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Abstract

Graphene has got significant scientific attention because of its special chemical,
mechanical and electrical properties. This highly strong two dimensional (2D) material
has prospective application in gas sensors. Carbon monoxide gas sensor are very
important for human health and safety. Carbon monoxide is highly toxic gas and tough
to detect because of its colorless and odorless characteristics. Carbon monoxide can
get into human blood through lungs or skin. It moves into the tissues where it binds
with oxygen and decrease the amount of oxygen there. This leads to headache,
dizziness, confusion and even death at high concentration and longtime exposure.
Herein, we report the use of defected Graphene (usually called reduced Graphene
Oxide), Nitrogen doped reduced Graphene oxide (N-doped rGO) and composites of
reduced Graphene Oxide (rGO) with nanoparticle of metal oxide (FesO4, CoOOH) and
MOFs (ZIF-67, Ni-BDC) for carbon monoxide sensing at ambient conditions.
Graphene oxide is prepared by chemical oxidation of graphite and converted into
reduce graphene oxide (rGO) by using phenyl hydrazine. Metal Oxide nanoparticles
(FesO4 and CoOOH) and MOFs (ZIF-67 and Ni-BDC) were successfully incorporated
in rGO and employed for carbon monoxide sensing. Nitrogen doping in graphene was
successfully done by using ammonium nitrate as nitrogen source and tested for carbon
monoxide gas sensor. The prepared materials GO, rGO, Fe3O4, COOOH, ZIF-67,Ni-
BDC and their composites were characterized by X-ray diffraction pattern, Scanning
Electron Microscopy, and FT-IR spectroscopy. Reduced graphene oxide has shown
14 % sensitivity with response time of 120s while nitrogen doped reduced graphene
oxide shows 80% response towards 1000ppm of CO with response time of 30s. Among
Hybrids, rGO/Fe304 hybrid has shown no response at room temperature while
rGO/CoOOH, rGO/ZIF67 and rGO/Ni-BDC shows 34%, 90% and 38% response
towards 1000ppm of CO respectively. ZIF-67 gives highest sensitivity (90%) in 20s

for 1000ppm of CO level and is a promising candidate for CO sensing application.

Keywords: Graphene Oxide, Reduced Graphene Oxide, Metal Oxide Nanoparticles,
Zeolitic Imidazolate Framework-67 (ZIF-67), Ni-BDC, Solvothermal Synthesis, CO

Sensor.
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CHAPTER 1

Introduction

Extensive industrialization and use of different chemicals has increased the emissions
of toxic gases and vapors to the environment. Among many toxic gases, CO emission
is a threat to human life. [1, 2]. The emission of CO can cause diverse effect on human
health. CO can get into human blood through lungs or skin, and move into tissues
where it binds with oxygen and decrease the amount of oxygen there, which leads to
headache, dizziness, confusion and even death at high concentration. Effect of
different concentration of CO on humans is given in table 1.1. For environmental

monitoring and protection of human health CO detection is important. [2]

Table 1.1. Effects of different concentration of CO on humans.

Concentration Exposure Time Symptoms
35 ppm Six to Eight Hours Headache and dizziness
100 ppm Two to Three Hours Slight headache
840 ppm 50 Min Nausea, and convulsions
Five to Ten Minutes, 30 | Dizziness, Headache and
3,200 ppm )
Minutes Death
_ Headache and dizziness.
Two Minutes, 20 ] )
6,000 ppm ) Convulsions, respiratory
Minutes
arrest, and death
12,800 ppm Three Minutes. Death

1.1 Common Sources of Carbon Monoxide and Safety Limits

According to World Health Organization (WHO) [3] some common sources of carbon
monoxide are Cigarette Smoke, Gasoline Heaters, Propane-Fueled Equipment
(Portable Stoves), House Fires, Wood-Burning Stoves, Solid Waste Disposal, Faulty
Furnaces, Internal Combustion Vehicle Exhaust and Warehouse. Tobacco burning is
another source of indoor CO generation. Two cigarettes produce 80-190mg of CO in

10min.



1.2 Industrial Emissions of Carbon Monoxide

According to Occupational Safety and Health Administration (OSHA) industries and
processes that produce CO are; 1. Steel Production by Blast Furnaces 2.Matels
Purifying 3.Coke Producing Reactors 4. Carbon Black Manufacture 5. Oil Refining 6.
Coal Mining 7. Boiler Rooms 8. Breweries 9. Metabolism of Dichloromethane

Produces Carbon Monoxide 10.Paint Industries [4].

1.3 OSHA standards for Carbon Monoxide exposure

According to OSHA following occupations are usually exposed to CO on daily basis
1. Welder 2. Garage mechanic 3. Firefighter 4. Carbon-black maker 5. Organic
chemical synthesizer 6. Metal oxide reducer 7. Longshore worker 8. Diesel engine
operator 9. Forklift operator 10. Marine terminal worker 11. Toll booth or tunnel
attendant. The permissible exposure limit (OSHA PEL) for above mentioned workers
during 8 hour time period, is 50 parts per million (ppm) [4].

For maritime operations, OSHA PEL is also 50ppm for 8 hour period, but if CO
concentration increases up to 100ppm the maritime workers should be evacuated from
workplace. Workers involved in roll in-roll off RO-RO operations (roll-on roll-off
operations) the CO OSHA PEL is 200 ppm. According to World Health Organization

(WHO) carbon monoxide exposure limits are given in figure 1

Concentration Time Concentration Time
1000 ppm 15 min 300 ppm 1hr
600 ppm 30 min 100 ppm 8 hr

Figure 1: WHO Limits of CO Exposure

1.4 Few Historic Events of Carbon Monoxide Poisoning

In November 1971, Seattle-King County U.S Washington Health Department detected
CO illness in 15 children. The cause of their illness was CO exposure of 305ppm in
ice-skating arena. [5] On June 2001 B. Marc reported the cause of six deaths in a house
to be linked to CO generated by gasoline-powered generator.[6] In 2008, after
Hurricane Ike's landfall, large population was effected by CO poisoning. CO generated
from electric generators operating in close rooms. [7] On July 18, 2015 a man from
Greystanes died because of carbon monoxide poisoning. CO produced from coal

which he was using to heat his closed room [8].



1.5 Solid State Carbon Monoxide detectors

The working principle of this type of gas sensors is the revocable contact of gas
molecules with sensing material, this interaction alter the electric resistance of sensor,
this change in resistance measured as signal. Solid-state gas sensors can be electro-
chemical or chemi-resistive.

An electrochemical sensor is very similar to a fuel cell. Electrochemical sensors
comprise of electrodes dipped in the electrolyte (usually sulfuric acid) and connecting
wires. The REDOX reaction of carbon monoxide occur on electrodes which produce
current and this current is measured as a signal.

Chemi-resistive sensors consist of a thin sensing material which is connected to an
integrated circuit. Oxygen chemisorbed on sensing element and increase the resistance
of the sensor, as the sensor exposed to target gas change in resistance occurs which
measured as the response. Because of simplicity and low cost, focus will be on chemi-
resistive sensor. However, the sensing mechanism of chemi-resistive gas sensor is

multifaceted and under research. [9].
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Figure 2: (a) Electrochemical sensor (b) Chemiresistive sensor



1.6 Materials for Solid State Sensors

There are no limitations to the use of material for solid-state gas sensors. In general, a
sensor should have high sensitivity, selectivity and stability. Sensing material choice
is greatly influenced by electronic structure, adsorption/desorption characteristics,
catalytic activity, band gap, electric conductivity and thermodynamic stability.
Graphene fulfils many requirements, primarily sensitivity, selectivity and stability
required in sensing materials [11,12]. According to the work of Schedin et al. graphene
can provide ultimate sensitivity, because graphene have low electrical noise as
compared to conventional semiconductors and fast catalytic electrons transfer [13].
The adsorption of CO on pristine graphene is low, which shows that the pristine
graphene cannot provide useful electronic signals for CO sensing. For tailoring the
graphene properties for a specific gas like CO, graphene is either doped or combined
with two or more materials [14]. In this work we have used both approaches to prepare
highly sensitive CO gas sensor. In this research the following composite/materials

have been synthesized for CO gas sensing;

e Reduced Graphene Oxide (rGO).
e Nitrogen doped reduced graphene oxide (N-doped rGO).
e Graphene and Metal Oxide (FesO4 and CoOOH) Composite.

e Graphene and Metal Organic Framework (MOFs) Composites.

1.7 Introduction to Graphene

Graphene have 2D structure which is compose of carbon atoms that are Sp? hybridized
and arranged in hexagonal pattern. This type of arrangement is called honeycomb
structure. Graphene exhibit extraordinary mechanical, electric properties and very
high specific surface area. High mechanical strength is due to covalent nature of
bonding and small bond length. High electric conductivity and low electrical noise is
because of no band gap between valance and conduction band [15]. The electron
mobility in graphene is about 100 times greater than any other conductive material,
and it has the ability to tolerate high concentrations of electrical current.

Graphene is completely impermeable to all the gasses and have high adsorption
capacity. These two properties are highly valuable in gas sensing applications. As
graphene is considered “the next wonderful material” however to replace currently

used materials in electronics with graphene is still debating. Carbon atoms in graphene

4



are Sp? hybridized, Sp? hybridization yield three Sp? orbitals that are arrange at 120°
degrees and one un-hybridized orbital which form delocalized electronic cloud just
like benzene. [16]

()

Figure 3: Structure of Graphene

1.8 Routes for Graphene Preparation

In 1859, Benjamin Brodie provided the base for graphene synthesis by chemical
method, he studied the reaction of graphite with oxidizing agent such as chlorates [17].
In 1898 L. Staudenmaier rendered the reaction time by using sulfuric acid in reaction
mixture of Brodie. In 1958, Hummers and Offeman published graphite oxide
preparation using potassium permanganate instead of chlorate which produce toxic
CIO [18]. About 90 year after Brodie, Vogt studied the exfoliation of graphene oxide
and found cracked sheets using transmission electron microscopy [19]. In 1986,
Boehm et al. labeled these bodies as “graphene” [20]. Geim and Novoselov isolated
single layer of carbon atoms by mechanical exfoliation using scotch tape and they
received Noble Prize for their work [21] and studied the electric properties of
graphene. Their work set off researchers to study graphene more for different
application.

Graphene can be synthesized by using graphite as raw material or by using any carbon
material (methane, ethane, acetylene).



1. The exfoliation method of graphite includes;
e Mechanical cleavage
e Liquid-Phase Exfoliation

e Electrochemical methods.

2. Using Carbon precursor, Chemical Vapor Deposition and Thermal Decomposition
of SiC are used.
1.8.1 Chemical Deposition Method
In this process transition metal substrate put in a closed chamber and gradually heated
to 1000°C with the continuous flow of feed gas, the carbon atom from hydrocarbon
nucleate on the substrate and nuclei grow to give a lager film [22].
1.8.2 Thermal decomposition of silicon carbide
This method utilized the segregation of SiC. This method has the ability to produce
large films of graphene. This process involve two steps; annealing of SiC at above
800°C under continuous flow of Hz or Argon, which cause the sublimation of Si, in
second step carbon atoms arrange themselves to give graphene [23].
1.8.3 Mechanical cleavage
Mechanical Exfoliation is called the mother of graphene synthesis because Geim
extracted single-layer from graphite using scotch-tape. He stick graphite on a piece of
tape and cleaved it with other sticky tape until invisible powder left on the starting tape
and then transferred it to silicon dioxide substrate.[21]
1.8.4 Electrochemical method
In this method boro-silicate glass pressed on graphite layer at 200°C, and the voltage
of 1700-1800V is applied. The electric field pull the layers of graphite apart and
deposited on glass plate. [24]
1.8.5 Exfoliation of Graphite
Exfoliation of graphite is most convenient method to produce graphene. There are two
ways of graphene synthesis by this method;

a) Exfoliation of Graphite by using Solvent.

b) Exfoliation of Graphite by Oxidation.

a. Exfoliation of Graphite by using Solvent
Process involves three step; in first step the graphite is mixed in a solvent that increase

the distance between the graphite layers, in second step mixture is ultra- sonication to



split graphite layer into individual platelets. Final step is the purification of the product
by removing solvent [25].

b. Exfoliation of Graphite by Oxidation

Oxidation route of graphene synthesis by using graphite as starting material is largely
used method. Oxidation of graphite is done by using strong oxidizing agent like
KMnOs and concentrated sulfuric acid followed by reduction using strong reducing
agent like ascorbic acid or the salts of hydrazine to give graphene usually called
reduced graphene oxide (rGO). [18]

1.9 Reduction of GO

During oxidation of graphite different functional groups attached to GO sheets. These
functional groups have different binding energies depending upon the type and
location. To obtained graphene, these functional group should be removed, the
graphene obtained by the removal of functional groups from GO is called reduce
graphene oxide (rGO).

Many methods are available to remove these groups, some important and vastly used
are given in table 1.3. [26-46]. Thorough reduction of GO is very tough to attain, but
for large scale synthesis and applications graphene production through GO is very

attractive. The structure of rGO sheets is given in figure 4.

aromatic
domain

oxidized
domain

aromatic domain: surface area of sp-carbons
oxidized domain: surface area of sp3-carbons. vacancies, elc.

Figure 4: Structure of rGO sheet



Table 1.2 [26-46] A comparison of GO reduction methods

Advantage

Disadvantage

Electric
conductivity

Carbon/Oxygen
Ratio

Thermal Reduction

Different level of
reduction can be
achieve by
varying
temperature.

Small size, wrinkled
graphene sheets.

30% yield.

Large energy
consumption

Depend upon
reduction
temperature,
typical mean value
is10-23S/cm.
500°C 50 S/cm,
700°C 100 S/cm
1100°C 550 S/cm.

Depend upon
the temperature.

At 500 °C ratio
is 7.

At 750°C ratio
is 13.

Radiation Reduction

Uniform and rapid
reduction.

Expansive and not
suitable for bulk
production

Photo-irradiation
=10 S/cm
Laser = 256 S/cm

Photocatalytic Reduction

Green and
Sustainable, Low
waste production.

High level of
reduction cannot be
not be achieved.
Use UV- light
source.

Electric resistance
around 150 (k€Q/sq)

Electrochemical Reduction

No special
chemical agent
Room temperature
No toxic waste

Large scale
synthesis is costly
and difficult.

85S/cm

23.9

Chemical reagent reduction

Mass production,
cheaper and easily
available

Chemical waste is
produced

Hydrazine 99.6 S/
cm

NaBH4 16.6 S/cm.
Ascorbic acid 77
S/cm

Hydroiodic acid
300 S/cm

Ration ranges
from 13-15
depending upon
reducing gent
used

Solvothermal Reduction

Green, less toxic
and produce a
stable and well
dispersion rGO
sheets

Time consuming,
high pressure and
less reduction than
other methods.

Electric resistance
depend on solvent
used

DMF 10°-10°
Q/sq

NMP 3.74 S/cm
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1.10 Graphene Doping

Heteroatoms doping is the best method to regulate semiconducting properties of
graphene. Because of similar properties, Nitrogen atom is natural heteroatoms for
doping. [47-51].

Different nitrogen doping methods could produce different properties. Many synthesis
methods are available as given below [52-60];

e Chemical Vapor Deposition e Arc-Discharge
(CVD) e Plasma Treatment

e Thermal Annealing e N2H4 Treatment

e Pyrolysis e Hydrothermal Method

e Solvothermal e Wet Chemical Synthesis
Method

Graphene doping with nitrogen produced different kinds of groups in lattice as shown

in figure 5, Pyridinic, Quaternary and Pyrrolic. [61-63].

Graphitic N

SN Pyridinic N

Pyrrolic N

Figure 5: Structure of Nitrogen doped rGO sheet

1.11 Metal Oxide Nanoparticles
Metal oxides nanoparticles based gas sensors have been largely investigated till now.
It has been well known that metal oxides alter their electrical resistance with the

change in gas composition in surroundings [64]. In 1968, Taguchi commercially



produced gas sensor for the sensing of explosive gases. The sensor was made of SnO>
thick film, the detail structure of that sensor is given in figure 6. Other than SnOs,

TiOz, In203, WO3, Zn0O, Fe,03 have been studied for chemical sensing.

SnO
2 Electrode

C eranuc

T
Pipe 0 '

Lead Wire

Figure 6: Schematic picture of Taguchi chemoresistive gas sensor

Moreover, noble metals composites with metal oxides have been studied to enhance
sensitivity and stability. In 1991 Yamazoe [65] published most important findings. He
proved that with the reduction in crystallite size, sensor performance is largely
increase. Metal oxide gas sensor took new turn with discovery of metal oxide
nanowires. This shifted the research community to synthesis different shaped metal
oxide nanoparticle for gas sensor.[66] With the increase in interest of researchers in
graphene, rGO/ Metal Oxide Nanocomposite have shown great potential for next
generation metal oxide gas sensors with high stability, long lifetime and low-operating

temperature [67].
1.12 Metal Organic Frameworks (MOFs)

MOFs are porous coordination polymer with exceptional properties like permanent
nanoscale porosity with extraordinary surface area, uniform and tunable pore size, and
ability of being functionalized. These properties make them better than conventional
porous materials. MOFs are under intensive studies and extensively use in gas storage,
separation, catalysis and chemical sensors. Typically, MOFs are synthesized by
compilation of metals and multi dentate organic linkers by coordination bonds. Most
MOFs have 3 dimensional structure incorporating various pores and a number of open
channels. [68-70].

MOFs are formed by unique coordination reaction of metal ions and organic linkers.
MOFs network geometry relies heavily on the organic ligands properties and metal

synchronization. Particularly, new MOFs can be set up by changing the linker bridge
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or its functionalization, without changing the original topology of the MOF.
Coordination spots are offered by the transition metal ions to the organic ligands [71].
Ligands are generally multidentate bridging linkers, containing an extensive choice of
linking sites, they have, exceptional to its topology, direction of organic linkers and
binding strength. Rigid ligands will be responsible for the physical topologies during

synthesis.

| + | —
Metal Ion Organic

Linker
Metal organic
Framework

Figure 7: MOFs synthesis reaction

MOFs can be synthesized by utilizing numerous methods including hydrothermal,
room temperature crysallization, solvothermal, microwave heating, vapor diffusion,
direct mixing and so on. The solvothermal and room temperature synthesis methods
for MOFs production are usually utilized. These synthesis routes also tend to lead to
different properties of MOFs. For example, MOFs synthesized by solvothermal

method have larger particle size than room temperature synthesis method. [72].

1.13 Sensing Mechanism
A general sensing mechanism involves the combination of physisorbed gas with
oxygen, which is chemisorbed on the sensing material surface.

As oxygen chemisorbed on the surface it forms many ions as shown below.
05 (gas) «> 05 (ad) «> Oy (ad) «> O (ad) « O (ad) « O™ (lattice)

Reducing gas CO interacts with O™ as show equation below;

O +e = 0" (chemisorbed)

When sensor is exposed to CO gas,

CO (g) = CO (physisorbed)
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it react on the surface as follow and release electron (generate electric signal);

CO (physisorbed) + 0~ > COy + ¢~

CO (physisorbed) + 0" = CO, +2¢~

CO release electrons on interactions and cause decrease in resistance of overall
material. The nitrogen doped graphene or graphene in composite provide energetically

favorable sites and increase the sensitivity.[73]

Figure 8: Gas sensing Mechanism
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CHAPTER 2

Literature Review

2.1 Carbon monoxide Gas Sensors
In 1990s CO was detected using a white mat of KoPd(SOs)> which change its color in
the presence of CO. This type of detector give only visual warning and did not provide
a quantitative measurement of CO level. Although this type of sensor has low cost but
provide low protection. With the increase in death rate due to CO poisoning, audible
sensors become important. Solid state gas sensors (described in section 1.) which
provide an audible alert of CO presence developed to save human lives.
Electrochemical sensors are highly accurate, operate at room temperature but have a
complex structure, high cost and low lifetime. Because of simplicity, low cost and a
large range of application CO chemi-resistive sensor is under a lot of interest. Efforts
are on to develop sensing material that improves the sensitivity of chemi-resisitive
sensor and operate at room temperature [9].
There are no limitations to the use of material for solid-state gas sensors. In general, a
sensor should have high sensitivity, selectivity and stability. Graphene is considered
“the next wonderful material” the electron mobility in graphene is about 100 times
greater than any other conductive material, and it has the ability to tolerate high
concentrations of electrical current. Graphene is completely impermeable to all the
gasses and have high adsorption capacity. These two properties are highly valuable in
gas sensing applications [11-13].
2.2 Graphene for Carbon Monoxide Gas Sensor
Graphene has been studied for many gases as shown in table 2.1, but for CO, graphene
has not got much attention. It can be seen from table 2.1, for the detection of different
gases graphene is either doped or combined with other materials for selective detection
of particular gas. Adsorption of CO on the pristine graphene cannot provide useful
electronic signals to fabricate a CO sensor, to make graphene responsive for CO,
graphene is doped with nitrogen and its composites with metal oxide nanoparticle and
metal organic framework are prepared for CO sensor fabrication. Also Graphene
synthesized by graphite oxidation generates natural defects that also increase the
sensing characteristic of graphene.
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Table 2.1: Literature Review of Graphene used in Gas Sensing Application

Authors Year/Journal Gas Detection | Type of Graphene
F. Yavari 2012 Ammonia Graphene films
: . NH hesi VD
et al.[74] Applied Physics (NHz) gas synthesized by C
Letters
L. Huang 2014 Nitrogen Sulfur functionalized
et al.[75] ACS Applied Dioxide rC?O and comp03|.te
Materials & Interfaces with Ag nanoparticles
K.R.Nemade | 2013 Carbon Dioxide | Graphene/Y203
etal. [76] Journal of Modern Detection quantum dots (QDs)
Physics
K.R.Nemade | 2014 Carbon Dioxide | Graphene/Sh,03 QDs
etal. [77] Optical Materials Graphene/Alz0: QDs
J.L.Johnson | 2010 Hydrogen Pd-coated and
etal. [78] Advanced Materials Detection multilayered Graphene.
Z. Wu 2013 Methane Graphene
etal. [79] IEEE Sensors Detection nanosheets/PANI
nanocomposite
L. Tang 2010 2,4,6- Graphene synthesized
et al.[80] Chemical Trinitrotoluene | by electrophoretic
Communications (TNT) techniques
Detection
L. Zhou 2013 Hydrogen Ag-decorated Graphene
etal.[81] Nanoscale Sulfide composite

Among many doping atoms nitrogen (N) atoms significantly change the performance

of graphene. For example, increase in charge distribution of graphene and “active
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region” on the surface of graphene. These activated region contribute in catalytic
activity like oxidation and reduction reactions in sensors, supercapacitors and
batteries. Nitrogen doping cause the replacement of carbon atom by nitrogen in the
graphene lattice, which gives graphene novel semiconducting properties for example
change in band gap and increase in electrons or holes concentration. Recently,
Nitrogen-doped graphene is largely investigated in fuel cells, batteries,
supercapacitors and medical field. By now nitrogen doped graphene is growing
rapidly. Peng et al. synthesized nitrogen doped graphene for electro-catalyst in fuel
cell [82].

MA CongCong [83] showed through mathematic modeling that Nitrogen doping in
graphene favors the selective adsorption of CO and CO molecule physisorbed on N-C
bonds with high electrons transfer than other gases, which make N-doped graphene
highly selectively for CO sensing. In this research nitrogen doping is carried out by
using ammonium nitrate as nitrogen source and fabricated senor showed very high

sensitivity towards CO.

2.3 Graphene and Metal oxide Composites for CO Sensing

The current semiconductor gas sensor required high temperature for the operation. The
operation at elevated temperature cause the fusion of grain boundaries of nano-metal
oxides particles which effect the stability and life time of sensor. Moreover these
sensors required heating arrangements and power consumption for heating. Although
these sensors have high sensitivity but their use for certain conditions are restricted
because of their low conductivity, low stability and sophisticated design [84-86].
Metal oxide gained considerable attention for the development of CO chemiresistive
sensor. Among the many nanomaterials metal oxide like In,O3, C0o304, Fe304, SNO>
and CoOOH have been largely investigated for CO gas sensor as described in Table
2.2 but there are many problems associated with metal oxide sensors like poor
sensitivity, selectivity and high operating temperature which lead to high power
consumption, restriction of use in remote areas and risk of explosion in the presence
of explosive or flammable gases.[87-90]

Use of precious metals has been investigated for CO sensor for example, Fu et al. [90]
decreased the In2O3 operating temperature and enhanced the sensing properties like

sensitivity, response time and selectivity by incorporation of In2Os nanoparticles into
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Au matrices and Beomseok Kim prepared Pd centered sensor for CO detection at room

temperature [87].

Table 2.2: Literature Review of Materials used for CO sensing

Authors Year/Journal Key Findings
Material Temperature,
Response Time,
Sensitivity, Problem
J. F. Chang 2002 ZnO with 400°C, 5s, 61.6%, High
Al dopi Operating T t
etal. [91] Sensors and Actuators opPIng perating 1 emperature
B: Chemical
J.H. Yu 2001 CuO- and 160°C, 23%, High
ZnO- Operating T t
etal. [92] Sensors and Actuators nO-doped perating T emperature
. SnO2
B: Chemical
Ren-Jang 2006 CoOOH 80°C, 1min, High
Operating Temperature
etal. [93] Sensors and Actuators perating pera
B: Chemical
H. Y. Lai 2012 Pt—In203 RT, 5s, 60%, Expensive
et al. [94] Journal of Materials Pd—In203 Metal
Chemistry
N. Du 2008 CNT/Au/ RT, 20s, 70%,
et al. SnO2 Expensive Metal
[95] Chemical nanotubes
Communications
Arunkumar 2017 ZnO/Au RT, 40s, 55%,
et al.[96] nanostars Expensive Metal
Sensors and Actuators
B: Chemical
H. Kim, 2016 RGO/Au/ RT, 18s, 87%,
etal. SnO2 Expensive Metal
[97] Chemical

Communications
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2.4 Graphene and MOFs Composites for CO Sensing

Researchers suggested that not only the particle size of sensor’s material but also the
porosity of material effects the sensitivity of gas sensors. The sensitivity increase with
decrease in particle size and increase in porosity of materials [102].

Recently, Lee suggested that the combination of metal with porous structure, increase
the available active sites for gas chemisorption and improve the sensing properties at
room temperature [103]. Metal Organic Frameworks (MOFs) consist of organic linker
and active metal sites are considered to be promising candidates for gas sensor. The
porosity of MOFs enable the reversible adsorption of incoming species and open metal
sites contribute to increase the sensitivity of the sensor. However inherent poor
conductivity make it difficult to use MOFs alone in gas sensor. Therefore to overcome
the electron transport rate, graphene is incorporated into MOF to use them effectively
in gas sensors.[104-105].

Among many MOFs, ZIF-67 is thermally and chemically stable and can be produced
at low temperature using environmental friendly method. Coupled with relative ease
of synthesis, ZIF-67 contain cobalt in +3 oxidation state, which is an active metal for
CO oxidation. [106] Currently, Wenlan [107] showed that ZIF-67 is selective for CO
adoption and catalytic oxidation.

ZIF-67 are consist of cobalt metal and Imidazolate linkers. With the loss of a proton
IM is formed and make bonding at 145° angle with metal and form M-IM-M. This
type of bonding is similar to the bonding of Silicon-Oxygen- Silicon (Si-O-Si) in the
zeolites as described in figure 9 [108].

.
Q“ .
.~ | |
.h
.

M-IM-M Si-0-Si

Figure 9: Bonding in ZIF-67
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Figure 10: Linking of ligand in ZIF-67 crystal

Another MOF with Nickel as activate metal for CO oxidation and 1,4-
benzenedicarboxylic acid (BDC) linker is also studied in this research. In this Nickel-
based metal-organic framework (Ni-BDC), nickel cation have high oxidation state and

high oxidation is attributed to higher catalytic CO oxidation [109]. Figure 11 explains
the structure of Ni-BDC.

| oo

C , - - ’ LT

o —— :.: AR
o ﬁ‘{ Ni-MOF RS

Figure 11: Ni-BDC-MOF Structure
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Chapter 3

Experimental
3.1 Synthesis of GO

Hummers [110] described a noval process of graphite oxidation in 1958, most
frequently used these days, by improving the work of Brodie and Staudenmaier. In
Hummer’s method, KMnQO4 and NaNOs in the presence of H.SO4, oxidized graphite
to graphene oxide. But, this routine have some drawbacks, release of NOy and presence
of Na* and NO* ions.

In 2010 James M. Tour [111] improved the Hummer’s method by increasing the
amount of H2SO4 and removed the NaNOz from oxidation reaction and make the
reaction non explosive but increasing the reaction time and high consumption of the
oxidants.

Several modification have been done to increase the yield of Hummer’s method to
increase yield. A novel modified hummer’s method is used in this research for GO
synthesis.

Material: Graphite powder, Sulphuric acid (97%), Phosphoric acid H3POs (87%),
Potassium Permanganate (KMnQOs), NaNOgz, Hydrochloric acid (HCI 35%), H>O>
(30%) acquired from Sigma Aldrich & Ethanol (>99.5%.) from MERCK. All reactants
and solvents have been used without further purification.

Procedure: In first step the concentrated H2SO4 and H3PO4 (108:12ml) are mixed in
a flask than 5g powder graphite added in the acid mixture under continuous stirring.
The addition of phosphoric acid (HzPO4) along with H2SO4 helps to form more intact
graphitic basal planes during oxidation. When homogenous black colored solution
formed, 2.5g of NaNO3 was added and temperature of reaction decreased to 0 °C by
using ice bath. The addition of NaNOs in reaction increase the interlayer distances to
a smaller extent before oxidation and helps the oxidation on the basal planes. 15¢g
KMnO4 was added in small lots and mixture was stirred for 1hr.

In last step of heat treatment, temperature was increased to 40°C and stirred for another
60 min. After heat treatment 400 mL distill water was added slowly and the resulting
mixture was left to cool. After cooling, 3 mL of H20, was added in the reaction
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mixture and stirred for 30min to remove unreacted KMnO4 and color of reaction
mixture turn to brown.

The brown solid material was washed with 200 mL of 30% HCI than with distill water
by centrifugation until pH of supernatant reached to 6 and finally with 200 mL of
ethanol. The product was vacuum-dried overnight at 60°C. The sequence of all the

steps involved in the synthesis of GO is describe in figure 12.

2.5g NaNO; + S5g Graphite

Y "

108mL H,SO,+12mL H;PO,

2

Stirring for 10 minutes in ice bath

2 \
[ Add 30g KMnO,+ 1hr stirring in ice bath

U

Stirring at 40°C for 1hr

U

Distill Water + H,0,

U

Filtration+ Washing + Drying at 60°C

Figure 12: Scheme of GO Synthesis
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3.2 Synthesis of rGO

Material: GO powder (prepared by above Method), L-Ascorbic Acid, N,N-
dimethylformamide (DMF) and Ammonia Solution (25%) bought from Sigma-
Aldrich with best quality assurance and were used without further processing.
Procedure: The reduction of GO was performed using ascorbic acid a greener
reducing agent according to the method described by Jiali Zhang [112]. 39 of graphene
oxide was taken in a flask and sonicated in 50ml of water for Lhr. 100ml of DMF/NMP
added in solution and sonicated until GO sheets are complete dispersed. 1ml of 25%
ammonia solution added into GO dispersion under vigorous stirring. Afterwards
1gram of ascorbic acid added for reduction and reaction mixture stirred for 24hr.
After 24hr stirring the color of the mixture will turn to black. The resulting rGO was

purified and dried. The sequence of synthesis is also explained in figure 13.

[ 32 GO } + [ 25mL DI water ]

o o

Stirring for 30 minutes

s

Add 75SmL DMF

U

Sonication for 2-3hr until GO Dispersed

2

1g Ascorbic Acid + Iml NH,OH

U

Stirring for 24hr

U

Filtration+ Washing + Drying at 60°C

Figure 13: Scheme of rGO Synthesis
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3.3 Synthesis of N-doped rGO

Material: GO powder, ethanol (99.5 %.) was purchased from MERCK. Ammonium
Nitrate (98%) Sigma-Aldrich.

Procedure: Nitrogen doping was carried out by using method described by Hongqi
[113].1 gram of GO was added in 25 mL of ethanol and sonicated until completely
dispersed. 1.0 g of ammonium nitrate was added in sonicated GO solution. After
evaporating ethanol, mixture was calcined at 350°C for 1 hr. Resulting product washed
with ethanol and DI water and dried in an over at 80°C overnight.

The sequences of all the steps involved in the synthesis of Nitrogen Doped rGO is

given in figure 14.

[ 1g GO ] + [ 50mL MeOH ]

04 04

[ Sonicate until GO completely dispersed ]

-

[ Add 1.0g Ammonium Nitrate }

-

Stirring for 1hr

-

Evaporate Methanol

-

Heating in Furnace at 350°C for 1hr ]

U

Filtration+ Washing + Drying at 60°C ]

)

S

Figure 14: Scheme of N-doped rGO Synthesis
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3.4 Synthesis of CoOOH Nanoparticle and rGO/CoOOH Composite
Material: NaOH (97.0%) and Cobalt nitrate hexahydrate (99.999%) were bought
from Sigma Aldrich and deionized (DI) water produced in lab.

a) Synthesis of Cobalt Oxyhydroxide (CoOOH) Nanoparticle:

The synthesis of CoOOH done by method describe by Ren-Jang [93] and shown in
Figure 15. 0.1g NaOH added in 25ml of water under continuous stirring (Solution A).
Next 0.5g Co(NOz3).:6H.0 added in 50ml water separately (Solution B). In next step
Solution A was dropwise added into Solution B until pH reached 9 and pink color
Co(OH). precipitate are formed. In last step Co(OH)2 precipitates heated in an oven to
get CoOOH. The sequences involved in the synthesis of CoOOH is explained in figure
15.

0.1g NaOH 0.5¢ Co(NO3y),
+ +
25mL Water 50mL Water

-

Slowly add NaOH solution in Co(NO;),
solution till pH is 9

\u

Add few drops of H,0,

.

Heating at 90°C for 2hr

-

Filtration + Washing + Drying at 100°C

Figure 15: Scheme of CoOOH Synthesis

b) Synthesis of rGO/CoOOH Composite:

For the synthesis of rGO/CoOOH, 3g of GO was dispersed in 50 ml of ethanol. 1 g of
CoOOH nanoparticles were added in GO solution and sonicated for 3h. After
evaporating ethanol, sonicated mixture heated to 250 °C for 1 hour. Subsequently, the

resulting composite purified and dried.
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3.5 Synthesis of Fe3O4 and rGO/ FezO4 Composite

Material: Graphene Oxide powder (prepared by above Method), Ferric Chloride
Hexahydrate (FeCls-6H2.0) of Merck, Sodium Acetate (NaAc), Sodium Dodecyl
Benzene sulfonate (SDBS) & Polyethylene Glycol (PEG) of Sigma Aldrich . DI water
a) Synthesis of FesO4 Nanoparticles

Method described by Tifeng Jiao [114] is used for the synthesis of iron oxide
nanoparticles. 1.35 g Ferric chloride hexahydrate was dissolved in ethylene glycol (25
mL), followed by the addition of 0.8g NaOH under continuous stirring. After 30 mins
1.0g polyethylene glycol added into the mixtures and left for stirring for 60 min.

Next solution was autoclaved at 220 °C for 24 h. After the reaction was completed,
Fe304 nanoparticles was purified and then drying. The sequences of all the steps

involved in the synthesis of FesO4 nanoparticles is given in figure 16.

25mL Ethylene Glycol + 1.5¢ FeCl;+ 0.8g NaOH

-

Stirring for 30min

-

S
)
1
-
»

-

[ Stirring for 1hr ]

-

Autoclaved at 220°C for 24 hours

-

Filtration+ Washing + Drying at 100°C

Figure 16: Scheme of FesO4 Nanoparticles Synthesis

b) Preparation of rGO/ FesO4 Nanoparticle Composite
For the preparation of composite, 1g of as prepared GO was sonicated in 100 mL

water. Next 0.5g of Fe3O4 was added in above GO solution and sonicated of 3h. After
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sonication, the homogenous solution was autoclaved at 120°C for 12h. Obtain product
was purified and dried. The sequence of all the steps involved in the synthesis is also

explained in figurel?.

[ GO + DI Water ]

-

[ Sonicate until GO completely dispersed ]

¢

[ Add Fe;O,4and Sonicate for 3hr ]

-

[ Autoclaved at 120°C for 12 hr ]

-

[ Filtration+ Washing + Drying at 100°C ]

Figure 17: Scheme of rGO/Fe304 hybrid Synthesis

3.6 Synthesis of ZIF-67 and rGO/ZIF-67 Composite

Material: rGO powder (prepared by above method), Cobalt nitrate hexahydrate was
of 97% purity and manufactured by DAEJUNG. The 2-Methylimidazole (MIM) of
99% purity was purchased from MERCK. Methanol and Ethanol were also purchased
from MERCK. Both having purity >99.5%. All these chemicals were used as per
received.

a) Synthesis of ZIF-67

ZIF-67 synthesized by a room temperature crystallization method as described by
Wenlan Ji [107]. 484.3mg Co(NO3)2:6H20 mixed in 50 mL methanol (Solution A).
500.13 mg MIM mixed in 50 mL methanol (Solution B). Solution A and B mixed
together and reaction take place at room temperature for 24hr. Obtained ZIF-67
purified and dried. The sequence of all the steps involved in the synthesis of ZIF-67 is

also explained in figure 18.
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b) Synthesis of rGO/ ZIF-67 composite

The rGOZIF-67 composite formulated by method as described by Wenlan Ji [115].
rGO was added in 50 mL of ethanol and sonication until rGO completely dispersed.
Synthesized ZIF-67 was added in above rGO solution directly and sonicated for 80
min. Subsequently, sonicated solution filtered to remove methanol and dried at 60°C.

The sequence of all the steps involved in the synthesis of rGO/ ZIF-67 is given in

figure 18.
[ 2-Methylimidazol 1
-Methylimidazole + .
) +
I MeOH ] [ Cobalt Nitrate + MeOH
4 O N
Slowly add 2-Methylimidazole in Cobalt Nitrate Solution
{ O 3y
Stirring for 12hr at room temperature

{ O 1
Filtration + Washing + Vacuum drying at 60°C

\ )

' Q N

ZIF 67

i O N

Sonication of ZIF-67 with rGO in 100mL of 1:1
water/ethanol

\ b,

{ Q '
Filtration + Washing + Vacuum drying at 60°C

{ O N

rGO/ZIF 67

Figure 18: Scheme of ZIF-67 and rGO/ ZIF-67 Synthesis
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3.7 Synthesis of Ni-MOF and rGO/Ni-MOF Composite
Material:Triethylamine (TEA), Nickel nitrate hexahydrate, benzene dicarboxylixacid
(BDC), N,N-dimethylformamide (DMF). All these chemicals were used as per
received.

a) Synthesis of Ni-BDC-MOF

Ni-BDC-MOF and rGO/Ni-BDC-MOF were prepared via hydrothermal method
[109]. 2.72g of BDC and 2.95g of hydrated nickel nitrate in 250 ml of DMF stirred for
2hr. Next, 5ml of TEA was added drops wise. The solution was stirred until a complete
suspension is formed (called reactants solution). The uniform solution autoclaved at
120°C for 12h. The sequence of all the steps involved in the synthesis of Ni-BDC-
MOF is also explained in figure 19.

[ BDC J " { Ni(NO,),.6H,0 ] +[TEAJ +[ rGO ]

-

[ 200mL DMF ]

-

[ Stirring for 2Zhr ]

=

[ Autoclaved at 120°C for 24 hr ]

<§

Filtration+ Washing + Vacuum Drying at 70°C

Figure 19: Scheme of rGO/Ni-BDC-MOF Synthesis

b) Synthesis of rGO/Ni-BDC-MOF Composite
For the synthesis of rGO/Ni-BDC-MOF composite reactants solution was prepared as
explained above. After that GO added in reactants solution and sonicated for 1h. The
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uniform solution autoclaved at 120°C for 12h. The sequence of all the steps involved

in synthesis of composites of rGO/Ni-BDC-MOF is elaborated in figure 19.

3.8 Sensor Fabrication

Copper deposited PVC board was brought from local market and cut into suitable size.
The circuit pattern drawn on it by lithography. In next step the resulted chip was dipped
into FeClz aqueous hot solution, which result in the removal of extra copper and copper
integrated electrode (IE) was obtained.

The resulting products (rGO, N-doped rGO, rGO/ZIF and more) were compressed
using a hydraulic press at a constant pressure to get thin pellets of sensing material.

The pallet was placed on IE with help of an organic binder to get sensor.

e |

‘
\'@\_ PVC chip with Cu deposited film with circuit
*

. drawn on it using black ink.

G S
N J
, 3 \

\ Removal of extra Cu by dipping it in FeCl;
solution.

Final Form of PVC chip

$ \

Placed Sensing Material in form of Pallet onit

Figure 20: Schematic representation of Sensor Fabrication

3.9 Characterization

Synthesized materials characterized by following characterization techniques.

3.9.1. XRD Analysis
XRD is a feasible method to determine crystal dimensions. In this technique,

diffraction of X-rays from different planes recorded and a diffraction pattern is
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obtained following Braggs equation. In diffraction pattern the intensity depend on
numbers of X-ray diffracted at particular angle 26, current and voltage of X-ray source.
The position of peak in pattern defines the crystal configuration and helps to identify
material [116]. Figure 21 describes the working principle of XRD equipment.

Detector

\ Polycapillary

Collimating
\ Optic 7/

N
N /

Polycapillary
Anqgular Filter

Sample
Figure 21: Working principle of XRD Machine

In this work, Powder XRD graphs were acquired from JSX 3201, Jeol, having
radiation source of Cu Ka (A=0.154059 nm) operated at 20 kV and 5 mA.

3.9.2. SEM Analysis

SEM is the mostly utilized for studying morphology, composition and minuscule
details of the materials. In SEM high energy electrons beam is positioned on
specimen’s surface. The backscattered electrons in combination with secondary
electrons form image. Backscattering electrons gives phase discrimination of material
and secondary electrons gives information about topography and morphology. With
the collision of electrons with sample atomic electrons X-rays formation takes place

as well [117]. The working of SEM machine is explained in the figure 22.
Electron source \_ ;
umitng adectre | T
& _):] Cengenser lens

Limitng acerture / Scarnirg cols

Objective fens Il J] S
P\

Secondary electrons
! 7
Q&ame

Figure 22: Working Principle of SEM Machine
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In this research, SEM images were acquired from JEOL-JSM-6490A Japan, operated
at 20 kV. Before SEM analysis, 250A gold coating was done by lon Sputter Coater
model JFC-1500 make of JEOL, Japan.

3.9.3. FTIR Analysis

IR is a vibrational spectroscopy used to recognize type of functional groups and type
of bonds present in a material. The Fourier Transformation (a mathematical procedure)
is applied to get spectrum.

The covalent bonds are not rigid and keep in vibrational motion either stretching or
bending. Absorption of infrared radiations change the state of vibration of bonds and
produce a spectrum. This graph of spectrum is between percentage transmittance and
wavenumber. The spectrum produce distinctive fingerprint of sample and these

fingerprints helps to identify the functional groups present in the material [118].
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Figure 23: Working Principle of FTIR Machine

FTIR spectra obtained from Perkin Spectrum 100. FTIR spectroscopy is carried out
by placing sample with in KBr pellets (10mm diameter). Approximately 1.0 % of
sample is mixed into 200 mg of KBr powder and shaped in form of pellet. About 10
tons of force was applied under a vacuum for one minutes. After force was removed

and a transparent pellet placed in equipment and analyzed in 4000 — 400 cm™ range.
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Chapter 4

Results and Discussions

4.1 XRD Analysis Results

Prepared materials was characterized using XRD, performed using JSX 3201, Jeol,

Japan.

4.1.1. XRD Results of GO

XRD graph of GO is given in Figure 24. XRD analysis of GO confirms the Graphite
oxidation and exfoliation. Pure graphite gives diffraction peak at 20 =26° and after its
oxidation the peak is shifted to 26 =10° [111]. If there is any unreacted graphite in GO,
it gives a minor peak at 20 =26° along with peak at 10°.As figure 24 illustrate that there

is no peak at 26°, which means that graphite is completely oxidized.
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Figure 24: XRD Plot of GO and rGO

4.1.2. XRD Results of rGO
XRD pattern of rGO is given in Figure 24. The reduction of GO removes functional

groups that increase the interlayer distance of Graphite layers and reduce the stacking
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to single layer to few layers. The XRD graph presented in figure 25 describe this
phenomena. The characteristic peak of GO at 20=10° completely vanished after
reduction and a wide diffraction peak at 26° is appeared which endorse the formation
of rGO [119]. The broadening is because of low order of stacking.

4.1.3. XRD Results of N-doped rGO
The XRD graph of N-doped rGO is shown in figure 25. After heating GO with
NH4NOs3 at 350°C in muffle furnace, the XRD pattern become similar to rGO. This

corresponds to a reduction of GO while nitrogen doping.
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Figure 25: XRD Plot of Nitrogen Doped rGO

If we compare it with XRD pattern of GO we can see that characteristic peak of GO
at 20=10° completely vanished in XRD pattern of NrGO.
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4.1.4. XRD Results of FesO4 Nanoparticles and rGO/ FezO4

Figure 26 demonstrate the XRD graph of the iron nanoparticles and it’s composite
with rGO. Figure 26a, shows the diffraction peaks of iron oxide according to standard
JCPDS card (PDF # 87-2334), it can be seen that FesO4 particles are well-crystallized
with high purity.
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Figure 26: (a) XRD Plot of FesO4 Nanoparticles

(b) XRD Plot of rGO/ Fe3Os Composite

However, in figure 26b other than the sharp diffraction peaks of FesO4, another wide
peak of rGO at 26° is present, which shows that rGO and FezO4 nanoparticles are

homogenously combined.
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4.1.5. XRD Results of CoOOOH and rGO/ CoOOH Composite

XRD graph of the CoOOH is given Figure 27 with and without rGO in range of
20=10-60°. Figure 27a, illustrate the XRD graph of CoOOH and comparison with
JCPDS card No. 26-0480 confirms the synthesis of CoOOH particles [24].
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Figure 27: (a) XRD Plot of CoOOH Nanoparticles

(b) XRD Plot of rGO/CoOOH Composite

However, in figure 27b other than the peaks of CoOOH another wide peak of rGO at
26° can be witnessed which shows that rGO and CoOOH nanoparticles are
homogenously combined.

34



4.1.6. XRD Results of ZIF-67 and rGO/ ZIF-67 Composite

Figure 28 demonstrate the XRD graph of the ZIF-67 and rGO/ZIF-67 composite. XRD
of results of synthesis ZIF-67 are shown in figure 28a is in harmony with the Zhou et
al. XRD pattern [74]. The dominant peaks at 26=7.2°, 10.28°, 12.56°, 14.48°, 16.32°,
17.92°, 22.6°, 24.36° shows crystals phase purity and rhombic structure.
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Figure 28: (a) XRD Plot of ZIF-67

(b) XRD Plot of rGO/ ZIF-67 Composite

Figure 28b show the XRD pattern of rGO/ZIF-67, it can be observed that other than
the peaks of ZIF67, a broad peak of rGO at 26° can be seen which confirms that the
combination of rGO with ZIF-67.
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4.1.7. XRD Results of Ni-BDC and rGO/Ni-BDC Composite

Figure 29 demonstrate the XRD graph of Ni-BDC-MOF and rGO/Ni-BDC composite.
Synthesized Ni-BDC-MOF XRD result is presented in figure 29a. The dominant peaks
at 20= 9.5°shows crystals phase purity and sheet structure of MOF.
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Figure 29: (a) XRD Plot of Ni-BDC-MOF

(b) XRD Plot of rGO/ Ni-BDC-MOF Composite

Figure 29b show the XRD pattern of rGO/Ni-BDC-MOF, it can be detected that other
than the peak of Ni-BDC a broad peak of rGO at 26° can be observed in their XRD
graph which confirms that the combination of rGO with Ni-BDC-MOF.
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4.2 SEM Analysis Results
SEM of prepared materials carried using JEOL-JSM-6490A Japan operating at 20kv.
4.2.1. SEM Analysis of GO
SEM image of GO in figure 30 illustrate that GO has a 2D sheet-like structure, GO

sheets has lamellar configuration with distinguished edges.
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Figure 30: SEM Pictures of GO

Moreover, GO sheets are thicker at the edges because functional groups are majorly

present at the edges.

4.2.2. SEM Analysis of rGO

SEM pictures of rGO are shown in figure 31. Images reveals that free floating rGO
nano-sheets are single or few-layered with 2D membrane like structure and sheets are
entangled with each other. Sheets have wrinkled and rippled structure because of

exfoliation and restacking processes.
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Figure 31: SEM Pictures of rGO

4.2.3. SEM Analysis of N-doped rGO
SEM pictures of N-doped rGO are shown in figure 32. Images reveals that exfoliated

layers of nitrogen doped rGO are similar to rGO.
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Figure 32: SEM Pictures of N-doped rGO
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However, exfoliated sheets are less aggregation than rGO. The sheet thickness is about
33nm with 2D structure. The crumpled nature created due to the defects formed during

the exfoliation and heteroatom doping reaction.

4.2.4. SEM Analysis of FesOsand rGO/ FesO, Composite
SEM pictures of FesO4 Nanoparticles and rGO/ FesOs Composite are shown in figure
33. Figure 33a illustrate the SEM analysis of FesO4, as image illustrate that Fe3O4

particles are uniform and spherical in shape with size ranging from 250 nm to 350 nm.
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Figure 33: (a) SEM Picture of FesO4 Nanoparticles

(b-c) SEM Images of rGO/ Fe3Os Composite

Figure 33(b-d) exhibits morphology of rGO/ FesO4 composite, as images show FesO4
particles are uniformly embedded on rGO sheets. Additionally, FesOs microspheres
have rough surface which increase their adhesion to the rGO sheets.

4.2.5. SEM Analysis of CoOOH Nanoparticles and rGO/CoOOH Composite

The SEM analysis of CoOOH Nanoparticles and rGO/ CoOOH composite is given in
figure 34. Figure 34(a-b) explained the SEM analysis of pure CoOOH, as image
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illustrate that CoOOH particles have spongy morphology. Figure 34(c-d) exhibits
morphology of rGO/CoOOH composite, as images shows CoOOH particles are
uniformly embedded on the rGO sheets.
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Figure 34: (a-b) SEM Picture of CoOOOH Nanoparticles
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(c-d) SEM Picture of rGO/ CoOOH Composite

4.2.6. SEM Analysis of ZIF-67 and rGO/ZIF-67 Composite

The SEM npictures of ZIF-67 its composite with rGO is shown in figure 35. SEM
images 35(a-b) displays the morphology of pure ZIF-67, as image illustrate that nano-
sized crystals ZIF-67 have rhombic dodecahedrons structure with size ranging from
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150-400 nm.[120] SEM images 35(c-f) are of rGO/ZIF-67composite, images indicates

the homogeneous dispersal of ZIF-67 on graphene sheets.
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Figure 35: (a-b) SEM Pictures of ZIF-67

(c-f) SEM Pictures of rGO/ ZIF-67 Composite

This distribution revamp the electric conductivity of ZIF-67 and make it suitable for

chemi-resistive type gas sensor.
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4.2.7. SEM Analysis of Ni-BDC and rGO/ Ni-BDC Composite

The scanning electron microscopy (SEM) pictures of Ni-BDC and rGO/Ni-BDC
composite is given in Figure 36. Figure 36(a-b) illustrates the morphology of Ni-BDC-
MOF it can be seen that the MOF have a sheet morphology. Figure 36(c-d) shows
morphology of rGO/Ni-BDC-MOF composite, it can be seen that Ni-MOF sheets are
homogenously attached with rGO sheets.
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Figure 36: (a-b) SEM Pictures of Ni-BDC
(c-d) SEM Pictures of rGO/ Ni-BDC Composite
4.3 FTIR Analysis Results
FTIR analysis of prepared materials was carried out using Perkin Spectrum 100.

4.3.1 FTIR Analysis of GO
When FTIR performed on GO showed in figure 37. Following groups were found in
IR spectra which confirmed the oxidation of graphite.

e O-Hat3420 cm™ e C=C bonds (1590-1620 cm™)

e (C=0at 1700-1740cm™ e C-Oatl1250 cm
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Figure 37: FTIR Plot of GO

4.1.16. FTIR Analysis of rGO

Reduction removes the functional groups attached to the planes of GO and this can be seen
in FTIR pattern of rGO as shown in figure 38. If we compare GO and rGO FTIR spectrum it
can be seen that reduction of GO have significantly reduced. carbonyl (-C=0), epoxy groups
(C-0C) and hydroxyl (-OH) from the graphitic ring.
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Figure 38: FTIR Plot of rGO
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4.1.17. FTIR Analysis of N-doped rGO

FTIR spactra of N-doped rGO is given in figure 39. As compare to rGO, in FTIR
pattern of Nitrogen Doped rGO have two addition peaks at 1180 cm™ for Carbon single
bond Nitrogen (C-N) and 1465 cm™ band for C=N vibration along with C=C band

which represents nitrogen doping in graphene ring.
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Figure 39: FTIR Plot of N-doped rGO

4.1.18. FTIR Analysis of CoOOOH and rGO/ CoOOH Composite
FTIR analysis of COOOH is given in Figure 40a. A large peak of O—H at 2900 cm™
and 3400 cm™* confirms the presence of -O-H. Peak at 3400 cmis because of O-H
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bonds which interacts with other nearby atoms. Two small peaks around 1600 cm™
and around 1730 cm™ shows the bonding of Co=0. A medium peaks at~580 cm™ is
due to Co—O2 complex in CoOOOH.

FTIR analysis of rGO/CoOOH is given in Figure 40b. Other than the bands of CoOOH
(O-H 2900 cm™ and~3400 cm™ ,~1630 cm™ and~1730 cm™ of Co=0 and ~580 cm™~
670 cm™ are of Co—O2 complex.) C-O peak and C=C is also appeared in FITR
spectrum of rGO/CoOOH composite [121].

A noticeable change in O-H band at 3400cm™ can be seen, this is because of the
unremoved O-H group of rGO.
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Figure 40: FTIR Plot of CoOOH and rGO/ CoOOH Composite

4.4 Sensors Response

Sensor response to varies concentration of CO was measured using a home-built
system consisting of a closed chamber with sensor holder, gas source and Agilent
Multi-meter. The test gas was generated according to desired concentration and
allowed to enter in testing chamber. The setup is shown in figure 41.

The change in resistance with time was measured by multi-meter. The percentage

response was calculated from given formula;
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R,.. — R,;
%R = 222 « 100

air

Response of rGO, Nitrogen Doped rGO, rGO/Fe304, rGO/CoOOH, rGO/ZIF-67 was
calculated at 1000, 2000, 3000, 4000 and 5000 ppm of CO and response curves are
given in figure 4.21 to 4.24.

Mixture

Gas Outlet

Multimeter

L
0

Sensor

Figure 41: Response Measuring Setup.

4.4.1. Response of Nitrogen Doped Reduced Graphene Oxide
N-doped rGO Sensor show p-type behavior. Figure 42 show the response of N-doped
rGO sensor towards 1000ppm level of CO. Dynamic response curve have three
regions;

e Response region.

e Saturation region

e Recovery region.
As graph show sensor response rise with the escalation of CO gas level and reach to
saturation plateau after saturation curves move to desorption mode which represent

the recovery of sensor.
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Figure 42: Dynamic Response Curve of N-doped rGO Sensor for 1000ppm of CO Level

Sensor show similar behavior against 2000-5000 ppm of CO exposure at room

temperature (30°C) and average response time of 30s as shown in figure 43.
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Figure 43: Dynamic Response Curves at Different CO Levels for N-doped rGO Sensor

By combining all the response curves as shown in figure 44, we can see that the

percentage response increase with the increase in CO level.
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Figure 44: Combined Response curve of N-doped rGO Sensor

4.4.2. Response of rGO/Fe304
Fe304 nano-particles based sensor operates at the temperature above 200°C as reported
by C.Hung, combination of FesOs nano-particles with rGO did not significantly

reduced its operation temperature.

4.4.3. Response of rGO/CoOOH

Ren-Jang [103] reported the CoOOH based CO sensor operates at 80°C. By combining
CoOOH with rGO we successfully reduce its operating temperature to room
temperature. Figure 45 depicts the sensing characteristics of rGO/CoOOH towards
1000ppm of CO.
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Figure 45: Dynamic Response Curve of rGO/CoOOH Sensor for 1000ppm of CO Level
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Sensor show p-type behavior with 34% at 1000ppm, 38% at 2000ppm, 42% at
3000ppm, 45% at 4000ppm and 50% sensitivity against 5000 ppm of CO exposure at
room temperature (30°C) and average response time of 90s.
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Figure 46: Dynamic Response Curves at Different CO Levels for rGO/CoOOH Sensor

By combining all the response curves as shown in figure 47 we can see that the
percentage response increase with the increase in CO level.
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Figure 47: Combined Response curve of rGO/CoOOH Sensor
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4.4.4. Response of rGO/ZIF-67
Figure 48 to 50 illustrates the sensing characteristics of rGO/ZIF-67. The response of
rGO/ZIF-67 towards 1000ppm of CO level is shown in figure 48. As compare to the

response of other sensors rGO/ZIF-67 have less response time and high sensitivity.
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Figure 48: Dynamic Response Curve of rGO/ZIF-67 Sensor for 1000ppm of CO Level

Sensor show p-type sensing characteristics with of 91% at 1000ppm, 93% at
2000ppm, 95% at 3000ppm, 97% at 4000ppm and 98% sensitivity against 5000 ppm
of CO exposure. As all of the dynamic response curves show, sensor response rises
with the escalation of CO gas level and reach to saturation plateau after saturation

curves move to desorption mode.
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Figure 49: Dynamic Response Curves at Different CO Levels for rGO/ZIF-67 Sensor
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The high response of rGO/ZIF-67 is because of high porosity and active Cobalt metal
of ZIF-67. In ZIF-67 the oxidation state of Coblat is +3 and Cobalt +3 oxidation is

very active towards CO oxidation. By combining all the response curves as shown in

figure 50 as we can see that the percentage response increase with the increase in CO

level but in case of rGO/ZIF-67 sensor this change is small.
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Figure 50: Combined Response curve of rGO/ZIF-67 Sensor
Response of rGO/Ni-BDC

51 to 53 illustrate the sensing characteristics of rGO/Ni-BDC. rGO/Ni-BDC

show only 35% response towards 1000ppm of CO level which is quite low as

compare ZIF-67.
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Figure 51: Dynamic Response Curve of rGO/Ni-BDC Sensor for 1000ppm of CO Level

51



Sensor show p-type sensing characteristics with 35 at 1000ppm, 44% at 2000ppm,
47% at 3000ppm, 49% at 4000ppm and 52% sensitivity against 5000 ppm of CO
exposure at room temperature (30°C) and average response time of 60s. The response
is lower than rGO/ZIF-67 because Ni in +3 oxidation is not very active towards CO

oxidation as compared to Co in +3 oxidation state.
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Figure 52: Dynamic Response Curves at Different CO Levels for rGO/Ni-BDC Sensor

As all of the dynamic response curves shows, sensor response rises with the escalation
of CO gas concentration and reach to saturation plateau after saturation curves move

to desorption mode which represent the recovery of sensor.
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Figure 53: Combined Response curve of rGO/Ni-BDC Sensor
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Summarized result of all the sensors is given in table 4.1 and 4.2.

Table 4.1: Summary of Response of Sensors

Material Response %
CO Levels 1000 2000 3000 4000 5000
ppm ppm ppm ppm ppm
Graphene
rGO - - - - 14%
N-doped rGO 86% 89.6% | 93% 96% 98%
rGO/Metal Oxides
rGO/Fe304 No Response at Room Temperature
rGO/CoOOH 35% 38% 42% 45% 49%
rGO/MOFs
rGO/ZIF-67 91% 93% 95% 97% 98%
rGO/Ni-BDC 41% 44% 47% 49% 52.5%
Table 4.2: Response Time of Sensors
Material Time (sec)
rGO 120s
N-rGO 30s
rGO/Fe304 No Response at Room Temperature
rGO/CoOOH 50s
rGO/ZIF-67 20s
rGO/Ni-BDC 60s
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Conclusions

In this work, reduced graphene oxide and its derivate are studied for CO sensing
application. CO sensing was carried out by using a chemi-resistive gas sensor. The
sensor was tested for 1000ppm to 5000pm of CO level with an increment of 1000ppm
value. Sensing study of sensors was performed by using a lab build setup. The sensor
response of rGO synthesized by using modified Hummer’s method was investigated
for CO chemi-resistors gas sensor, the sensor showed inappreciable current variation
of about 14% response upon CO exposure of 5000ppm. The reduced graphene oxide
was made sensitive to CO by nitrogen doping in rGO sheets and making rGO
composites with nanoparticles of metal oxide (FesOs and CoOOH) and MOFs (ZIF-
67 and Ni-BDC). Nitrogen doped rGO and rGO composites showed promising results
compared to pristine rGO for CO sensing. The N-doped graphene effectively enhanced
the CO sensing properties of rGO to 86% sensitivity for 1000ppm of CO level. Metal
oxide rGO/CoOOH composite gives 35% response in 50s for 1000ppm of CO level at
room temperature, while rGO/Fe304 gives no response for CO sensing at room
temperature. Among two prepared composites of MOFs, Ni-BDC MOF gives 41%
response in 60s for 1000ppm of CO level, while ZIF-67 gives highest sensitivity of
90% in 20s for 1000ppm of CO level. Overall, the prepared sensors showed response
in ppm range while operating at ambient conditions. Upon combining metal oxide with
rGO, the room temperature CO sensitivity can be enhanced. ZIF-67 and Ni-BDC metal
organic frameworks based composites are potential candidates for CO chemi-resistive

gas sensors.
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Future Recommendations

Graphene composites with MOFs can be studied for other gas sensors such as
NHs, CH4, H2S.

Copper and Zinc based metal organic frameworks can be studied for CO
sensing.

Effect of temperature on CO sensing can be studied.

Selectivity study of sensors towards CO can be studied in future work.
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