.

Chapter 4 is devoted completely for the Hydrogen gas detection of reduced
graphene oxide loaded ZnO nanofibers. Hydrogen sensing characteristics at
various temperatures, effect of temperature and stability of the sensors is discussed
in this chapter. In the end, various possible reasons are discussed in detail as
sensing mechanism for the exceptionally high sensitivity and selectivity of reduced
graphene oxide loaded ZnO nanofibers for hydrogen gas. Hydrogen sensing

properties of reduded graphene oxide loaded ZnO, reduced graphene oxide loaded
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SnO,, pristine ZnO and pristine SnO, are also compared.
Chapter 5, finally, presents detailed conclusions drawn from this research.

Various possibilities for the future work are also suggested.
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Chapter 2

Graphene-loaded SnO,

Composite Nanofibers

In the first chapter, we presented an overview of the chemical gas sensors based
on composite nanomaterials and their significance. In this chapter, the gas
sensing properties of graphene-loaded SnO, composite nanofibers synthesized by
a low cost facile electrospinning process with concentrations of graphene (ranging
from 0.05 to 1.5 wt%) will be discussed. Trace concentrations (1, 3, and 5
ppm) of various reducing gases (CgHg, C;,Hg, CO, CO,, and H,S) were tested
at temperatures between 200 and 400 °C. The graphene-loaded SnO, composite
nanofibers showed excellent and enhanced sensitivity, as compared to pristine
SnO, nanofibers, with the optimal amount of graphene being 0.5 wt%. The
graphene-loaded SnO, composite nanofibers exhibited a high sensor response of
11.6 with a short response time of 3.2 s (at 5 ppm of H,S gas). A novel sensing
mechanism for the excellent sensitivity of the graphene-loaded SnO, composite

nanofibers will also be presented in detail.
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2.1 Introduction

Tin dioxide (SnO,) is a well-known n-type semiconductor with a large band gap
of 3.6 eV. It has been widely studied for gas sensing applications because of its
good chemical and thermal stability, high carrier density, and good response to
various types of toxic gases and organic vapors. Moreover, its stability at higher
temperatures makes using SnO, possible in harsh environments where explosive
gases might exist. Therefore, much of the research in the field of gas-sensors
still focuses on methods to further enhance the sensitivity and selectivity of
Sn0,-based gas sensors. This is typically done by controlling the nanostructure
morphology and incorporating various additive materials. Since the morphology
and surface state play a significant role in changing the characteristics of sensing
materials, different nanostructural configurations and surface morphologies have
been widely studied in attempts to meet the high sensitivity requirements [64].

In this regard, one-dimensional SnO, nanostructures, such as nanowires,
nanotubes, nanofibers, nanobelts, nanorods, etc, have shown outstanding
chemical sensing performances relative to their bulk counterparts. This difference
in performance is caused by the specific physical and chemical properties, which
are generally influenced by the high specific surface area and confined directional
carrier support. However, nanofibers synthesized by electrospinning possess
additional unique features such as web-like morphologies, which enable gas
molecules to readily interact with and diffuse effectively into all of the nanofibers
simultaneously. This enhances the reaction speed and sensitivity. Additionally,
the presence of nanograins in the nanofibers provides additional reaction sites
and resistance modulation due to the enormous number of grain boundaries.
Furthermore, electrospun nanofibers have high reproducibility and good stability
at higher temperatures.

Therefore, SnO, nanofibers are potential candidates for future electronic and
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gas sensing devices [30]. One of the other commonly and widely employed
techniques used to enhance the sensitivity or selectivity is the incorporation of
effective additive materials into the sensing host material. In this regard, many
types of additives, including noble metals, transition metals, semiconducting or
semimetal elements, light elements, rare-earth elements, and organic materials,
have been included in SnO, hosts and extensively studied for the sensing of
various oxidizing and reducing gases [65].

Among these, graphitic nanocarbons (particularly graphene) have recently
attracted extraordinary attention in the gas sensor community because of
their unique properties [66-68]. For instance, graphene is a two-dimensional
monolayer sheet of sp?-bonded carbon atoms that is densely packed in a
honeycomb-like structure. This structure provides a large theoretical specific
surface area (2630 m? g'1) [69, 70]. All atoms of graphene can be considered to be
surface atoms that are readily exposed to the target gas. Furthermore, graphene
has high thermal stability, excellent electrical conductivity, good mechanical
strength, high carrier mobility, and extremely low electrical noise. As a result, a
small amount of electrons can produce a noticeable change in the conductance
of graphene [71]. All of these characteristicc make graphene an attractive
material for gas sensing applications. In fact, graphene-based sensors have
been widely used to detect poisonous and explosive gases [72-74]. Moreover,
graphene-loaded SnO, composites have been shown to be efficient gas sensors
due to their improved gas response, selectivity, response/recovery times, and low
operating temperatures.

However, to understand the enhancement mechanism (in regard to the
addition of graphene nanosheets) and to obtain the maximum sensitivity, the
amount and/or dispersion of graphene nanosheets must be optimized. This
optimization is also important from the viewpoint of gas selectivity. In this

study, we investigate and report on the enhanced sensing performances of SnO,

17



Chapter 2. Graphene-loaded SnO, Composite Nanofibers

nanofibers that are caused by the addition of graphene nanofibers. To date, no
study has investigated the sensing properties of graphene-loaded SnO, composite
nanofibers. We investigated the effects of graphene loading into SnO, nanofibers,
optimized the amount of graphene nanosheets for high sensitivity, characterized
the gas sensing properties (with very low gas concentrations) at various
temperatures (200-400 °C), and compared the sensing results of graphene-loaded
SnO, composite nanofibers with those of pristine SnO, nanofibers. Finally, the
sensing mechanism that is responsible for the enhanced sensing performance of
the graphene-loaded SnO, composite nanofibers is proposed and discussed. The
sensing performance was characterized as a function of the graphene content
and operating temperature with various gases. Our results show that the
graphene-loaded SnO, composite is a promising material system that can be used

to develop extremely sensitive gas sensors.

2.2 Experimental Details

2.2.1 Materials

Tin(II) chloride dehydrate (SnCl,.2H,0), polyvinyl acetate (PVAc, Mw =
850,000), ethanol (anhydrous, 99.5%), dimethylformamide (DME 99.8%),
graphene, and de-ionized water were used as the starting materials. All materials
were purchased from Sigma-Aldrich Corp. and were used without further

purification or refining.

2.2.2 Synthesis and Characterization of Graphene

As a source material, 1 g of expandable graphite (Hyundai Coma Industry) was
put into an alumina crucible. The reaction products were irradiated by rapid

microwave heating for 1 min with a frequency and power of 60 Hz and 1000
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W, respectively. The exfoliated graphite was sonicated in ethanol for 10 min and
subsequently dried in a vacuum oven. The sonication and drying processes were
repeated three times to obtain graphene flakes that consisted of a few layers. More
details about the synthesis and characterization procedures that were used in the

present study can be found in our previous reports [75, 76].

2.2.3 Synthesis of Graphene-loaded SnO, Composite Nanofibers

The graphene-loaded SnO, composite nanofibers were synthesized using
electrospinning. First, PVAc was dissolved in a mixed solvent consisting of equal
amounts of ethanol and DMF; this was continuously stirred for 4 h. Subsequently,
SnCl,.2H,0 and the graphene solution were added to the PVAc solution and
stirred continuously for 12 h without heating. The prepared viscous solution was
loaded into a syringe equipped with a 21-gauge stainless steel needle with an
inner diameter of 0.51 mm. The feed rate, applied voltage, and distance between
the tip of the syringe needle and the aluminum collector were fixed at 0.03 mL/h,
15 kV, and 20 cm, respectively.

All of the electrospinning experiments were performed at room temperature
in air. The nanofibers were collected uniformly over SiO,-grown (thickness ~
250 nm) Si wafers that were placed on the collector. The prepared electrospun
nanofibers were calcined at 600 °C in air for 30 min at a heating rate of 5
°C/min. The same procedure was adopted to synthesize the graphene-loaded
Sn0O, composite nanofibers with different contents of graphene (0.05, 0.1, 0.3,
0.5, 1, and 1.5 wt%). Further details of the procedure used to synthesize

electrospun SnO, nanofibers are provided in our earlier reports [77, 78].
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2.2.4 Microstructural and Sensing Characterization

The microstructure and phase composition of the synthesized graphene-loaded
Sn0O, composite nanofibers were investigated by field-emission scanning electron
microcopy (FE-SEM, Hitachi S-4200) and high-resolution transmission electron
microscopy (HR-TEM, Phillips CM-200). For FE-SEM, the samples were cleaned
by several steps (ultrasonic cleaning, blow-drying, and drying using an oven or
hot plate). They were then sputter-coated with a Pt layer in order to eliminate the
charge effect. For HR-TEM, the samples were ultrasonically dispersed in acetone.
Subsequently, drops of the suspension were deposited on amorphous carbon films
supported on copper grids and dried in air.

To investigate the sensing behavior of graphene-loaded SnO, composite
nanofibers, double layer electrodes of Ti (thickness ~ 50 nm) and Pt (thickness ~
200 nm) were sequentially deposited onto the specimens using radio frequency
magnetron sputtering at room temperature. The complete procedures used for the
synthesis of graphene-loaded SnO, composite nanofibers using electrospinning
and the fabrication of sensing devices are shown in Figure 2.1.

Afterwards, the gas sensing properties of the graphene-loaded SnO, composite

nanofiber sensors towards various reducing gases (CO, C,Hg, CgHg, CO,, and
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FIGURE 2.1: Schematic illustration of the synthesis of graphene-loaded SnO, composite
nanofibers

Synthesized graphene/SnO,,
composite NFs
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H,S) at concentrations ranging from 1-5 ppm were measured under atmospheric
conditions at an operating temperature between 200 and 400 °C. Measurements
were conducted using a homemade gas dilution and sensing system. The sensors
were placed and evaluated in a testing chamber at constant temperatures and the
operating temperature of the sensors was controlled by using an external heating
source. Details of sensor design, gas dilution, and the sensing system are provided
in our earlier reports [42, 79]. The sensors were stabilized for ~20 min in the
baseline gas (synthetic dry air) to obtain a stable resistance at every operating
temperature (prior to the gas sensing tests). The gas concentration was precisely
controlled by changing the mixing ratio of the dry air-balanced target gas and
the synthetic dry air through accurate mass flow controllers. The response of the
sensors to the reducing gas is defined as the ratio of R, to R;. Here, R, is the
original base resistance of the sensor in air and R, is the stabilized resistance of
the sensor in the presence of the applied gas. The response time (7,.,) is defined
as the time in which the resistance of the sensor changes to 90% of the original
base resistance and the recovery time (7,..) is defined as the time needed until

90% of the signal is recovered.

2.3 Results and Discussion

2.3.1 Microstructural Analysis

Figure 2.2 shows the typical microstructures of the calcined graphene-loaded
Sn0O, composite nanofibers containing various amounts of graphene nanosheets.
The average diameter of the calcined nanofibers is measured to be about 200-300
nm and the lengths are in the range of several micrometers. However, it is seen
that the size of the nanograins and/or the diameter of the nanofibers are not
significantly affected by varying the graphene content. The presence of nanograins

on the nanofibers can be clearly seen; these are evolved during the calcination
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100 nm Qg 1.5 wt%

FIGURE 2.2: SEM of the graphene-loaded SnO, composite nanofibers with various
graphene contents

process. The upper-right insets show that the nanofibers are uniformly and
randomly distributed on the SiO,/Si substrates.

The polycrystalline nature of SnO, nanofibers (Figure 2.3a) along with
the presence of graphene nanosheets (Figure 2.3b-c) is confirmed by HR-TEM.
Figure 2.3b-c show the presence of graphene sheets along with the nanograins of
the nanofibers. It can be seen that nanofibers are anchored and largely dispersed
on larger graphene nanosheets (Figure 2.3b), while some of the graphene sheets

are folded in between the nanograins of the nanofibers (Figure 2.3c); this
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)

FIGURE 2.3: Microstructural analysis of graphene-loaded SnO, composite nanofibers

confirms the multilayer graphene configuration. Understanding these kinds of
interactions between graphene nanosheets and SnO, nanofibers is important in
order to understand the electrical transport properties and sensing mechanism
of graphene-loaded SnO, composite nanofibers; this will be discussed in the
following paragraphs. The inter-planar distance of the SnO, nanofibers is
0.33 nm, which corresponds to the (110) crystallographic plane of the rutile
SnO, phase. Figure 2.3d shows the selected area diffraction ring patterns of
graphene-loaded SnO, composite nanofibers. These can be indexed to the rutile
SnO, structure (JCPDS Card No. 41-1445). The weakness and invisibility of
graphene-related patterns is associated with the low graphene content. However,
it is possible that there exists a ring pattern that could be indexed to the (002)

plane of 2H graphite (JCPDS Card No. 75-1621), which overlaps with the (110)
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plane of the rutile SnO, structure. From Figure 2.3, we can conclude that we

successfully synthesized graphene-loaded SnO, composite nanofibers.

2.3.2 Gas Sensing Results

In order to examine and compare the sensing properties of graphene-loaded SnO,,
composite nanofibers with pristine SnO, nanofibers, we first expose the sensors to
trace concentrations (1, 3, and 5 ppm) of a relatively weak reducing gas (C,Hg)
at a preliminary temperature of 300 °C. This is done to investigate the effect
of loading graphene and to select the optimal amount of graphene nanosheets
in the SnO, nanofibers needed to obtain the maximum response (as compared
to the rest of the sensors). The dynamic resistance curves of the pristine SnO,
and graphene-loaded SnO, composite nanofibers, containing various amounts of
graphene (0.05, 0.1, 0.3, 0.5, 1, and 1.5 wt%), are shown as a function of the
gas concentration in Figure 2.4a. The resistance of the sensors decreased upon
exposure to the C;Hg and returned back to its base resistance upon removal of
the gas.

The sensing behavior of the graphene-loaded SnO, composite nanofibers was
similar to that of a typical n-type material-based gas sensor (i.e, a decrease in the
resistance upon introduction of a reducing gas). This suggests that the electrical
conductivity mainly occurred through the n-type SnO, semiconducting oxide as
opposed to through the p-type graphene nanosheets; this is likely caused by the
low content of graphene. The responses of all of the sensors to C;Hg gas at 300
°C are shown in Figure 2.4b. The response of the sensors increases as the gas
concentration increases. It is also clear that the graphene-loaded SnO, composite
nanofibers was more sensitive to trace concentrations of the gas as compared
to the pristine SnO, nanofibers at the same operating temperature. However,
the optimal amount of graphene was observed to be 0.5 wt% with the highest

response of 3.13 and a very short response time of 51.2 s, as compared to the rest
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FIGURE 2.4: Summarized Resistance curves, responses and response and recovery times
of the pristine SnO, and graphene-loaded SnO, composite nanofibers at 300 °C

of the sensors (at 1 ppm of C;Hg gas at 300 °C; Figure 2.4c-d). In contrast, the
response of pristine SnO, nanofibers was 1.7 with a response time of 125 s. The
response of graphene-loaded SnO, composite nanofibers increased by 84.1% and
had an improved response time relative to SnO, nanofibers. The response and
recovery times of all sensors to 1 ppm of C;Hg are shown in Figure 2.4d. The
shortest response time was attained by inserting 0.5 wt% of graphene. However,
with more than 0.5 wt% of graphene, the response of the sensors decreased
significantly. Following this, all the remaining sensing experiments were carried
out with sensors containing the optimized amount of graphene (0.5 wt%). The
bell-shaped response behavior as a function of the graphene concentration is

discussed after establishing the sensing mechanism of graphene-loaded SnO,
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FIGURE 2.5: Resistance curves and responses of pristine SnO, and 0.5 wt% graphene-
loaded SnO, composite nanofibers as a function of temperature

composite nanofibers.

To investigate the effect of the operating temperature, the graphene-loaded
SnO, composite nanofibers and pristine SnO, nanofibers were exposed to C,Hg
gas at various temperatures (200, 250, 300, 350, and 400 °C) (Figure 2.5a).
Figure 2.5b shows the responses of pristine SnO, and graphene-loaded SnO,

composite nanofibers to 1 ppm of C,Hg gas at different temperatures. The
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responses of the graphene-loaded SnO, composite nanofibers were significantly
higher than the pristine SnO, nanofibers for all temperatures. It is also
clear that graphene-loaded SnO, composite nanofibers showed an increased
response at lower temperatures with a maximum response of 3.13 at 300 °C;
the response becomes less sensitive at higher temperatures. In contrast to
graphene-loaded SnO, composite nanofibers, pristine SnO, nanofibers showed a
maximum response of 1.77 at an operating temperature of 350 °C. The response of
the graphene-loaded SnO, nanofibers was 76.8% higher than that of the pristine
SnO, nanofibers at their respective optimal temperatures. The responses of
both pristine SnO, and graphene-loaded SnO, composite nanofibers exhibited
bell-shaped behavior, which is consistent with the literature. This trend, which
possesses a volcano shape, is observed to increase in height and shift towards
lower temperatures when the semiconductor materials were loaded with catalyst
materials (e.g, transition metal, graphene, etc). Similar trends were also reported
elsewhere [ 78, 80-82] in a variety of sensor systems, including SnO, with respect
to H, gas [83], CdIn,O5 nanocrystals with respect to ethanol gas [84], and
Au-functionalized reduced graphene oxide-loaded SnO, nanofibers with respect
to CO gas [82]. It is expected that chemical reactions will not be facilitated
at temperatures that are too low, whereas adsorption will be suppressed at
temperatures that are too high.

In order to investigate the selectivity and the effect of interfering gases,
graphene-loaded SnO, composite nanofibers were tested for other reducing
and toxic gases, such as C¢Hg, C,Hg, CO, CO,, and H,S, at the optimal
operating temperature. The gas concentration was kept very low, ranging
from 1 to 5 ppm, as summarized in Figure 2.6. The dynamic resistance
curves of 0.5 wt% graphene-loaded SnO, composite nanofibers are shown
in Figure 2.6a. Figure 2.6b shows the responses of graphene-loaded SnO,

composite nanofibers to 1 ppm of gases relative to the responses of pristine SnO,
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FIGURE 2.6: Resistance curves and responses of 0.5 wt% graphene/SnO, composite and
pristine SnO, nanofibers for various gases

nanofibers. Graphene-loaded SnO, composite nanofibers showed significantly
higher responses than those of pristine SnO, nanofibers. However, significant
selectivity towards a particular gas was not observed; this is probably due to
the very low concentration of gases. However, analysis of the results revealed
that the graphene-loaded SnO, sensors were quite selective for H,S gas at higher
concentrations. The response of graphene-loaded SnO, compoiste nanofibers for
1 ppm of H, S is 6.46, which is 112.5% higher than that of pristine SnO, nanofibers
(Figure 2.6b). Moreover, an increase of 134.3% in the response, as compared
to pristine SnO, nanofibers, was observed at 5 ppm of H,S at the same optimal
temperature (Table 2.1). Graphene-loaded SnO, sensors showed an H,S response

of 11.6 with an extremely short response time of 3.2 s.
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TABLE 2.1: Responses of graphene loaded SnO, composite nanofibers

. Pristine SnO, nanofibers 0.5 wt% graphene/SnO, composite
Gas concentration

(1 ppm) (5 ppm) (1 ppm) (5 ppm)
cO 4.16 4.79 5.59 7.34
Co, 2.61 2.92 3.68 3.77
C,Hg 1.7 1.8 3.13 3.44
CeHg 2.35 2.5 4.76 6.2
H,S 3.04 4.95 6.46 11.6

The response and recovery times of graphene-loaded SnO, composite
nanofibers for H,S are presented in Figure 2.6¢c. In the case of gas sensors used
in medical applications, such as for the diagnosis of halitosis via breath analysis,
at least 1 ppm of H,S should be detected; this is the concentration where odor
becomes recognizable in the exhaled breath of halitosis patients [85]. However,
the lower limit of detection (LOD) for 0.5 wt% graphene-loaded SnO, composite
nanofibers for H,S was estimated using linear extrapolation. The results show
that 0.5 wt% graphene-loaded SnO, composite nanofibers were able to detect as
little as 200 ppb of H,S with a response of 1.33 (at an operating temperature
of 300 °C). This means the concentration of H,S (1 ppm) that is present in the

exhaled breath of halitosis patients is within the detectable range (Figure 2.6d).

2.3.3 Sensing Mechanism

In order to understand the sensing mechanism of graphene-loaded SnO,
nanofibers, we first explain the sensing mechanism of nanofibers made of n-type
materials (such as SnO,). The higher sensitivity of nanofibers is typically
attributed to the resistance modulation that arises from the following mechanisms.
First, there is the modulation of the resistance along the surface of the nanofibers.
Secondly, the resistance modulation arises because of potential barriers, which
develop at the grain boundaries of the nanograins of nanofibers. In air

ambient conditions, oxygen molecules adsorb, diffuse, and trap electrons at the
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surface/grain boundaries of the nanofibers to form atomic and molecular ions
(O™, 0%, etc). An electron depletion region is established underneath the
surface/grain boundaries due to the extraction of electrons by these adsorbed
ions.

When reducing analytes (e.g, H,S) are inserted, the reducing gas molecules
react with the chemisorbed oxygen at the surface and grain boundaries of the
nanofibers and donate electrons that were trapped by the chemisorbed oxygen
back to the conduction band; this reduces the potential barriers and increases the
conductivity. In the case of H,S, the pre-adsorbed oxygen releases in the form
of H,O and SO, according to the reaction HySg) + 307 — SOy (g + HyO(q) +
3e”. These sensing mechanisms typically operate in n-type metal oxide-based
gas sensors with nanofibrous structures. Our experimental results were also
consistent with the aforementioned mechanism; the resistance of the pristine
Sn0O, nanofibers decreased upon introduction of reducing gases (e.g, H,S).

Additionally, high sensitivity with a very short response time towards H,S
suggests that the electron transfer at H,S/SnO, interfaces is increased due to the
excellent electron transfer capabilities of graphene. Graphene nanosheets may
also help prevent the agglomeration of nanofibers, as compared to pristine SnO,
nanofibers, which would enhance the overall adsorption and diffusion of H,S gas
molecules. In this way, the presence of graphene increases the overall electronic
sensitization. The strong interaction between H,S and defective graphene (H,S
interaction with graphene is observed to increase when Stone-Wales defects are
present in graphene) has also been studied and observed by other research groups
[86-88]. It is possible that graphene plays a catalytic role in enhancing the sensing
behaviors by means of the spillover effect.

Furthermore, additional sources for the sensitivity enhancement of
graphene-loaded SnO, composite nanofibers are related to the graphene/SnO,

heterointerfaces (Figure 2.7). In the heterojunctions, the work functions of
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FIGURE 2.7: Sensing mechanism of graphene-loaded SnO, composite nanofibers

SnO, and graphene are 4.55 and 4.60 eV, respectively [89-91], with the Fermi
energy of SnO, being lower than that of graphene. Upon the generation of
graphene/SnO, heterointerfaces, electrons will flow from SnO, to graphene,
ultimately equilibrating the Fermi level. This charge transfer will form a potential
barrier at the heterojunctions, causing the vacuum energy level and the energy
band to bend.

As a first possibility, the initial transfer of electrons from SnO, to graphene will
inevitably develop a surface depletion region on the SnO, surface. With increased
initial resistance, the modulation of the same amount of resistance, upon the
introduction/removal of a target gas, will lead to higher sensitivity. As a second
possibility, the electrical current across the SnO, /graphene interfaces will provide
an additional modulation of the resistance. The reducing gases and oxidizing

gases will react with adsorbed oxygens, such as O~, providing and removing
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electrons, respectively. Accordingly, reducing and oxidizing gases will decrease
and increase the height of potential barriers to electrons, respectively.

We surmise that the electrical currents will dominantly flow through the
SnO, grains. However, it is possible that some electrical current will flow
through the graphene. To realize electrical conduction via graphene, electrons
are required to penetrate into the graphene, with taking out electrons from
graphene being easy. However, the barrier height at heterointerfaces (i.e, 0.05
eV) prevents electrons from penetrating into graphene. Upon the introduction
of a reducing gas, the surface reactions will donate some electrons to the SnO,
surface, thereby increasing the Fermi level of SnO,. This will decrease the
relative energy level between SnO, and graphene. While the electron flow from
SnO, to graphene is still efficient, the electron transfer from graphene to SnO,
becomes easier, contributing to the decreased resistance of the sensor. Since the
reducing gas decreases the resistance of the present sensor, the potential barrier
of graphene/SnO, helps to enhance the sensing behavior.

Although oxidizing gases were not tested in the present work, upon the
introduction of an oxidizing gas, some electrons should be removed from the SnO,
surface to decrease the Fermi level of SnO,. Thus, the potential barrier will be
elevated at graphene/SnQ, interfaces. Accordingly, although the electron flow
of SnO, to graphene will still be efficient, the electron transfer from graphene to
SnO, will be discontinuous. This ultimately increases the resistance of the sensor,
contributing to the enhanced sensing behavior.

In the case of graphene-loaded SnO, composite nanofibers, we first examine
the nature and role of graphene nanosheets in the SnO, nanofibers. The
incorporation of graphene leads to an increase in the baseline resistance of the
pristine SnO, nanofibers. The maximum resistance was obtained by using the
optimal amount of graphene (0.5 wt%). This indicates the p-type or electron

accepting nature of the graphene in SnO, nanofibers. It also shows that the
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current flows mainly through interconnected SnO, nanofibers. This observation is
consistent with the previous reports [81, 92]. From this, we can also understand
the bell-shaped response behavior of graphene-loaded SnO, composite nanofibers
(Figure 2.4c¢).

In the case of low to moderate graphene loadings (0.05-0.5 wt%), conductive
graphene nanosheets disperse into the nanofibers and active interfaces between
graphene and SnO, are formed. This increases the sensor resistance and the
heights of potential barriers. When a reducing gas is introduced, the trapped
electrons from the oxygen are released back into the SnO, nanofibers; thus, a
significant change in the resistance is observed. Alternatively, in the case of

loading of high concentrations of graphene, it is expected that the overall sensor
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FIGURE 2.8: Schematic of the electrical conduction through (a) SnO, grains and (b)
graphene nanosheets
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performance will be reduced (Figure 2.8). First, since electrical conduction
mainly occurs through the SnO, grains, increasing the graphene content may
block electrical currents through SnO, grains, leading to an increase in the
initial resistance. However, this will increase the sensor response (defined as
R,/R,, where R, is the original base resistance of the sensor in air and R, is
the stabilized resistance of the sensor in the presence of the applied gas). Since
the initial resistance (R,) is smaller, the same decrease in resistance caused by
the introduction of a reducing gas yields a higher R, /R, value. Accordingly, this
cannot account for the observed decrease in the sensor response that is caused by
increasing the graphene content.

Secondly, when a sufficient amount of graphene is provided, graphene
nanosheets begin to connect with each other to provide additional pathways for
the flow of electrons (Figure 2.8b). In this case, the flow of electrons occurs
mainly through higher conducting pathways along graphene nanosheets. This
will decrease the initial resistance; the same decrease in the resistance caused by
the introduction of a reducing gas yields a lower R, /R, value, thereby reducing
the sensor response.

This type of behavior has been reported elsewhere as a function of the
graphene concentration [81]. In fact, such behavior has been widely observed
when a metal oxide is sensitized by a catalyst or an additive [68, 93]. Therefore,
there should be an optimal loading amount of graphene that achieves high
sensing performance in SnO, nanofibers; this value was around 0.5 wt% in these
experiments. This optimal amount of graphene may seem too small to cause a
significant change but the actual volume and number of graphene nanosheets
incorporated are very large due to the very small density of graphene. Thus, there
are a large number of graphene/SnO, heterointerfaces, which cause a significant
effect on the resistance modulation of SnO, nanofibers.

In the present work, it is revealed that our optimized graphene-loaded SnO,
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composite nanofibers have great potential to be used as low concentration gas
sensors. Although we provided many possible reasons to explain the enhanced
sensitivity of the graphene-loaded SnO, composite nanofibers (as compared
to pristine SnO, nanofibers), further comprehensive studies investigating the
gas-surface interactions are required to explain some of the peculiar observations,
including the improved H,S sensing properties. The improved response and rapid
response time for H,S can be ascribed to the enhanced surface reaction that is
caused by the increased surface area, which facilitates more gas adsorption and
diffusion. The average bond energies for H-S (in H,S), C-H (in benzene), and
C-O (in CO) are 347.3 kJmol!, 414.2 kJmol!, and 359.8 kJmol™, respectively
[94]. Since the sensing reactions will be enhanced by the effective decomposition
of the target gas, the lower average bond energy (i.e, higher reactivity) of H,S
also suggests its rapid detection and interaction with the nanosized network of
graphene-loaded SnO, composite nanofibers; this is consistent with the current

results (T, = 3.2 s at 5 ppm of H,S).

2.4 Summary

In this chapter, we compared the gas sensing characteristics of graphene-loaded
Sn0O, composite and pristine SnO, nanofibers at very low concentrations of
CgHg, C,Hg, CO, CO,, and H,S gases at various temperatures ranging from 200
to 400 °C. FE-SEM and HR-TEM analyses confirmed the presence of graphene
nanosheets and revealed the nature of their interaction with the nanograins of
the polycrystalline nanofibers. The optimal amount of graphene and the optimum
operating temperature were observed to be 0.5 wt% and 300 °C, respectively.
The loading of graphene nanosheets into SnO, nanofibers not only enhanced
the sensitivity but also lowered the optimal operating temperature of the SnO,

nanofibers. The optimized graphene-loaded SnO, composite nanofibers exhibited
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sensor responses of 6.46 and 11.6 at 1 and 5 ppm of H,S gas, respectively. They
also showed an extremely short response time of 3.2 s at 5 ppm of H,S gas. Apart
from the modulated resistance along the surface and in the grain boundaries
of the nanograins in the SnO, nanofibers, the enhanced sensing capabilities
caused by the incorporation of graphene nanosheets is ascribed to a variety of
mechanisms. These include the catalytic effects of graphene and the generation
of SnO,/graphene heterointerfaces. Since graphene-loaded SnO, composite
nanofibers showed excellent sensitivity towards very low concentrations (1-5
ppm) of gases, these graphene-loaded SnO, composite nanofibers are potential

candidates for next-generation gas sensors.
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Chapter 3

Reduced Graphene Oxide-loaded

ZnO Composite Nanofibers

Herein, the sensing properties of n-ZnO nanofibers doped with reduced graphene
oxide (RGO) nanosheets are investigated. Our synthesis utilizes a very simple and
cost-effective electrospinning process. The present RGO-loaded ZnO nanofibers
contain several characteristics that are favorable for gas sensors. Not only do
these sensors utilize the largest grain boundary area provided by the electrospun
nanofibers structure, but they also consist of sensing materials (i.e, ZnO and RGO)
with inherently advantageous characteristics. Furthermore, these sensors create
local p-n heterojunctions at the heterointerfaces of ZnO/RGO, achieving the best
sensing performance at the optimal amount of RGO for the detection of trace
amounts (1, 2, and 5 ppm) of different oxidizing and reducing gases. Detailed
characterization of RGO-loaded ZnO nanofibers is carried out to understand
the interactions between RGO nanosheets and ZnO nanograins. The sensing
characteristics are examined as a function of the concentration of RGO nanosheets.
Experimental results indicate that the addition of RGO and the creation of local p-n

heterojunctions greatly improve the sensing characteristics of the ZnO nanofibers.

37



Chapter 3. Reduced Graphene Oxide-loaded ZnO Composite Nanofibers

Finally, in the end of the chapter, we propose a novel hybrid sensing
mechanism for the drastic improvement in the sensing behavior that is caused
by loading RGO nanosheets into ZnO nanofibers. This hybrid sensing mechanism
combines the resistance modulation of ZnO/ZnO homointerfaces and RGO/ZnO
heterointerfaces in addition to the radial modulation of the surface depletion layer
of ZnO nanofibers. In the heterointerfaces, the creation of local heterojunctions
plays a significant role in raising the sensitivity of RGO-loaded ZnO nanofibers.
This is a promising method to fabricate practical sensors with high sensing
capabilities. In this regard,we explain the novel hybrid sensing mechanism of
these composite nanofibers, which enables their exceptionally high response to all
gases. The presented synthesis procedure, which is both simple and cost-effective,

is beneficial for the practical fabrication of these detectors.

3.1 Introduction

The sensing ability of materials can be greatly increased by reducing their
size down to the nanometer scale, presumably through the preparation of
nanodots, nanowires, nanofibers, and nanowebs [95]. However, nanofibers,
which are one-dimensional nanostructures comprised of many nanograins, have
been identified as the most promising structure for the successful detection of
analytes (even when the concentration is as low as ppb) among the various types
of nanostructures [96]. The extraordinary sensing properties of nanofibers are
primarily ascribed to their large surface to volume ratio as compared to other
nanostructures. Due to the fact that they contain many small grains, nanofibers
possess large grain boundary areas. Consequently, a larger amount of analytes
can diffuse along the boundaries, resulting in enhanced sensitivity.

Many synthesis procedures for nanofibers have been investigated over the

last few decades, but electrospun nanofibers are dominant in chemical sensor
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applications because the processing parameters and the characteristics (e.g,
morphology, diameter, aspect ratio, nature of the nanofibers, etc) of the nanofibers
can be easily controlled; these variables heavily influence the chemical sensing
abilities. In addition, the electrospinning method is incredibly effective for
low-cost mass production with the minimal usage of materials, which makes it
the most suitable method for industrial applications on the commercial scale. For
these reasons, electrospun nanofibers have been employed in a diverse range of
sensing materials [97-103].

Possessing a wide bandgap (3.37 €V) with a large exciton energy (60 meV)
[104], ZnO nanofibers-based semiconductors are one of the most promising
sensing materials and have been extensively studied for the past several years
[105-107]. However, despite their inherent advantageous characteristics, there is
still room for improvement. Because ZnO based sensors are usually good for high
temperature environments, they oftentimes require more power, which affects
their long term stability. Further enhancement of their sensing performance is
strongly required.

In order to efficiently improve the sensitivity of nanostructured gas
sensors, researchers are currently pursuing synergistic effects between different
nanomaterials. Recently, the use of dopants (including Au [108], Ag [109], Pt
[110], and Pd [111]) and the creation of local p-n heterojunctions in n-type ZnO
(by mixing with p-type semiconductors such as BaTiO3-CuO-La,O5 [112], CuO
[113], and graphene [114]) have significantly improved the sensing performance
of ZnO based gas sensors.

Additionally, chemically derived graphene is expected to be a highly sensitive
chemical sensor because of its very high electron mobility [115, 116]. Since it
is an exceptionally low-noise material, graphene sensors should be able to detect
individual gas molecules and are expected to exhibit an excellent sensing behavior

[71]. However, pure graphene faces difficulties in being employed as a practical
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sensor because its adsorption of gas molecules is inefficient. In this regard,
reduced graphene oxide, which is graphene decorated with oxygen functional
groups that provide an increased amount of adsorption sites, is more beneficial
for improving sensitivity [117]. A recent study found that highly dispersed ZnO
nanoparticles on a graphene surface showed higher sensitivity toward 1000 ppm
of acetylene gas [118].

However, for practical applications, more efficient sensors that can effectively
detect very small traces of gases are required. Furthermore, properly optimizing
the quantity of the RGO is crucial in order to obtain the best sensing performance
for small traces of gases that also avoids overloading of the dopant and minimizes
the cost. To the best of the authors’ knowledge, no attempts have been reported
regarding the creation of local heterojunctions in n-ZnO nanofibers with RGO

nanosheets.

3.2 Experimental Details

3.2.1 Materials

Zinc acetate ((CH3CO),Zn, Sigma Aldrich Corp.), reduced graphene oxide, and
polyvinyl alcohol (PVA, Mw 80,000, Sigma Aldrich Corp.) were used as-received
without any further processing or refining. The preparation process of RGO

solution is described in detail in a previous report [75].

3.2.2 Synthesis of nanofibers and Sensing Device Fabrication

The procedure to synthesize RGO-loaded ZnO nanofibers is as follows: first, an
aqueous solution of PVA (10 wt%) was prepared, in which PVA was dissolved in
distilled water. After 4 h of continuous stirring at 65-70 °C, the zinc acetate and

RGO solution was added to the PVA solution, subsequently being stirred for an
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additional 6 h at 70 °C. Since TEM investigation of RGO-loaded ZnO nanofibers
does not clearly show the individual image of RGO nanosheests, we estimated
the sizes of RGO nanosheets in source materials, from many TEM images. The
average size was measured to be about 75 nm, which is smaller than the diameter
of ZnO nanofibers.

Next, this viscous solution was used to produce RGO-loaded ZnO nanofibers
by a conventional electrospinning method; the prepared viscous solution was
loaded into a syringe equipped with a 21-guage stainless steel needle with an
inner diameter of 0.51 mm. Applied voltage, feed rate, and distance between
the collector and the needle tip were set to 15 kV, 0.03 mL/h, and 20 cm,
respectively. The voltage was applied to the needle tip, whereas the metal
collector was grounded. The nanofibers were deposited onto SiO, substrates,
with a uniform distribution, as described in our previous reports [104, 119] and
shown in Figure 3.1a. All of the electrospinning experiments were done at room
temperature. Calcination of the nanofibers was carried out in air for 5 h at 500
°C with a heating rate of 0.5 °C/min, to remove the polymer solvents. In total, six
sensor devices were fabricated to investigate ZnO nanofibers containing different
quantities of RGO nanosheets (0.04, 0.11, 0.17, 0.44, 0.77, and 1.04 wt%). Since
RGO is known to be stable at temperatures in the range of -10 to 800 °C[120, 121],
the RGO nanosheet will not be decomposed during the calcination process at 500
°C. Subsequently, for gas sensing measurements, Ti (thickness: ~ 50 nm) and Pt
(thickness: ~ 200 nm) were deposited on the substrates via magnetron sputtering

using interdigitated electrodes.

3.2.3 Characterization and Sensing Measurements

The microstructural and morphological characteristics of RGO-loaded ZnO
nanofibers were investigated by field-emission scanning electron microscopy

(FE-SEM, Hitachi S-4200) and transmission electron microscopy (TEM, Phillips
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FIGURE 3.1: (a) Schematic of the synthesis and (b) SEM of RGO-loaded ZnO nanofibers
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CM-200). The structural phase analysis was carried out using X-ray diffraction
(XRD, Phillips X’pert MRD). For SEM, the samples were cleaned by several steps,
including ultrasonic cleaning, blow-drying, and drying using oven or hotplate.
They were sputter-coated with Pt layer, in order to eliminate the charge effect. For
TEM, the samples were dispersed in acetone ultrasonically. Subsequently, drops of
the suspension were located on the amorphous carbon films supported on copper
grids. The sample-comprising grids were dried in air.

Raman spectra were acquired at room temperature with a Raman microscope
(LabRam HR800 UV; Horiba Jobin-Yvon, France) at Korea Basic Science Institute
(KBSI). The excitation light source was a diode laser with a wavelength of 514
nm. The laser power incident on the sample surface was 10% of 10 mW. The D
and G peaks of graphite, being originated from surface RGOs, were observed, in
addition to ZnO-related ones.

In order to fabricate the sensor device, we have sputter-deposited Pt (~ 200
nm) and Ti (~ 50 nm) sequentially, on the specimens by means of using an
interdigital electrode mask. The I-V test showed pseudo-ohmic characteristics.
The sensing performance of RGO-loaded ZnO nanofibers was investigated for
common oxidizing (NO,, SO,, and O,) and reducing (CO, CgHg (benzene), and
C,H;OH (ethanol)) gases using a custom made gas-sensing system. The gas
sensing measurements were carried out at three different temperatures (300 °C,
350 °C, and 400 °C), which were optimized in our previous reports [119, 122].
The gas concentration was controlled using accurate mass flow controllers. For
oxidizing gases, the gas response was calculated by Rg/R,, where R, is the
impedance of the sensor in the applied target gas and R, is the resistance in the
air or in the absence of the target gas. For reducing gases, the gas response was

determined to be R, /R,.
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FIGURE 3.2: (a)-(c) TEM of RGO-loaded ZnO nanofibers (d)-(e) XRD patterns of ZnO,
RGO-loaded ZnO nanofibers and RGO nanosheets

3.3 Results and Discussion

3.3.1 Microstructural Anaylsis

The microstructures of the synthesized RGO-loaded ZnO nanofibers are shown in
Figure 3.1b-g. The average diameter of the calcined nanofibers is measured to
be about 150 nm. Because the sensing properties of oxide-based semiconductor
gas sensors are greatly affected by the size of their nanograins, SEM images

of RGO-loaded ZnO nanofibers were taken. These images clearly exhibit the
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existence of nanograins. Figure 3.1b-g reveals that the size of the nanograins
and/or the diameter of the nanofibers were not influenced as the amount of RGO
nanosheets was changed. The upper-right insets reveal that the nanofibers are
uniformly distributed on the substrates.

In order to investigate the configuration of RGO nanosheets and their
interactions with ZnO nanograins, we carried out a TEM analysis. Figure 3.2a
shows a low-magnification TEM image of an RGO-loaded ZnO nanofiber.
Figure 3.2b is a magnified TEM image that shows an enlarged image of the
dotted square in Figure 3.2a. In Figure 3.2c, the RGO nanosheet can be clearly
observed. Also, the presence of nanograins in the TEM images indicates the
polycrystalline nature of the ZnO. RGO nanosheets have been attached to the
boundaries of the nanograins, likely creating localalized heterojunctions with
the n-type ZnO nanograins. The phase analysis of the synthesized nanofibers
was performed by XRD and supports the presence of RGO nanosheets in ZnO
nanofibers, as shown in Figure 3.2d-e. Figure 3.2e shows the representative XRD
patterns of monolithic ZnO nanofibers, RGO-loaded ZnO nanofibers, and pure
RGO nanosheets, respectively. All of the peaks of RGO-loaded ZnO nanofibers
agree well with those of monolithic ZnO nanofibers (JCPDS Card No. 891397).
However, a broad diffraction peak (d-spacing 3.7 A at 260 = 24.0°) of RGO
nanosheets was also observed in RGO-loaded ZnO nanofibers, as clearly depicted
in Figure 3.2d. This broad diffraction peak of RGO is very close to the typical
(002) diffraction peak of graphite (d-spacing 3.35 A at 26 = 26.6°) [115, 123].
From these results, TEM and XRD analyses both confirm the presence of RGO

nanosheets in RGO-loaded ZnO nanofibers.

3.3.2 Sensing Results

The sensing properties of these RGO-loaded ZnO nanofibers were evaluated by

exposing them to different oxidizing (NO,, SO,, and O,)and reducing (CO, CgHg,
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FIGURE 3.3: (a) Responses of all sensors to NO, as a function of temperature and (b) as
a function of RGO concentration (wt%) at 400 °C

and C,H;OH) gases between 300 and 400 °C. The concentrations of the gases
were set to 1, 2, and 5 ppm.

Figure 3.3a summarizes the sensor responses as the weight percent of the RGO
was varied between 0 and 1.04 wt%. The NO, concentration was set to 5 ppm and
the sensing temperature ranged from 300 to 400 °C. Each sensor clearly showed

an increase in resistance with the introduction of NO, gas. Upon the removal
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or stoppage of the gas,the sensors again showed a decrease in their resistivity.
This trend of changing resistance can be defined in terms of the framework of
n-type semiconductors, in which the major charge carriers are electrons. NO, gas
molecules adsorb onto the surfaces of the nanofibers, diffuse and take electrons
from the nanofibers, and then create electron depleted regions, eventually leading
to the decrease in the conductivity of the nanofibers. Likewise, emission of
electrons occurs when the NO, gas is removed. However, the transfer of electrons
and the formation of anions (here NO,~ or oxygen anions in the presence of
oxygen) on the surface of the sensing material are significantly dependent on the
temperature and sensing material. All sensors containing RGO nanosheets showed
a higher response than pure ZnO nanofibers at all temperatures. It is noteworthy
that the best response was achieved at 400 °C. Figure 3.3b shows the variation of
sensor responses as the weight percent of the RGO was varied between 0 and 1.04
wt% at an NO, concentration and temperature of 5 ppm and 400 °C, respectively.
The sensor containing 0.44 wt% RGO nanosheets showed a higher response than
the other sensors at all temperatures (Figure 3.3a). The sensor response decreased
once the amount of RGO nanosheets increased above 0.44 wt%, indicating that
the amount of RGO nanosheets must be optimized in order to achieve the best
sensing properties. The upper-right inset in Figure 3.3b demonstrates the typical
change in resistance of the sensors upon the supply and stoppage of NO, gas.

In order to further investigate the sensing properties, the responses of the
sensors were measured against other oxidizing gases, such as SO, and O,, at 400
°C. The dynamic sensing curves of oxidizing gases are shown in Figure 3.4a. The
data for the sensing responses are summarized in Figure 3.4b. The responses to
SO, and O, were significantly lower than the response to NO,, which is mainly
due to the higher reactivity of NO, gas molecules to general sensing materials as
compared to SO, and O,. For comparison,the responses of pure ZnO nanofibers

to the oxidizing gases are shown in Figure 3.4c. Figure 3.4b-c clearly reveal that
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the loading of RGO nanosheets into ZnO nanofibers significantly enhances the
sensitivity of the ZnO nanofibers. Close examination reveals that the incorporation

of RGO nanosheets significantly enhanced the sensing response to NO, gas.
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The sensor containing 0.44 wt% RGO nanosheets was further examined with
different reducing gases (CO, C¢Hg, and C,HsOH). These dynamic sensing curves
are shown in Figure 3.5a, exhibiting typical n-type behavior. Upon introduction
of the reducing gases, the resistivity of the sensors decreased and then again
increased to the maximum level upon the removal of the gas. The sensing
behavior of n-type semiconductors toward reducing analytes is exactly opposite
to that of the oxidizing analytes and can be defined by the reduction-reoxidation
mechanism [95]. The reducing gases react and partially reduce the oxide surface,
leading to an increase in the number of free electrons in the conduction band
(i.e, a reduced resistivity). Reoxidation of the surface occurs upon desorption
or removal of the reducing analyte, leading to an increase in the conductivity.
The responses of the reducing gases (and the results of pure ZnO nanofibers)
are summarized in Figure 3.5b as a function of gas concentration. Again, the
responses of RGO-loaded ZnO nanofibers were superior relative to the pure ZnO
nanofibers, clearly demonstrating the effectiveness of the RGO nanosheets. This
improved performance maybe caused by the formation of local heterojunctions at

the RGO/ZnO interfaces.

3.3.3 Sensing Mechanism

In order to explain the operation of the sensing mechanisms in RGO-loaded ZnO
nanofibers that leads to their exceptionally high sensitivity, several mechanisms
must be considered. First, there is the modulation of the resistance along the
surface of the ZnO nanofibers. In air ambient conditions, oxygen molecules
adsorb, diffuse, and trap electrons from the surface of ZnO nanofibers to form
atomic and molecular ions (O~, 0?~, and 0,7) [124]. An electron-depleted
region is established within the Debye length underneath the surface due to the
extraction of electrons by these adsorbed ions. The width of the depleted region

increases or decreases as the chemisorbed oxygen reacts with the oxidizing or
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reducing analytes, respectively.
For example, the interaction of reducing analytes (e.g, C;H;OH, CO, and C¢Hg)

has been proposed in the literature [95, 122] as follows:

C2H5OH(g) + O(_ad) — CHgCHO(g) + HzO(g) +e”
COg) + Opgy > COsp + €~

C6H6(g) + O(_ad) —> COZ(g) + Hzo(g) + 15e~

Second, we will explain the sensing mechanism of monolithic ZnO nanofibers,
in regard to the ZnO/ZnO homointerfaces (Figure 3.6a). The gas sensing
properties of nanofibers are mainly related to the presence of nanograins in
the polycrystalline sensing materials. The boundaries between these nanograins
act as potential barriers to the flow of electrons. In air ambient, the adsorbed
oxygen (such as O~) will be present at the grain boundaries of ZnO. The adsorbed
species extract electrons by the reactions such as the following [125]: 20~ +
Vo2 4+ 2e” «— 0,. Accordingly, the potential barrier to the flow of electrons
will appear at the boundaries. Upon the introduction of oxidizing and reducing
gases, the potential barrier will become higher and lower, respectively, thereby
increasing and decreasing the resistance across the grain boundaries along the
ZnO nanofibers. The sensing enhancement with the ZnO/ZnO homointerfaces
can also be explained by the evolution of the depletion layer along the grain
boundaries. The resistance modulation arises from nanograin boundaries, by the
expansion or suppression of the depletion layer.

Third, the RGO nanosheets-loaded ZnO nanofibers offer additional sources
for sensor enhancement, being compared to the pure ZnO nanofibers. We will
explain the sensing mechanism, with respect to the ZnO/RGO heterointerfaces
(Figure 3.6b). With a large amount of RGO nanosheets being distributed in
the ZnO nanofibers, no direct contact will take place between the neighboring

RGO nanosheets. Since the adjacent nanosheets are not physically connected,
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the electrical conduction in the sensor devices will mainly occur through the
ZnO nanofibers, rather than discretely distributed RGO nanosheets. Figure 3.6b
indicates that a considerable amount of local heterojunctions (i.e, ZnO/RGO
composite system) exists in RGO-loaded ZnO nanofibers.

It is possible that the ZnO/RGO interfaces as well as ZnO grain boundaries
will contribute to the enhancement of sensing behavior. In the heterojunctions,
the Fermi energy of ZnO is supposed to be lower than that of RGO, with the
work functions of n-ZnO and RGO being about 5.20 and 4.75 eV, respectively
(Figure 3.6b). The RGO will be regarded as a kind of metal-like material.
In order to equate the Fermi level, electrons will be transferred from RGO to
n-ZnO. Resulting from the charge transfer, the potential barrier will be formed
at heterojunctions, with the bending of the vacuum energy level and the energy
band. In the present case, in which the work function of the metal is lower than
that of the n-type semiconductor, the ohmic contact will be generated, becoming
a non-rectifying barrier to the flow of electrons. In spite of the non-rectifying
nature,the established potential barrier will affect the sensing behavior.

As a first possibility, the enlarged surface depletion region of ZnO nanofibers
will enhance the sensing behavior. Since ZnO becomes more n-type than the
original state, the energy barrier between ambient gas and ZnO will be further
reduced [126, 127], presumably enlarging the surface depletion region and
thus reducing the conduction region simultaneously. With the increased initial
resistance, the modulation of resistance by the sensing target gas will turn out to
be a higher sensitivity.

As a second possibility, the electrical current across the ZnO/RGO interfaces
will provide additional modulation of resistance. In air ambient, the adsorbed
oxygen will be present not only at the grain boundaries of ZnO, but also at the
ZnO/RGO interfaces. The reducing gases will react with adsorbed oxygen such as

O, providing electrons. The oxidizing gases will react with the adsorbed oxygen
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or provide the adsorbed oxygen, ultimately taking out electrons. The reducing and
oxidizing gases will decrease and increase the height of the potential barriers to
the electrons, respectively. In air ambient, the electron will easily flow from ZnO
to RGO, because there is no potential barrier from ZnO to RGO (Figure 3.6b). For
electrical conduction through the sensor devices in terms of RGO nanosheets, the
electrons, which were penetrated into the RGO, need to be taken out of the RGO
nanosheets. However, the barrier height at the heterointerfaces (i.e, 4.5 eV) will
prevent the electrons from escaping to the outer ZnO grains.

Upon the introduction of oxidizing gas, the potential barrier will be enhanced
at the n-ZnO/RGO interfaces, increasing the relative energy level of n-ZnO to RGO.
Accordingly, the electron flow of RGO to n-ZnO will become much more difficult,
ultimately increasing the resistance of the sensor. On the other hand, upon
the introduction of reducing gas, the energy level of n-ZnO will be suppressed,
reducing the relative energy level of n-ZnO to RGO. Accordingly, the electron flow
of p-RGO to n-ZnO will become easier, ultimately decreasing the resistance of the
Sensor.

As a third possibility, discretely distributed RGO nanosheets, which are
nanostructures with a higher surface accessibility, will exert the spillover effect,
playing a catalytic role in adsorption, dissociation, and transportation (to
neighboring ZnO surface) of NO, gas molecules. A lot of defects and functional
groups on the RGO surface will provide adsorption sites for the gas molecules and
will increase the sensitivity.

Although graphene oxide (GO) contains saturated sp® carbon atoms bound to
oxygen, which makes it an insulator, RGO still contains residual oxygen that is
sp> bonded to the carbon atoms [128]. It is commonly accepted that the thermal
annealing of GO or RGO will reduce the oxygen functional groups. Accordingly,
by the heating at 350-400 °C during the sensing tests, it is expected that the RGO

embedded in ZnO nanofibers will be further reduced by losing oxygen. Since the
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currents in the sensing device mainly flow through continuous ZnO, the surface
of RGOs, which is exposed to ambient, will play a catalytic role only.

Due to the resistance modulation caused by these sources, RGO-loaded n-ZnO
nanofibers showed a larger change in their resistance compared to monolithic
ZnO nanofibers. The resistance of the sensors increased upon the addition of
RGO and reached a maximum at 0.44 wt%. At higher concentrations of RGO
nanosheets, the resistance decreased. After this critical value, further additions of
RGO nanosheets had no substantial effect on the resistance change of the sensors.
However, at this time, we cannot explain why further loading of RGO nanosheets
(above 0.44 wt%) unexpectedly decreases the sensing behavior. An additional
systematic study is currently underway to describe this phenomenon in a following
report.

Accordingly, we suggest that the combination of two sensing mechanisms,
being related to ZnO/ZnO homointerfaces and RGO/ZnO heterointerfaces, is
responsible for the enhancement of the sensing capabilities of RGO-loaded ZnO
nanofibers. Thus, we can safely conclude that this hybrid sensing mechanism,
which combines the effects of radial resistance modulation, ZnO/ZnO grain
boundary modulation, and local p-n heterojunctions (due to the presence of RGO
nanosheets), is primarily responsible for the enhancement of the sensitivityof
n-ZnO nanofibers.

Although the present sensor is comprised of RGO, this work focused mainly
on the ZnO nanofibers sensors, because main conduction occurs through the
continuous ZnO nanofibers, rather than discrete RGO nanosheets. The role of
RGO nanosheets in enhancing the sensitivity is mainly related to the generation
of ZnO/RGO heterojunctions and in addition, discrete RGO nanosheets will
exert the spillover effect, playing a catalytic role in adsorption, dissociation, and
transportation (to neighboring ZnO surface) of NO, gas molecules. Accordingly,

direct comparison between the present sensor and RGO or graphene based
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TABLE 3.1: Response and recovery times of RGO loaded ZnO composite nanofibers

Gases Responses time (sec) Recovery time (sec)

lppm 2ppm Sppm 1ppm 2ppm 5 ppm

NO, 174 350 143 107 188 259
SO, 148 297 255 196 231 237
0, 140 138 153 309 278 270

sensors is meaningless. W. Yuan et al. summarized the sensing capabilities of
graphene based gas sensors [117]. Graphene sensor has a particularly different
application, from the conventional semiconductor sensors, such as ZnO. Graphene
has the lowest resistivity at room temperature among the substances and small
amount of extra electrons can cause a noticeable change in the conductance of
graphene. Accordingly, it will be suitable for low temperature and extremely
low concentration operation. As shown in Table 1 of Ref. [117], the actual
sensitivity is relatively low, i.e, less than 2. It is noteworthy that the composite
materials including graphene will attain the sensor responses higher than 2.
For example, highly aligned SnO, nanorods on graphene nanosheets exhibited
a sensor response of 2.1 for H,S gas [129]. However, in the present work, we
embedded RGO nanosheets into ZnO nanofibers, assigning unusual roles to the
RGO nanosheets and attaining the very high sensor response.

From Figures 3.4 and 3.5, we reveal that the sensor responses of RGO-loaded
ZnO nanofibers to NO,, SO,, O,, CO, C¢Hg,and C,H;OH are 119.0, 65.7,
34.2, 22.6, 19.1, and 19.1, respectively, at a gas concentration of 5 ppm. The
RGO-loaded ZnO nanofibers turned out to become an excellent gas sensor for main
oxidant and reductive gases. Further techniques including the functionalization
will be necessary to enhance the sensor selectivity for a particular gas.

The response times of RGO-loaded ZnO nanofibers to NO, gases are 174, 350,

and 143 s at 1, 2, and 5 ppm, respectively (Table 3.1). The recovery times of
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RGO-loaded ZnO nanofibers to NO, gases are 107, 188, and 259 s at 1, 2, and 5
ppm, respectively. The initial resistances of RGO-loaded ZnO nanofibers to NO,
gases are 3.39, 2.82, and 3.30 MQ at 1, 2, and 5 ppm, respectively, exhibiting
the stable sensing behavior. In addition, the stability of the RGO-loaded ZnO
nanofibers was fine; after keeping in air ambient for 2 months, no noticeable
sensing difference was observed. After 6 months, the sensor responses to CO gas
were decreased by 68.0, 72.1, and 39.8%, respectively, at CO concentrations of 1,
2 and 5 ppm. Further study will be necessary to improve the long-term stability

of the present sensor.

3.4 Summary

RGO-loaded ZnO nanofibers were prepared by an electrospinning method.
Microstructural investigation revealed that the addition of RGO nanosheets does
not affect the size of the ZnO nanograins or nanofibers. Various sensing tests
were conducted with a variety of gases, including O, SO,, NO,, CO, C¢Hg,
and C,H;OH, which show that our sensors exhibit excellent sensing capabilities.
The sensor response to 5 ppm NO, gas was increased by the addition of RGO
to ZnO nanofibers, reaching a maximum and optimal value of 150 at an RGO
concentration of 0.44 wt% at 400 °C. Overall, the RGO-loaded ZnO nanofibers
showed higher sensitivity to different oxidizing and reducing gases compared to
monolithic ZnO nanofibers. We ascribed this improvement in performance to the
hybrid sensing mechanism, which combines the effects of the surface depletion
layer of ZnO nanofibers (radial resistance modulation), potential barriers at ZnO
grain boundaries (ZnO/ZnO homointerfaces), and RGO/ZnO heterointerfaces.
Due to the work function difference of RGO and ZnO, the potential barrier will
be generated at the heterointerfaces. This novel hybrid sensing mechanism is

responsible for the outstanding sensitivity of RGO-loaded ZnO nanofibers.
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Chapter 4

Hydrogen Sensing of Reduced
Graphene Oxide-loaded ZnO

Composite Nanofibers

Since the detection of hydrogen gas at its very low concentration is crucial not
only to ensure safety at hydrogen involving facilities, but also to ensure safe
storage and usage of the gas, we have developed a hydrogen gas sensor consisting
of RGO-loaded ZnO nanofibers, operating at low concentrations down to 100
ppb. The sensor demonstrated the extremely high response to hydrogen gas
at a low concentration. Apart from the existence of nanograin boundaries in
the nanofibers, the combined effect of presence of RGO nanosheets and the
hydrogen-induced metallization of ZnO semiconductor played a crucial role in

enhancing the sensing behavior.
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4.1 Introduction

The growing environmental challenges such as air pollution, global warming,
and exhaustion of the Earth’s resources and the global energy crisis have
stimulated considerable research efforts to develop clean, efficient and renewable
energy source. Hydrogen is a clean, efficient, and a promising candidate
for renewable energy source that will contribute to overcome the problems of
global warming, energy supply and security and hence it will be extensively
used in power generation and in energy-storage industries. In this emanating
hydrogen economy, safety challenges involving hydrogen gas during production,
conveyance and storage need highly efficient and sensitive means for early and
accurate sensing of escaped or leaked hydrogen gas.

Hydrogen has a very low density (0.0899 kg/m?) with a high diffusion
coefficient (0.61 cm?/s in air) [130]. Unlike other combustible gases (such as
methane, propane etc), hydrogen has a low minimum ignition energy (0.017
mJ) and high burning velocity with wide explosive concentration range (4-75%)
[131]. Hydrogen is a dangerous gas, becoming explosive and flammable when the
concentration is greater than 4% in air [132]. Moreover, because of its colorless,
odorless, and tasteless nature, the human senses do not detect H, gas. Therefore,
fast detection of hydrogen gas at its very low concentration is crucial not only to
ensure safety at hydrogen involving facilities, but also to ensure safe storage and
usage of the gas.

Hydrogen sensors are stable devices that can detect hydrogen molecules
and produce an electrical signal. A variety of hydrogen sensor technology has
been developed and can be categorized into eight groups based on their sensing
mechanisms: chemo-resistive sensors, microelectronics-based sensors, surface
acoustic wave sensors, and optical sensors [133]. Among these, chemo-resistive

sensors, developed by semiconducting metal oxides (SnO,, ZnO, WO;, TiO,,
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etc), have attracted enormous attention and have been extensively studied due
to their low cost and facile synthesis process, stability at higher temperatures
and general higher sensitivity towards various gases. Among various nano-scale
structures of oxide semiconductors, one-dimensional (1D) electrospun nanofibers
are distinguishably renowned for potential applications in chemical sensors
mainly due to their large specific area, simple preparation methods, possible
functionalization of their surface with target specific receptor species, and possible
deposit of catalyst over the surface to promote or inhibit specific reactions
[134]. As compared with their thin film counterparts, 1D nanofibers exhibit
higher sensitivity and faster response toward the analyte gas due to their large
surface-to-volume ratio. The electrospun nanofibers, composed of a large number
of nanograins, have a web-like structure, which is completely exposed to the
analyte gas molecules. Moreover, the electrospun nanofibers can be easily
produced on a large commercial scale at low cost, due to the facile electrospinning
process.

Among various metal oxides, Zinc oxide (ZnO) is one of the most common
metal oxides that has been widely employed in chemical sensors because of its
many appealing properties such as good conductivity, low toxicity, good thermal
stability, oxidation resistivity, a direct bandgap (E, 3.37 eV) with a large exciton
binding energy (60 m eV), and piezoelectricity [133, 135]. More importantly,
previous literature and research show the selectivity of ZnO based gas sensors
towards toxic, flammable and explosive gases, particularly ethanol [136] and
hydrogen [137].

The interaction of hydrogen with ZnO system has been the object of many
studies [138-141] and these studies have led to the conclusion that hydrogen
chemisorption occurring below 100 °C does not affect the conductivity of
ZnO, whereas the chemisorption occurring at high temperatures increases the

conductivity. In order to achieve the highest sensitivity and selectivity in regard
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to ZnO, many efforts have been made by means of a variety of strategy, including
adding noble metals or oxide catalysts, manipulating the composition and the
operating temperature of sensor [142].

The reported RGO based sensors are not highly sensitive and selective
to hydrogen gas and to the best of our knowledge, there have been no
reports demonstrating the incorporation of RGO in electrospun ZnO nanofibers.
Consequently, most of the resistive hydrogen sensors based on graphene that have
been reported so far consist of graphene layers functionalized with metal particles.
In this contribution, we report a highly sensitive and selective hydrogen sensor
fabricated by RGO and ZnO nanofibers by a low-cost and versatile electrospinning
process. The RGO-loaded ZnO composite nanofibers showed excellent response
with shorter response times and recovery times (depending on concentration and
temperature) to a trace concentration of hydrogen gas compared to pristine ZnO
nanofibers, pure SnO, nanofibers and RGO-loaded SnO, composite nanofibers.
Sensing results have been characterized as a function of hydrogen concentration
and operating temperature. Results show that RGO-loaded ZnO based composite
nanofibers can be the promising materials system for the fast and selective
detection of hydrogen gas. Furthermore, the easy and facile fabrication process

makes them favorable for low cost and large-scale production.

4.2 Experimental Details

4.2.1 Materials

Zinc Acetate ((CH3CO,),Zn), reduced graphene oxide, polyvinyl alcohol (Mw
80,000), tin(Il) chloride dihydrate, polyvinylpyrrolidone (Mw 13,00,000),
ethanol (anhydrous, 99.5%), dimethylformamide (DME anhydrous, 99.8%) were
obtained from Sigma Aldrich Corp. and used as received without any further

processing or refining.
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4.2.2 Preparation of RGO Nanosheets

Graphite powder, H,SO, (98%), H3PO, (98%), KMnO,4 (98%) and H,0O, (30
wt%), Hydrazine monohydrate (98%), N,N-Dimethylformamide (DME 99.8%)
were obtained from commercial resources and used as received. GO was
synthesized from graphite powder via a modification of Hummers and Offeman’s
method from graphite powders. In a typical reaction, 5g of graphite, 60 mL
of H3PO,, and 180 mL of H,SO, were stirred together with a Teflon-coated
magnetic stirring in an ice bath. Next, 60 g of KMnO, was slowly added while
the temperature was maintained at 0 °C. Once mixed, the solution is transferred
to a 35 & 5 °C water bath and stirred for 3 h, forming a thick paste. Next, distilled
water (450 mL) was slowly dropped into the resulting paste to dilute the mixture,
and then the solution was stirred for 1 h while the temperature was raised to 90
+5°C.

Finally, 800 mL of distilled water was added, followed by the slow addition
of 60 mL H,0, (30%), turning the color of the solution from dark brown to
yellow. During this final step, H,0, (30%) reduced the residual permanganate
and manganese dioxide to colorless soluble manganese sulfate. The GO deposit
was collected from the GO suspension by high speed centrifugation at 15000 rpm
for 30 min. The obtained GO was then washed with 1000 mL of HCI (5%), and
repeatedly washed with distilled water until the pH = 7. To obtain uniform GO,
a low-speed centrifugation at 3000 rpm was first used to remove thick multilayer
sheets until all the visible particles were removed (3-5 min). Then the supernatant
was further centrifuged at 10000 rpm for 30 min to remove small GO pieces and
water-soluble byproduct.

The final sediment was redispersed in 500 ml of DMF with mild sonication,
resulting in a solution of exfoliated GO. In general, for chemically reduced GO

(RGO), 500 ml of exfoliated GO was stirred for 30 min, and 10 ml of hydrazine
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monohydrate was added. The mixtures were heated at 150 £ 5 °C using an oil
bath for 24 h; a black solid recipitated from the reaction mixtures. Products were
collected by centrifugation at 12000 rpm for 45 min and washed with DI water
and methanol until the pH = 7. Next, the obtained RGO was dried and stored in

a vacuum oven at 60 °C until use.

4.2.3 Synthesis of RGO-loaded ZnO Composite Nanofibers

The preparation of the precursor solution used to fabricate RGO-loaded ZnO
composite nanofibers was prepared by dissolving 10 wt% polyvinyl alcohol in
distilled water and the mixture was constantly stirred for 4h at 70 °C. Then, 1
gram of zinc acetate and 0.44 wt% RGO solution was added to the mixture and
continuously stirred for 6h at 70 °C.

The precursor solution used to synthesize RGO-loaded SnO, was prepared by
mixing 8 wt% polyvinylpyrrolidone into a 1:1 solvent mixture of DMF and ethanol
and constantly stirred for 4h at room temperature. Then, 1.75 g of SnCl,.2H,0
and 0.44 wt% RGO solution was added to the mixture and constantly stirred for
12h at room temperature. The amount of RGO loaded in both SnO, and ZnO
nanofibers was kept constant (0.44 wt%) which was found to be the optimal
amount in the previous works [78].

The prepared Zn and Sn precursor solutions were used for electrospinning
by loading into syringes with the needles of inner diameter of 0.51 mm. The
distance between the tip of the needle and the collector was fixed at 20 cm. The
feed rates of the solutions were set to 0.05 mL/h using an accurate syringe pump.
The collected as-spun nanofibers, over a Si wafer with 250 nm thick SiO, layer,
were subsequently heated at 600 °C in the air for 30 min at a heating rate of
0.5 °C/min to remove the polymer solvents. All experiments were performed
at room temperature. While the experimental procedures are schematically

illustrated in Figure 3.1 in Chapter 3 (see page 42), the details of the processes
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used to synthesize the electrospun nanofibers can be found in our earlier reports

[104, 137].

4.2.4 Characterization and Sensing Measurements

The morphology and microstructure of the synthesized nanofibers were examined
by field-emission scanning electron microscopy (FE-SEM, Hitachi S-4200) and
transmission electron microscopy (TEM, Philips CM-200), respectively.

In order to reveal the incorporation of RGO nanosheets, we carried out Raman
and XPS analyses. The Raman spectra were acquired using a Jasco laser Raman
spectrophotometer NRS-3000 series, with an excitation laser wavelength of 532
nm, at a power density of 2.9 mW.cm2. XPS was carried out by using a VG Multilab
ESCA 2000 system, in which a monochromatized AlKa X-ray source (hv = 1486.6
eV) was used.

In order to evaluate the sensing properties of the synthesized nanofibers, Ti
(thickness: ~ 50 nm) and Pt (thickness: ~ 200 nm) were sequentially deposited
on the substrates via magnetron sputtering using interdigital electrodes. A
custom-made gas dilution and sensing system were used to measure the responses
of the sensors to a range of concentration of hydrogen gas (0.1-10 ppm) at 300,
350 and 400 °C. A known amount of high purity hydrogen gas (>99.999%) was
transferred from the storage cylinder to the sensing chamber and the desired
amount of concentration was obtained by diluting it with N, gas and controlled by
using accurate mass flow controllers. The gas response was estimated as (R,/Ry)
by measuring the conductance change of the sensors in the absence and presence
of hydrogen, where R, is the resistance in the absence and R, is the resistance in
the presence of hydrogen. The response and recovery times were calculated by
measuring the times needed to reach a 90% change in the resistance on the supply

or removal of hydrogen.
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4.3 Results and Discussion

4.3.1 Microstructural Analysis

We examined the microstructure and morphology of calcined nanofibers by
field-emission scanning electron microscopy (FE-SEM, Hitachi S-4200) and
high resolution transmission electron microscopy (HR-TEM, Philips CM-200)
(Figure 4.1a-f). After calcination at 600 °C for 30 minutes in the air at a heating
rate of 5 °C/min, the synthesized nanofibers exhibited a regular structure with an
average diameter of 190 nm and composed of a large number of nanograins of
average size 30 nm as shown in Figure 4.1b. The nanofibers and nanograins were
uniform in their size and shape. It is well known that the evolution of nanograins
and their size greatly influence the sensing properties of the nanofibers. The
inset figure is the low-resolution SEM micrograph showing uniform and random
distribution of the composite nanofibers on the Si/SiO, substrates.

The presence of nanograins and polycrystalline nature of the composite
nanofibers was also confirmed by TEM examination (Figure 4.1c-d) which was
in good agreement with the SEM micrographs (Figure 4.1a). Figure 4.1e shows
the magnified high-resolution TEM (HR-TEM) image of an enlarged surface
region of an RGO-loaded ZnO composite nanofiber. Several amorphous RGO
nanosheets were observed on the surfaces of the nanograins, likely creating
local heterojunctions with n-ZnO nanograins. The inter-planar distances of ZnO
nanofibers were approximately 0.24 and 0.26 nm, respectively, which correspond
to the (101) and (002) planes of the hexagonal ZnO phase. All the diffraction
ring patterns were indexed to a hexagonal ZnO structure (JCPDS Card No.
89-1397) (Figure 4.1f). The microstructure and morphology of RGO-loaded SnO,
nanofibers were also investigated by using FE-SEM and HR-TEM and presented in

Figure 4.2.
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4.3.2 Sensing Results

In order to characterize the sensing performances of the sensors comprising
RGO-loaded ZnO composite nanofibers and RGO-loaded SnO, composite
nanofibers, we exposed the sensors to a range of hydrogen gas concentration (100
ppb, 1 ppm, 5 ppm and 10 ppm) at various temperatures. Figure 4.3 summarizes
the typical dynamic resistance curves while Figure 4.4 shows the sensor responses

of RGO-loaded SnO, and RGO-loaded ZnO composite nanofibers at 300, 350, 400,
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FIGURE 4.1: Microstructural analysis of RGO-loaded ZnO nanofibers
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FIGURE 4.2: Microstructural analysis of RGO-loaded SnO, nanofibers

and 450 °C. The sensing behavior of both sensors was similar to a typical n-type
oxide semiconductor (i.e, a decrease in resistance by a reducing gas; (Figure 4.3).
The sensor responses of both sensors monotonically increased with increasing not
only hydrogen gas concentration but also temperature.

It is noteworthy that RGO-loaded ZnO nanofibers exhibited the highest
responses than RGO-loaded SnO, nanofibers at all temperatures even to a trace
amount of hydrogen (100 ppb), demonstrating its potential use in selective
detection of hydrogen in a harsh environment. The sensor responses of

RGO-loaded SnO, nanofibers and RGO-loaded ZnO nanofibers are 74.8 and 2524,
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FIGURE 4.3: Resistance curves of RGO-loaded SnO, and RGO-loaded ZnO composite
nanofibers at various temperatures

TABLE 4.1: Responses of RGO loaded SnO, and RGO loaded ZnO composite nanofibers

Responses (R,/ Ry)

H, concentration

RGO loaded SnO, composite RGO loaded ZnO composite
300°C 350°C 400°C 450°C 300°C 350°C 400°C 450°C
100 ppb 12.1 13.0 16.5 12.9 4229 485.3 8659 581.0
1 ppm 17.1 17.0 24.0 17.2 721.3 1019.3 14154 957.9
5 ppm 23.2 24.2 38.7 27.2 852.6 1593.2 2010.3 1657.4
10 ppm 42.0 47.8 74.8 41.8 1007.5 1731.6 2524.0 2028.0

respectively, to 10 ppm of hydrogen gas at 400 °C (Table 4.1).

Also, the RGO-loaded ZnO nanofibers were found to be extremely selectively
sensitive to H, gas, in comparison to other gases, including NO,, SO,, O,, CO,
CgHg, and C,HsOH (Table 4.2).

Figure 4.5 shows the change of sensor responses of RGO-loaded SnO,

nanofibers and RGO-loaded ZnO nanofibers with varying the sensing temperature
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TABLE 4.2: Responses of 0.44 wt% RGO loaded ZnO nanofibers to various gases at 400
°C

Responses (Ra/Rg or Rg/Ra)

Gases
1ppm 2 ppm S ppm
NO, 91.5  110.0 119.0
SO, 49.7 59.5 65.7
0, 23.2 28.8 34.2
Cco 7.7 9.7 22.6
CeHg 14.4 15.7 19.1
C,HsOH 14.9 15.8 19.1

H, 1415.4 2010.3 2524.0

in the range of 300-450 °C at H, concentration of 10 ppm. The sensor responses of

75 —0O—300°C
-0O—350°C
—O—400°C
PO —0—450 C
(o]
25
gm ' 8 rGO-loaded
(h'e 8 SnO NFS
~3 |
% 2400/ rGO-loaded
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o
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H, concentration (ppm)
FIGURE 4.4: Responses of RGO-loaded SnO, and RGO-loaded ZnO composite nanofibers

at various temperatures as a function of H, concentration

RGO-loaded ZnO nanofibers are 1007.5, 1731.6, and 2524.0 and 2028.0, at 300,
350, 400 and 450 °C, respectively, whereas those of RGO-loaded SnO, nanofibers
were 42.0, 47.8, 74.8, and 41.8, indicating that RGO-loaded ZnO nanofibers have

significantly higher sensitivities than RGO-loaded SnO, nanofibers.
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In addition, the additional increase in the sensor response of RGO-loaded ZnO
nanofibers with increasing temperature will be associated with an enhancement
of ZnO metallization at a higher temperature. Alternatively, it is expected
that the metallization of ZnO will be dependent on the sensing temperature,
with hydrogen atoms inducing metallization of ZnO even at room temperature.
First, the diffusion coefficient of interstitial hydrogen Dy in ZnO is known to
increase drastically by increasing the temperature from room temperature to

800 K. Accordingly, the amount of H-loading on the ZnO surface will increase

24004 | 10 ppm H, gas
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-
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N
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FIGURE 4.5: Response of RGO-loaded ZnO and RGO-loaded SnO, nanofibers for 10 ppm
Hy
by increasing the sensing temperature. Second, the associated metallization

reactions are thermodynamically favorable at higher temperatures.
ZHO(S) + Hz(g) — Zn(s) + HZO(g)

With adopting the standard free energy as AG°= 130,415-119.353T (kJ/mol),
those at 300, 350, and 400 °C are calculated to be about 62.01, 56.04, and 50.07
kJ/mol, respectively.

In addition, it is possible that hydrogen adsorbed on Zn-polar surface is so

reactive that it is able to reducing ZnO to metallic Zn, forming and desorbing OH
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groups by the following equation:
ZHO(S) + H(g) — Zn(s) + OH(g)

With adopting the standard free energy as AG°= 171,448-66.984T (kJ/mol),
those at 300, 350, and 400 °C are calculated to be about 133.06, 129.71, and
126.36 kJ/mol, respectively. Although the present sensing is not in its standard
condition, the Zn metallization will be thermodynamically favorable at higher
temperature.

The sensor response curves exhibited a bell-shaped behavior, with the
maximum value at 400 °C. The possible reasons for the bell-shaped behavior are
explained as follows:

It has been revealed that the maximum sensing temperature of metal oxides
such as SnO, and ZnO can be varied over large temperature range, depending on
many factors, which are not yet clearly known. There are several factors which
affect the hydrogen sensing behavior. First, the redox reaction, in which the
hydrogen molecules will react with the adsorbed oxygen species, is exothermic
and will be activated or enhanced at higher temperature. Second, the adsorption
and desorption of hydrogen will be important. At higher temperature, the
adsorption of hydrogen will be suppressed and may be desorbed prior to the
redox reaction, contributing to the depression of hydrogen sensing at higher
temperature. Third, in case of ZnO sensor, hydrogen-induced metallization will
affect the sensing behavior. The Zn metallization will be thermodynamically
favorable at higher temperature. Accordingly, with the adsorption being
suppressed at higher temperature, it is expected that the temperature-dependent
sensing exhibits the bell-shaped behavior.

We have compared the sensor responses of RGO-loaded ZnO nanofibers to
those of RGO-loaded SnO, nanofibers, pure SnO, nanofibers, and pure ZnO

nanofibers, with respect to H, gas. The H, concentration was fixed to 10 ppm
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as shown in Figure 4.6. Not only the use of ZnO but also the introduction of RGO

played crucial roles in enhancing the sensing behavior.

rGO/Zn0O
composite NFs

rGO/SnO,
composite NFs

Pure ZnO NFs

I 400°C

Pure SnO, NFs 10 ppm H, | [ 350°C
I 300°C

0 500 1000 1500 2000 2500

Response (Ra/Rg)

FIGURE 4.6: Responses of pure SnO,, pure ZnO, RGO-loaded SnO, and RGO-loaded ZnO
nanofibers at various temperatures

4.3.3 Sensing Mechanism

The main sensing mechanisms in ZnO nanofibers are explained here. First, there
is resistance modulation due to the change in the radial thickness of the electron
depletion layer, underneath the surface. The depletion layer will be contracted
and expanded, by the introduction and removal of H, gas, respectively. Second,
excellent gas sensing characteristics of nanofibers were ascribed to the presence
of grain boundaries, establishing the potential barriers and thus upward band
bending at the grain boundaries in ambient air.

Upon introduction of H, gas, H, molecules adsorb and react with chemisorbed
oxygen in the ZnO grain boundaries, reducing the potential barriers and thus
increasing the conductivity. ~While the resistance modulation through the
introduction/removal of a target gas is a generally accepted mechanism for

metal oxide nanofibers-based gas sensors, the exceptionally high responses of the
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p-rGO — metallic Zn in H, gas
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FIGURE 4.7: Sensing mechanisms in which the surface of the ZnO nanograin is metallized

present nanofibers to H, gas indicate additional resistance modulation. Several
studies have reported the creation of heterointerfaces between a metal oxide
and graphene [78, 143, 144] for improving the sensing properties. Similarly,
compared to pure SnO, nanofibers, the sensing responses of RGO-loaded SnO,
nanofibers were significantly enhanced due to the presence of RGO [78].

Additionally, the superior response of RGO-loaded ZnO nanofibers with
respect to that of RGO-loaded SnO,, in conjunction with the observation that
pure ZnO nanofibers exhibit a superior sensor response to pure SnO, nanofibers,
suggests that the interaction of H, with RGO-loaded ZnO noticeably affects the
sensing behavior. Since the introduction of H, gas inevitably generates a metallic
Zn layer along the RGO/ZnO heterojunctions, the energy band diagrams involving
three phases should be considered (Figure 4.7). From the differences in work
functions, at equilibrium, the potential barriers will be generated not only at the
RGO/Zn interfaces but also at the Zn/ZnO interfaces.

First, the n-ZnO will become more n-type, by the transfer of electrons from
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metallic Zn. With the enlarged ZnO depletion region on the nanofibers surface,
the introduction/removal of H, will generate the relatively larger resistance
modulation. Second, in ambient H,, the potential barrier of RGO/Zn prevents
the electron flow into RGO. Accordingly, the electrons in the ZnO region of
sensor devices will not be lost to the RGO region. This will further decrease
the resistance, which will be induced by the introduction of H, gas. Third, the
RGO nanosheets will exert the spillover effect, enhancing the sensing behavior.
Based on our results, the extraordinary improvement in the sensing properties of
RGO-loaded ZnO nanofibers for H, is primarily due to the surface metallization
effect (occurring in a H, atmosphere) combined with the creation of local p-n
heterojunctions.

Although extraordinarily high sensor responses were observed from sensors
consisting of SnO, thin films [145, 146], the H, concentration was in the range
of 800-1000 ppm. Despite the importance of hydrogen sensor operation at
low concentrations, there have been few studies on such sensors. The Bi,Ss
nanowire-based sensors exhibited a room-temperature sensor response of 1.22
at 10 ppm [147]. B. Wang et al. reported a sensor response <0.5 at 10 ppm using
SnO, nanowires [148]. We recently developed a ZnO nanofibers based sensor,
showing a H, detection response of 63.8 at a very low concentration of 0.1 ppm.
This striking enhancement in H, sensitivity was ascribed to the hydrogen-induced
metallization on the surface of ZnO nanograins [137].

This work presents the highest response to date to a very small concentration
of H, with short recovery times. Experimental results suggest that RGO-loaded
ZnO-based gas sensors can be applied when very low H, detection is required due
to the combined effect of p-RGO and the semiconductor-to-metal transition effect
of ZnO in a H, atmosphere. However, better responses with more rapid responses
and recovery times at a relatively low temperature can be obtained by tuning

the heterointerfaces between p-RGO nanosheets and n-ZnO nanograins and
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through functionalization or electronic sensitization with palladium or platinum
nanoparticles. This study is in progress and will be presented in the following

reports.

4.4 Summary

In summary, uniformly-distributed RGO-loaded metal oxide composite nanofibers
with average diameters of 190 nm were synthesized through a low-cost
electrospinning process. These RGO-loaded nanofibers had a polycrystalline
nature due to the presence of a large number of nanograins, which were
responsible for the additional resistance modulation at grain boundaries. The
p-RGO nanosheets attached to the nanofibers greatly enhanced the sensing
properties of the nanofibers by creating local heterointerfaces with the n-type
nanograins and acted as electron acceptors. At 10 ppm of H,, the RGO-loaded ZnO
nanofibers exhibited a sensor response of approximately 2524. The RGO-loaded
ZnO nanofibers exhibited excellent sensor responses (865.9) to a very low
concentration of H, gas (100 ppb).

These enhanced and extraordinary improvements in the sensing properties
of RGO-loaded ZnO nanofibers were attributed to the combined effect of (i) the
presence of p-RGO nanosheets and (ii) semiconductor-to-metal transition of ZnO
in a H, atmosphere. The present study provides a powerful insight into the
enhancement of sensing abilities and selectivities due to the incorporation of RGO

nanosheets and ZnO-based gas sensors for detecting trace amounts of H,.
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Chapter 5

Concluding Remarks

This chapter is devoted to conclusions and main findings of this research work

and future recommendations for this investigation.

5.1 Conclusions

This research work can be concluded as follows

e Graphene and reduced graphene loaded composite metal oxide (SnO, and
ZnO, respectively) nanofibers were synthesized using a low cost and facile
electrospinning process and various low concentrations of oxidizing and

reducing gases were tested at a variety of operating temperatures.

e The amounts of graphene and reduced graphene oxide as well as the

operating temperature were optimized for best sensing performances.

e Microstructural and morphological analysis were carried out using XRD,
FE-SEM, HR-TEM etc. and these analysis confirmed the presence of
graphene and reduced graphene oxide nanosheets in the polycrystalline

metal oxide nanofibers. These analyses were helpful to understand
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the interaction of p-type graphene or reduced graphene oxide with the

nanograins of n-type metal oxides.

o The sensitivity of the graphene or reduced graphene oxide loaded composite
nanofibers were significantly enhanced as compared to the pristine metal

oxide nanofibers.

e Reduced graphene oxide loaded ZnO nanofibers showed exceptionally high

sensitivity and selectivity towards the low concentration of hydrogen gas.

Various novel hybrid sensing mechanisms have been proposed for better

sensitivities and selectivity of the fabricated gas sensors.

5.2 Outlook

Although, this research has explored and established the sensing behavior
of graphene loaded metal oxide nanocomposites, further research could be
undertaken to improve the sensing performances and for better understanding

of sensing mechanisms of the fabricated sensors by

e expanding the range (lower and higher) of gas concentration and operating

temperature of the sensor to improve their sensitivity and selectivity

e increasing the target gas variety (e.g, more hydrocarbons, alcohols and other

reducing and toxic gases etc.) to ascertain the selectivity of the sensors
o studying the effects of deposition duration on the behavior of gas sensitivity

o the stability of the obtained sensors should be confirmed by long term tests

under real working conditions such as in humid environments

The author believes that this work could also be extended to investigate the

gas sensing mechanisms at the nanoscale using density functional theory (DFT)
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modeling and finite element modeling (FEM) and simulations. This atomistic
simulation will provide details of the transport properties of the carriers in the
composite nanostructures so that the sensing device can be accurately designed
for the maximum performance.

Finally, an integrated micro machined gas sensor array, associated with pattern
recognition (PARC) techniques, such as artificial neural networks (ANNs), could
be studied and analyzed to overcome the problems associated with poor selectivity

encountered during the operation of individual gas sensor.
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