Synthesis of Graphene based Non-Noble Metal

electro-catalyst for Fuel cell applications

Muhammad Irfan Raza
Reg. # NUST201463534MCES64114F
Session 2014-16
Supervised by
Dr. Naseem Igbal
A Thesis Submitted to the U.S.-Pakistan Center for Advanced Studies
in Energy in partial fulfillment of the requirements for the degree of
MASTERS of SCIENCE in
ENERGY SYSTEMS ENGINEERING

U.S.-Pakistan Center for Advanced Studies in Energy (USPCAS-E)
National University of Sciences and Technology (NUST)
H-12, Islamabad 44000, Pakistan
August, 2017



THESIS ACCEPTANCE CERTIFICATE

Certified that final copy of MS/MPhil thesis written by Mr. Muhammad Irfan
Raza, (Registration No. NUST201463534MCES64114F) of USPCAS-E has been vetted

by undersigned, found complete in all respects as per NUST Statues/Regulations, is free

of plagiarism, errors, and mistakes and is accepted as partial fulfilment for award of
MS/MPhil degree. It is further certified that necessary amendments as pointed out by

GEC members of the scholar have also been incorporated in the said thesis.

Signature:

Name of Supervisor

Date:

Signature (HoD):

Date:

Signature (Dean/Principal):

Date:




Certificate

This is to certify that work in this thesis has been carried out by Mr. Muhammad Irfan

Raza and completed under my supervision in FT Synthesis Laboratory, USPCAS-E,

National University of Sciences and Technology, H-12, Islamabad, Pakistan.

Supervisor:
Dr. Naseem Igbal
USPCAS-E
NUST, Islamabad

GEC member # 1:

Dr. Muhammad Bilal Khan
USPCAS-E

NUST, Islamabad

GEC member # 2:

Dr. Eng. Muhammad Zubair
USPCAS-E

NUST, Islamabad

GEC member # 3:
Dr. Majid Ali
USPCAS-E
NUST, Islamabad

HoD-USPCAS-E
Dr. Zuhair S Khan
USPCAS-E
NUST, Islamabad

Principal/ Dean
Dr. M. Bilal Khan
USPCAS-E
NUST, Islamabad




Abstract

Energy is considered to be a vital element for the economic growth and development
of any country in the world. During the last few decades much attention is given to
the alternative energy resources because conventional power generation is main
cause of global warming. There are many alternative energy harnessing technologies
including fuel cells. Fuel cells converts the chemical energy of the fuel into electrical
energy by producing heat and water as by product. In the family of fuel cell, direct
methanol fuel cell is considered very important because of methanol fuel. Compared
with hydrogen methanol is abundant and easily transported liquid fuel. It has been
observed that major problems associated with methanol fuel cells are methanol cross
over and slow anode kinetics. By developing new material as anode catalyst reaction
kinetics of the fuel cell can be improved. Two major challenges associated with
anode catalysts are cost and performance analysis which are very important for the
successful operation of DMFC. In DMFC mostly platinum and alloy catalyst are
used for the electrooxidation of methanol. Several problems are associated with
platinum base catalysts including higher cost and CO adsorption on the surface of
the platinum. In order to overcome these challenges researchers are developing new
effective and low cost electro-catalyst as a substitute of Pt-based catalysts for direct
methanol fuel cells (DMFCs). Due to their oxidation properties nickel and cobalt
show excellent electroanalytic properties. Both nickel and cobalt are popular
transition metals have wide application as electro catalysts in fuel cells. Graphene is
widely used carbon support material in fuel cell due to its high surface area and
excellent conductivity. Currently the research is focused to develop non-noble metals
electro-catalyst to replace the expensive noble metal electro-catalyst. However non
noble metals such as Ni, Co, Pb, and W have limited catalytic potential.
Electrocatalytic properties of these metals can be enhanced manifolds by depositing
them on graphene sheets. In the present work we synthesized Ni/graphene and
Co/graphene nanoparticle by simple solution synthesis method. The synthesized
catalysts were characterized by X-ray diffraction, scanning electron microscopy and
EDX. The electrocatalytic potential of the synthesized catalyst for methanol

oxidation was investigated by cyclic voltammetry.
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Chapter 1
Introduction

1.1 Energy and Sustainable development

Sustainable development involves four key factors in terms of social, environmental,
economic and energy resources sustainability under the global sustainability prospective.
Therefore, energy derives the global economy and is considered as key element for the
climate and the sustainable development. Sustainable development requires sustainable
supply of clean and cheap sources of energy that do not have adverse social and

environmental impacts [1-2].

Globally, about 87% of our total energy is produced by fossil fuel about 6% is generated
in nuclear power plants and only 7% comes from renewable resources (hydro, wind,
solar, geothermal and biofuel). Unfortunately, this planet has limited amount of fossil
and nuclear energy resource and at the same time generation of energy can contribute to
degradation of local environment such as global warming, acid rain and ozone layer

depletion ultimately the climate change [3-4].

In order to get rid of all these critical challenges of energy security and environmental
degradation attempts have been made in the development of advance, affordable and
environment friendly energy harnessing technologies. In this regard, innovative energy
technologies have got considerable attention during the last few decades. Among them

fuel cell is considered as promising power generation technology both for mobile and

stationary applications [5].

1.2 What is Fuel cell?

Fuel cell is an electrochemical device that converts chemical energy of the fuel directly
into electrical energy. The working of a fuel cell is similar to a battery made up of an
electrolyte placed between electrodes an anode and cathode. Unlike a typical battery fuel
cell does not require recharging. It produces energy both electricity and heat with
continuous supply of fuel. Oxygen and hydrogen are passed through electrodes,

generating electricity, heat and water [6].



1.2.1 History and evolution of fuel cells

The invention of the fuel cell dates back from the middle of 19" century. A German
scientist Christian Friedrich Shoenbein discovered the fuel cell effect by reporting that
electrical current is generated by electrochemical reaction between oxygen and
hydrogen. Simultaneously a Welsh scientist William Robert Grove who was in close
contact with Christian Friedrich Shoenbein developed the first practical fuel cell, which
he named the “gas voltaic battery”. Grove is well-thought-out to be the father of the fuel
cell. Later on, in 1889, Ludwing Mond and his assistant Carl Langer introduced gas-
powered battery using coal derived Mound-gas that attained 6 amps per square foot at
0.73 volts by using thin perforated platinum electrode. They termed their system a fuel
cell. In 1893, Friedrich Wilhelm Oswald experimentally described the function of
various components of fuel cell. He provided the theoretical understanding of fuel cell
operation: electrode, electrolyte, oxidizing and reducing agents, anion, and cations. In
1900s, first practical hydrogen-oxygen fuel cell was developed by Francis Thomas
Bacon [7-9]. In late1930, Francis Thomas Bacon developed first alkaline fuel cell that
was used in NASA Apollo Spacecraft to provide both electricity and drinking water. In
early 1990s, the direct methanol fuel cell was developed by the combine efforts of
NASA jet propulsion laboratory and University of Southern California (USC). Since
2007, fuel cells are commercialized and are being used in different types of stationary
and portable energy applications such as mobile phones, electric vehicles, and small
power plants [10-11].

1.2.2 Fuel cell basic principle

A fuel cell contains three main components a fuel anode an oxidant cathode and an
electrolyte membrane sandwich in between them [12]. Generally electrodes consist of
porous materials shielded with layer of catalysts platinum in case of (PEMFCs) Fig. 1.1
illustrates the basic operational process of a typical PEMFC. At the anode molecular
hydrogen (H.) is delivered from a gas-flow stream. The hydrogen is oxidized into
hydrogen ions and electrons following electrochemical reaction takes place at the anode
as shown in the equation (1.1).

H, —  2H'+2¢ (1.1)



Hyd
yarogen + Air
-— 02 ——m
Air
H20 —
Anode cathode Water
Electrolyte
H: — 2H" 4+ 2e] O_+4H" + 4e'—»2H O

Figure. 1.1 Schematic representation of typical PEM fuel cell operation [13].

The hydrogen ions are migrated through the acidic electrolyte and electrons are forced to
move through an external circuit all the way to cathode. At the cathode, electrons and
the hydrogen ions, reacts with the oxygen which is supplied from an external gas-flow
stream to form water as shown in the Figure. 2. The following electrochemical reaction

takes place at the cathode as shown in the equation (1.2) [14].

0+ 2H +2¢ —Hz0 (1.2)

The overall electrochemical reaction in the fuel cell produces water, heat and electrical
energy as described in equation (3):

Ho + % 02 — H20 + Eelec + Qhneat (1.3)

1.2.3 Classification of fuel cell technologies

Fuel cells are generally classified on the basis of electrolyte used in the fuel cell and by
considering the working temperature of each of the cell. On the basis of working
temperature there are two major categories of fuel cell low- temperature and high-
temperature fuel cells. Low temperature fuel cells include the Alkaline Fuel Cell (AFC),
the Polymer Electrolyte Fuel Cell (PEMFC), the Direct Methanol Fuel Cell (DMFC) and



the Phosphoric Acid Fuel Cell (PAC). The high temperature fuel cell includes the
Molten Carbonate Fuel Cell (MCFC) and the Solid Oxide Fuel Cell (SOFC). They
operate at the temperature approximately 600-1000 °C. A complete overview of
different types of fuel cell is given in the Table 1.1

Table 1.1 Comparison of different types of fuel cells [15-18].

AFC PEMFC DMFC PAFC MCFC

Operating <100 60-120 60-120 160-220 600-800 800-1000
temp. (°C)
Applications Transportation, Space, Military, Energy | Combined Stationary power systems and
storage system heat and transportation
power
Power
Capacity 50-150kW | 50-250kW 5kW 50kW- 100kW-2MW  100-250kW
11MW
Charge OH H* H* H* COs* o*
Carrier in the
Electrolyte
Fuel H, H> CH30H H> H,, CO, H,, CO,

hydrocarbon  hydrocarbon

Efficiency 35~50 35~60 35~60 35~45 45~55 50~60

1.3 Direct Methanol Fuel Cells (DMFCs)

Fuel cells are considered promising power generation sources for mobile, stationary and
portable applications. Particularly Direct Methanol fuel cell is among them that is widely
studied over the past few a decade. 1n 1990, DMFC was developed by the combined
efforts of NASA Jet Propulsion Laboratory and University of Sothern California Direct
methanol fuel cells (DMFCs) are classified as proton exchange membrane fuel cell in
which methanol is directly used as fuel instead of hydrogen. Direct Methanol fuel cell
has certain advantages over other fuel cell types because of its compact design, high
power density, and low operating temperature. In Direct Methanol Fuel cell methanol is
directly fed and oxidized at the anode without any further chemical conversion while at

the cathode oxygen is reduced. This feature eliminates the hectic problem of hydrogen



production and purification. As compared to hydrogen methanol as fuel has various

advantages such as transportation and storage [19-20].

1.3.1 Structure of Membrane Electrode Assembly (DMFCs)

The heart of direct methanol fuel cell is the membrane electrode assembly (MEA) which
consists of five important parts: Catalyst layer and diffusion layers of anode, cathode
catalyst and diffusion layer in between them is the electrolyte membrane. Catalytic layer
is often composed of carbon supported Pt or PtRu materials both at the anode and
cathode. PEM membrane consist of perflourosulfonic acid polymer, currently Nafion
membrane is being used. The diffusion layer is made up of Teflon with hydrophobic in
nature to support the escape of CO, from anode. All these components combine to form
a single cell. Multiple such cells combine to form fuel cell stack to deliver electrical

power to external load [21].

A schematic diagram of construction of membrane electrode assembly of DMFC is
shown in Fig.1.2.
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Figure 1.2 Typical MEA Structure of DMFC [22]

1.3.2 Working Principle of DMFCs

In direct methanol fuel cell methanol and water mixture are directly applied at the anode.
Methanol is oxidized into CO> and six electrons are released which are delivered to the
external circuit for electrical work. Following reaction takes place at the anode as shown

in equation (1.4)

CH30H + H20 — CO2 + 6H" + 6™ (anode) (1.4)

Reduction of oxidation takes place at the cathode to form water as show in the equation
(1.5)

3/20,+6H" + 66— 3H,O  (cathode) (1.5)

The overall electrochemical oxidation of methanol into CO» and water is as shown in the
equation (1.6)

CH30H + 3/2 02 — CO2 + 2H;0 (1.6)

The thermodynamic efficiencies of the overall reaction can be calculated from the Gibbs
free energy that is the ratio of maximum amount of electrical work (AG") and the total
available energy the enthalpy (AH).



Hrev=AG  /AH’ (1.7

The estimated free energy ant electromotive force related to this this overall reaction
process with feeding pure oxygen under normal conditions (25°C and 1atm ) are

AG = -686 KJ mol AE =1.18V (1.8)
The electro-oxidation of methanol in typical DMFC is shown in Fig. 1.3[23-25]

CO, ¢— e H* —> H,0
(S H*
>
il 3
IS —
. H* 5
—> CH;0H + H,0 e — 0, (air) ¢—

Proton exchange

membrane

Figure. 1.3 Schematic diagram of reaction mechanism in DMFC [23-25].
1.4 Current issues in DMFCs

In order to be competitive as a viable power source in the energy market some critical
challenges associated with DMFCs must be solved. A few challenging problems to the

improvement of such systems includes:

= High cost of noble metal electro-catalyst both for the anode and cathode

= A suitable electro-catalyst which can efficiently enhance the electro-oxidation of
methanol at the anode

= An electrolyte membrane with high ionic conductivity and must be capable of low
methanol cross over.

= A highly active electro-catalyst for oxygen reduction and must be methanol tolerant.

= High cost of presently used nafion membrane

= Poisoning of electro-catalyst by the intermediate species like CO

= Methanol cross over from the anode to cathode region which cause the degradation

of the electrodes.



1.5 Objectives of this research

Direct methanol fuel cells are low temperature fuel cell. Mostly pure Platinum (Pt) or
alloys of Pt are used for the electrochemical conversion of fuel at the anode and oxygen
reduction at cathode. The high cost of expensive materials for fuel cell catalyst
ultimately increases total cost of the fuel cell which is the major problem in the
successful commercialization of direct methanol fuel cell [26-27]. These problems can

be solved in two ways

Q) by replacing the expensive Pt metal with some suitable low cost non-noble metal
(i) by introducing new catalytic support material for enhanced electrical

conductance



Summary

Energy is considered as key input to the economy and sustainable development. There
are many environmental issues related to the production of energy which are hazardous
to the local environment. Thus, it is very important to adopt clean and environmental
friendly method of energy generation. Fuel cells are electrochemical devices that covert
the chemical energy into electrical energy without producing any pollutant to the
environment. There are different types of fuel cell classified on the basis of temperature
and type of fuel used. But however, direct methanol fuel cells have got much attention
during the last decade. In DMFCs methanol is used as fuel instead of hydrogen which is
easily stored and transported liquid fuel. DMFCs have high power densities and low

operating cost as compared to other fuel cells.
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Chapter 2
Literature Review

2.1Role of Electro-catalysts

Success of DMFC to be competitive as viable energy source in the energy market
depends upon the cost, efficiency and durability of the electro-catalyst. At present, most
of the fuel cells (low temperature fuel cell) use Pt-based catalyst. Due to these expensive
electro-catalyst manufacturing cost of the fuel cell is increased which greatly affects the
successful commercialization. Beside these most of the Pt-based electro-catalyst face
catalyst poisoning. Consequently, researchers are trying to develop a low cost, reliable

and efficient electro-catalyst to replace Pt-base catalysts [1-3].
2.2 Electro-catalysis

So far significant numbers of studies have been performed by involving different
techniques for the electro-oxidation of lower molecular weight organic compounds such
as CO, CH30OH, HCOOH, and HCHO. Results from these investigations reveals that at
low temperature electro-oxidation of these organic compounds need the presence of Pt-
based catalyst. Two key steps dehydrogenation and chemisorption of CO are involved
during the electro-oxidation of these compounds under Pt-based catalyst. A strongly
adsorbed intermediate species (like CO, HCOOH) etc. are produced during all these
reactions. These types of species (like CO) are adsorbed on the surface of the catalyst
and cause for catalyst poisoning. The poisoning effect of the Pt catalyst significantly
decreases power density and fuel consumption efficiency of the cell. To inhibit the
poisoning effect and to increase the electro-oxidation rate by an order of three to four
times a lot of research have been carried out to replace the Pt catalyst. Most suitable
results have been achieved by alloying the Pt with Ru and Sn for the complete oxidation
of methanol and CO. In recent years research is focused to develop non noble metal
electro-catalysts such as Co, Ni, Pb, and W to replace platinum an expensive metal.
However above transition metals show poor oxidation kinetics. By using high

conductive material as a support like graphene, carbon nanotubes (CNTs) and carbon
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Nano fibers electro-catalytic efficiency of these metals can be improved. Compared with
other carbon support material graphene is an excellent electrode material because of its
lower manufacturing cost, high surface area, and exceptional conductivity. Therefore,
graphene can be used as catalytic support material to enhance the electrochemical

activity of catalyst particle for methanol and ethanol oxidation [4-6].
2.3 DMFCs Catalyst Review

Catalysts play a very crucial rule in in the electro-oxidation of chemical fuel directly into
electrical energy. So, for different catalyst has been prepared and used for the electro-
oxidation of methanol since the discovery of direct methanol fuel cell. Platinum metals
and alloys have been widely used as a sole catalyst and considered one of the most
effective catalyst for the oxidation of methanol. Because of most expensive metal and
other associated problems with platinum catalysts scientists and researchers are trying to
develop new stable and cost-effective catalyst instead of Platinum catalysts.

2.3.1 Platinum and Alloy catalysts

Platinum is considered the most effective and suitable catalyst for methanol oxidation
both in acidic and alkaline medium. Many researchers have addressed on the comparison
and optimization of Pt and alloy catalysts under different conditions [7]. It has been
observed that in case of Platinum ruthenium alloy catalyst, steady state MOR reaction
has been obtained if atomic ratios of Pt/Ru were kept in range 9:1. Tripkovic et al
reported that PtRu catalyst showed more activity towards methanol oxidation at room
temperature as compared to alone Pt catalyst. Pt-Pd alloy catalysts using 15% Pd
showed 10 times higher current densities in alkaline medium as compared to pure
platinum [8-9]. So that Co- catalysts improves the atomic structure of Pt and reduces the
catalyst poisoning from strongly adsorbed intermediate species on the catalysts surface.
Comparing the binary Pt-based catalyst PtSn/C show more oxidation potential. PtRu
binary and PtRuSn ternary catalysts showed tremendous results toward methanol
oxidation [10].
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2.3.2 Palladium and Alloy catalysts

The introduction of alkaline medium was a great finding which was the main reason of
using non-noble metal as catalyst for methanol oxidation. Because of which non-noble
metals can survive longer time in the reaction medium as compared to the acidic
medium. Naturally Pd exists 200 times more than Pt so Pd metal is available 30-40%
lower prices. Moreover, Pd has proved superior catalyst for alcohol oxidation in alkaline
medium than that of Pt. Furthermore. Pd alloy catalysts such as PdNi/C and PdSn/C are
the most suitable catalyst for fuel cell application. Also, PdSn catalyst with carbon
support has shown higher activity as compared to single Pd metal catalyst. Pd-NiO and
Pt-NiO wer also investigate for methanol oxidation Pd-NiO showed better respose for
methanol oxidation [11-13].

2.3.3 Non-noble metals Catalysts

The great advantage of using alkaline environment for methanol oxidation is the
opportunity of using non-precious metal catalyst. Among non-noble metals Ni is
versatile material for it excellent properties of catalysis. It has been widely used as an
electro-catalyst many reaction such as organic synthesis and water electrolysis. During
the last few decades it has been studied for the electro- oxidation of methanol. Roslonek
et al reported that glassy carbon electrode modified with Ni(OH). show excellent
activity towards methanol oxidation Abdel Rahim et al studied the electrochemical
properties of Ni for methanol oxidation by cyclic voltammetry technique [14]. They
observed that Ni particles dispersed on graphite crystals show good oxidation towards
methanol but massive amount of Ni does not show any response. Ni zeolite catalyst has
been described as super effective catalyst for methanol oxidation to as compared to Pt
and Ni catalyst on graphite support. Shobba et al reported the synthesis of Co-W alloy
by electroplating for methanol oxidation. Several researchers also reported the
Lanthanum Stadium oxides. They studied the electro-oxidation of methanol on bulk and
nano crystalline scale. LaSrCuQOs, LaSrCuSbQO4, LaSrCoOs were tested for methanol
oxidation in 1M NaOH concentration. All above oxides showed reasonable currents for

fuel cell applications [15-16].
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2.4 Importance of Graphene and Graphene Oxide

Graphene is a wonder material due to it extraordinary physical, electrochemical,
mechanical properties and potential for application in various fields of material science.
Graphene contains large theoretical surface area approximately (3620 m? g?), high
electrical conductivity, high electron mobility (200,000 cm?v!s?), and good optical
transmittance makes it potential candidate for various applications such as conductive
electrode material and many other applications. Graphite oxide is the potential source of
the production of chemically modified graphene on large scale. Graphene was first
prepared about 150 years ago. Graphite oxide is the commercial source and precursor of

large scale production of graphene based materials [17-18].
2.4.1 Properties of Graphene

Graphene is composed of honeycomb lattice of carbon atoms bonded together with
sigma bond. Each carbon atom in the honeycomb lattice has a IT orbital which share the
delocalized network of electron. The microscopic study reveals about the lateral
dimension is 8 to 10 nm and height is about 0.7 to 1 nm.

Figure 2.1 Crystal structure of graphene [19]
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Graphene owes superb electrical conductance properties at room temperature. It behaves
like a zero-band gap semiconductor, charge carrier can be constantly tuned into elections
and holes in a very high concentration up to 10 cm2, mobilities reaches up to 150,000
cm?v-istat room temperature. By minimizing the impurity level exceptionally high level
of mobilities can be achieved in suspended graphene up to 200,000 cm?v*s™. Due to low
charge carrier densities, thermal conductivity of graphene (k) of graphene is negligible.
It mainly depends upon the phonon transport, specifically diffusive conduction at very
high temperature and ballistic conduction at very low temperature [20-21].

2.4.2 Applications of Graphene

Graphene is being used in various fields of science and technology such as field effect
transistors. Transparent conductive films, sensors, supercapacitors, clean energy devices
and graphene polymer nanocomposites. Graphene is considered excellent electrode
material due its high theoretical surface area 3620 m? g and capability to support
electron hole across its two-dimensional surface. Graphene has been recognized as
catalyst support material in fuel cell for methanol oxidation and oxygen reduction.
Graphene based materials are used as electrode material in dye sensitized solar cells.
Graphene is a worthy substitute material of CNTSs as catalyst support material [22-23].

2.5 Graphene based Electro-catalysts

Different types of carbon materials are commonly used as catalytic support electrode
material in many applications of capacitors, batteries and fuel cells. Among them carbon
nanotubes (CNTs) are more widely used because of tremendous electrical and structural
properties Graphene is a 2 dimensional one atom thick layer of hexagonal sp? carbon
atoms. Due to its excellent physical and chemical properties has gain considerable
scientific importance in the recent years. This wonder material has potential application
in the field of batteries, super capacitors, sensors and especially as carbon support
material in fuel cells. The development of very efficient electro-catalyst is extremely
important for alternative sustainable energy harnessing technology including fuel cell.
Graphene is becoming a unique material for its good electrical conductance and high
surface area. Graphene based hybrid material based noble metals and non-noble metals
electro-catalyst enhance the fuel oxidation and water splitting reactions [24-27].
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Summary

Electro-catalysts play very important role in the fuel cell operation. Without electro-
catalysts redox reaction of the fuel cell is not possible. Commonly platinum and alloy
catalysts are used at both anode and cathode in all low temperature fuel cells. So for
different catalyst has been prepared and used for the electro-oxidation of methanol since
the discovery of direct methanol fuel cell. Platinum is considered the most effective and
suitable catalyst for methanol oxidation both in acidic and alkaline medium. Many
researchers have addressed on the comparison and optimization of Pt and alloy catalysts
under different conditions. The great advantage of using alkaline environment for
methanol oxidation is the opportunity of using non-precious metal catalyst. Among non-
noble metals Ni is versatile material for it excellent properties of catalysis. It has been
widely used as an electro-catalyst many reactions such as organic synthesis and water
electrolysis. The development of very efficient electro-catalyst is extremely important
for alternative sustainable energy harnessing technology including fuel cell. Graphene is
becoming a unique material for its good electrical conductance and high surface area.
Graphene based hybrid material based noble metals and non-noble metals electro-
catalysts enhance the fuel oxidation and water splitting reactions.
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Chapter 3

Synthesis Methods and Characterization

Techniques

3.1 Graphene Nano-composites Synthesis Methods

Recently, various methods have been adopted for the synthesis of graphene based nano-
composites material. Following are some important electro-catalyst preparation methods
for low temperature fuel cell.

3.1.1 Physical Synthesis Methods

Physical methods usually involve the use of heat energy in the form electricity or light
for the evaporation of material in vacuum or inert atmosphere and to deposit gaseous

atoms to form nano scale material. Some of the well-known reported method includes.

(i) Molecular Beam Epitaxy (MBE)
(ii) Thermal evaporation method

(iii) Spray coating technology

Molecular beam epitaxy is the method to develop thin film of different compounds by
the help of crystal substrate. Various materials are heated in a furnace under high
vacuum and vapor are generated and sprayed from a small hole directly on the substrate.
By controlling the molecular beam and substrate atoms are arranged in layer in multiple
layers. However, MBE is very costly and complicated process because high degree of

vacuum and controlling the molecular beam is a challenging job [1-3].
3.2 Chemical Synthesis Methods

Chemical synthesis methods include chemical reduction method, sol gel method,
electrochemical deposition and hydrothermal method. Let us explain some of these

methods

3.2.1 Chemical Reduction Process

22



Chemical reduction is the famous method for the preparation of nano-material. In
chemical reduction method first of all aqueous solution of metal precursor of the catalyst
material is made through vigorous stirring process. Then some reducing agent is added
in the aqueous phase. With the help of reducing agents ionic compounds are reduced to
metal nano-composites. Ethylene glycol, sodium borohydride and hydrazine hydrate are
some commonly used reducing agents in the chemical reduction process. The chemical
reduction is a low cost and easy method for the mass production of nano-composites
catalyst. However, reducing agent and other organic solvents can affect the binding

strength of nano-composites and performance might be reduced [4-5].
3.2.2  Sol-gel Method

In sol-gel method metal chlorides and metal alkoxides are used as metal precursors.
These metal chloride and oxides are treated with series of hydrolysis and condensation
process. The prepared material is then dried in vacuum drier at specific temperature.
Finally, after calcination the require nano-composites catalyst is obtained. Sol gel is
considered very effective process for the synthesis of thin-film coated material. This is a
low temperature method and easy to handle, but there are some bewildering factors
which still exists in the process of sol formation [6-7].
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Figure 3.1 Schematic diagram of sol gel method

3.2.3 Electrochemical Deposition

Electrochemical deposition method of nano-composites synthesis is a well-established
method and has gain industrial importance. The electro deposition is done in
electrochemical cell. The catalytic precursor solution is used as electrolyte which is
deposited at electrode made up of some substrate material by passing electrical current.
The uniform electrochemical deposition of nano particles is controlled by controlling the
amount of electric current and the reaction time. The electrochemical method has many
advantages such as controlled deposition, easy operation and environment friendly in
nature. However, in case of graphene based metal nano-composites the metal practical
may not be penetrate deep into the graphene sheets, but only deposit on the upper
surface of the graphene and thus make the unreliable binding. Regarding this draw back

this method still need further investigation of binding strength [8].
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3.2.4 Hydrothermal method

The main difference between hydrothermal and sol gel method is the temperature and
vapor pressure. Hydrothermal method works in temperature range 130 °C to 250 °C and
vapor pressure is about 0.3 to 4 MPa. In hydrothermal method nanocomposites are
synthesis by simply generation of high vapor pressure at constant volume and high
temperature. Most of the reactants are completely dissolved into the water which act as
reaction media. Homogenous mixing of the reactants speeds up the reaction rate.
Hydrothermal method has following advantages for the synthesis of graphene nano-

composites.

1) Good crystalline structure
2) Narrow particle size and less agglomeration

3) More purity and excellent morphology

Hydrothermal method has great potential of further development because electro-

catalysts synthesized by this method show excellent electrochemical activity [10-11].

3.3 Characterization Techniques

In our present work different characterization techniques have been used to identify the
structure and morphology of the prepared electro-catalyst nano-composites material like

X-ray diffraction, scanning electron microscopy, and particle size analyzer.
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3.3.1 X-ray diffraction (XRD)

In 1896, a German scientist Wilhelm Rontgen discovered the X-rays. Later on, in 1913
W.L. Bragg used these electromagnetic radiations for the structural identification of the
crystalline material. XRD is non-destructive analytical tool for the identification of
phase and orientation of the crystalline compounds. It is useful technique to determine
the structural properties, lattice parameters and crystalline size.

Working principle of XRD

When a plane of crystalline material is irradiated by a beam of X-ray they are refracted
back by the atoms of the material at certain angle. A unique pattern is created by each
material. An independent pattern is generated by each substance in a mixture of multiple
materials. When X-rays interact with atoms of certain material electrons in atom start
vibrating with the same striking frequency of the X-rays. This phenomenon can be

explained with the help of Bragg’s law as shown in the equation (3.1)
nA = 2dsin6 (3.1)

Where:
L = wave length of the X-rays
0 = incident angle

d = spacing between crystal planes
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Figure 3.3 Working mechanism of XRD

Figure shows the working mechanism of XRD machine. A beam of X-ray is generated
from the X-ray generator which strikes on the sample material at a certain angle. After
striking with the sample material X- rays are detected by the detector which makes the
diffractogram. A diffractogram is a graphical pattern which is plotted between 26 on x-
axis and intensity on y-axis. The detector records the intensities of the diffracted beams
and angles. The pattern obtained is almost the finger print of the material. Each material
has its own unique finger print. Miller indices define the inter-planer spacing and
orientation. Number and position of the peaks (26) values enable to determine lattice
type, cell parameter and crystal structure. Intensity of peaks gives information about the

position and types of the atoms in a specimen [12-14].
3.3.2 Scanning electron microscopy (SEM)

SEM is a very useful imaging tool which is used to investigate the surface morphology
of the sample. It gives the three-dimensional image of specimen surface with resolution
and magnification. SEM can provide 300,000 X stronger magnification with effective

depth of 1 ym to 10 nm.
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Figure 3.4 Schematic diagram of SEM working mechanism

Working principle

A typical SEM setup consists of electron gun, scanning system, detector and display. An
electron beam of spot size less than 10 nm in diameter is generated by the electron gun.
In order to generate an image electron beam is focused on the specimen. When any
portion of the specimen is struck by highly accelerated electron emits signal in the form
of electromagnetic radiation. Selected portion of these backscattered radiations is
collected at the detector. This signal is amplified and displayed on TV screen in the form
of image. The magnification depends on the relationship of size between the display and
area of the surface being scanned. Samples under scanned by SEM may face damage
problem but rarely happens [15-17].

3.4 Particle size analyzer

Particle size analyzer is tool to identify the range of particles sizes present in the
samples. This technique also gives information about average particle size along with

the percentage of particular sizes formed in the powder samples
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Working principle

Particle size analyzer consists of two chambers first chamber is a conical type that is
connected to an electric motor and second chamber is transparent box. Powder sample is
sonicated before feeding the liquid suspension of powder sample into the conical
chamber. After inserting the sample into the conical section, the suspension is mixed
again with motor and then it goes to transparent section. Here the particles are suspended
and laser beam is passed through the transparent section and strikes the particles. A
detector is placed on the other side of the laser source that measures the particles present
in the samples [18-19].

3.5 Energy dispersive X-ray spectroscopy (EDX analysis)

Energy dispersive X-ray spectroscopy is an analytical technique which is used for the
determination of element present in the given sample. It also gives information about the

chemical characterization of the samples
Working principle

The fundamental principle of energy dispersive X-ray spectroscopy is that each element
present in a sample emits unique set of electromagnetic radiation when excited by highly

active and focused beam of electron [20-21].
3.6 Electrochemical measurement techniques

In our present work, the electrochemical reactivity of the synthesized electrocatalyst was

analyzed by cyclic voltammetry technique
3.6.1 Cyclic voltammetry (CV)

Cyclic voltammetry is the common electrochemical reactivity measurement technique.
CV measures the intensity of current produced during electrochemical reaction against

the potential applied on the working electrode.
e Working principle

In a typical CV experiment, a potential is applied by the potentiostat on the working

electrode in a complete cycle. The potential is gradually increased then the scan reverses
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and returns to the starting position. Potentiostat measures the resulting current produced
during a potential sweep against the applied potential. A theoretical cyclic

voltammogram for a typical experiment is shown in the Fig. 3.5

Eea >

Figure 3.5 Typical CV curve

In a typical CV experiment, a potential is applied by the potentiostat on the working
electrode in a complete cycle. The potential is gradually increased then the scan reverses
and returns to the starting position. Potentiostat measures the resulting current produced
during a potential sweep against the applied potential. A graph is plot from these current
values against the applied potential called the CV graph or CV plot. In a typical CV
experiment the result obtained depends on various factors. In a series of experiment
different parameters are selectively varied like the applied potential, scan rate, molar
concentration of the supporting electrolyte and species concentration of the working
electrolyte [22-25].
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Summary

Different types of methods have been used for the syntheses of graphene oxide but
Modified Hummer’s method and Improve Hummer’s methods are most suitable
methods for the synthesis of graphene oxide. Recently, various methods have been
adopted for the synthesis of graphene based nano- composites material. Chemical
reduction is the famous method for the preparation of nano material. For the
identification successful synthesis nanocomposites XRD, SEM and particle size analysis
were used. XRD gives information about the structure, phase and crystalline structure of
the given sample. Whereas SEM is used to identify the surface morphology of samples.
For the elemental analysis of the prepared material EDX technique was used. Particle
size of the synthesized material was measure by particle size analyzer. Electrochemical
properties of the synthesized nanocomposites catalysts were investigated by cyclic

voltammetry.
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Chapter 4

Experimentations

4.1 Preparation of Graphene Oxide (GO)
4.1.1 Materials and Reagents

Graphite Powder (99.99%) of particle size 45 pum, H2SO4 (98%), NaNO3 (99%), KMnO4
(99%), H202 (30%) were purchased from Sigma Aldrich (USA). All the reagents were of

analytical grades and used without further purification.
4.1.2 Chemical Procedure

Graphene oxide (GO) is synthesized from graphite powder by modified Hummer’s
method [1-2]. In the typical procedure 1g of graphite powder was mixed with 25 ml 98
% sulphuric acid (H2SOg4), and 1 g of sodium nitrate (NaNO3z) taken in an ice bath for
three hours followed with the addition of 5 g of potassium permanganate. The reaction
was kept under vigorous stirring at 30 °C. Then slow addition of 100 ml water is
performed. After this the obtained product was placed at 85°C for two hours, then
reaction was treated with 10 ml hydrogen peroxide (H202 35 %). Finally, the obtained
yellowish cake was centrifuged in order to get pure product where solution was washed

several times with distilled water and ethanol.
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Figure 4.1 Typical flow chart of modified Hummer’s method of graphene Oxide
synthesis

4.2Preparation of Ni/Co Graphene Nano-composites

4.2.1 Materials and Reagents

GO which was already prepared from modified Hummer’s method. NiSO4.6H-0,
Co(NO3)2. 6H20, Ethylene Glycol, and NHs. All these reagents were purchased from
Sigma-Aldrich (USA) of analytical grades and used without further cleaning and
purification

4.3 Chemical Procedure

4.3.1 Synthesis of Ni/graphene nanocomposites

In the present work deposition of nickel nanoparticles on graphene was obtain by using
simple solution synthesis method. In this method, we have used ethylene glycol as a
solvent and hydrazine hydrate as a reducing agent. In the typical procedure, 262.8 mg of
nickel sulfate hexa-hydrate (NiSO4.6H20), and 100 mg of graphene oxide (GO) that we
have synthesized from graphite powder by a modified Hummer’s method, nickel
precursor and graphene oxide were added in a 100-ml flask having 60 ml ethylene

glycol that was used as a solvent. After this the mixture was ultrasonicated for an hour,
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then stirring is performed for 24 hours at ambient temperature. Then ammonia solution
is added into the obtained mixture with stirring in order to obtain pH 10.5. After that 1
ml of hydrazine hydrate was added as a reducing agent into the above solution and the
reduction reaction was performed under constant stirring at 85°C for 12 hours. The
obtained product is then centrifuged in order to get pure product, washing is performed

various times with distilled water and ethanol and dried in a vacuum desiccator at room

I NiSO4.6H20 I l/ H Graphene Oxide I

D —

temperature [3-5].

Ethylene Glycol

— 1

Sonication 1h

—

Stirring 24h

I —
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10.5
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Hydrazine
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\TJ

)
Stirring 85°C
12h

\TJ

)
Washing with
Water &

\TJ

)
Dried in
Vacuum Oven
~——

Figure 4.2 Figurative flow chart of Ni-G nanocomposites synthesis

4.3.2 Synthesis of Co/graphene nanocomposites

Similarly, deposition of cobalt nanoparticles on graphene was done by using simple

solution synthesis method. In this method, we have used ethylene glycol as a solvent and
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hydrazine hydrate as a reducing agent. In the typical procedure, 290 mg of cobalt nitrate
hexa-hydrate (Co(NOz3).. 6H20), and 100 mg of graphene oxide (GO) that we have
synthesized from graphite powder by a modified Hummer’s method, cobalt precursor
and graphene oxide were added in a 100-ml flask having 60 ml ethylene glycol that was
used as a solvent. After this the mixture was ultrasonicated for an hour, then stirring is
performed for 24 hours at ambient temperature. Then ammonia solution is added into the
obtained mixture with stirring in order to obtain pH 10.5. After that 1ml of hydrazine
hydrate was added as a reducing agent into the above solution and the reduction reaction
was performed under constant stirring at 85°C for 12 hours. The obtained product is then
centrifuged in order to get pure product, washing is performed various times with

distilled water and ethanol and dried in a vacuum desiccator at room temperature [6-8].
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Figure 4.3 Figurative flow chart of Co-G nanocomposites synthesis
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In order to investigate the phase, crystal structure and lattice parameter of the prepared
nanocomposites, X-ray powder diffractometer (STOE Germany) with computer
interface was used having radiation source Cu Ko at A = 1.5418 A. The scan angle 20

was selected 0°-80° with step size 0.04/sec.

To study the surface morphology of the synthesized catalyst scanning electron
microscope (HITACHI SU- 1500) with 50 um magnification and voltage was kept up-to
5kVv

4.4 Electrochemical Measurement Technique

All the electrochemical measurements were performed by using AUTOLAB 4.9
Potentiostat connected to PC. We used Ag/AgCI electrode as reference electrode in this
work. The counter electrode was a Pt wire 1 mm thick and 12 cm long. 1M KOH
solution was used as supporting electrolyte with 3M methanol concentration in a
conventional three-electrode Pyrex glass electrochemical cell. The electrochemical
characterization of the prepared Ni/graphene and Co/graphene nano-composites was

done by using cyclic voltammetry technique

Figure 4.4 Conventional three electrode Pyrex glass cell

e Preparation of supporting electrolyte solution 1M KOH solution
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For the preparation of 50 ml supporting electrolyte 1M KOH solution, 20 g of solid

KOH pellets were dissolved in 50 ml of water in 50 ml flask at ambient temperature
e Preparation of 3 molar methanol solution with IMKOH

For the preparation of 50 ml 3 molar methanol solution, 3 ml of methanol was dissolved

in 50 ml volume flask containing already 1M KOH solution at ambient temperature.
e Preparation of functional material slurry

For the modification of working electrode a homogenous slurry of the functional
material was prepared by mixing 2 mg fine powder of the active material (Ni/graphene
and Co/graphene), 20ul of nafion solution and 400ul of isopropanol in a small glass
beaker. After sonicating the slurry for 30 min at room temperature, 15ul from the
prepared slurry was poured on the active surface of the glassy carbon electrode which

was then air dried at room temperature.

Figure 4.5 Typical Glassy carbon electrode and Nafion solution
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e Preparation of working electrode (Platinum electrode)

In the present work, platinum electrode with 2 mm in diameter was modified as working
electrode. The working electrode was first washed and cleaned with distilled water then
polished with alumina slurry. For the modification of working electrode, homogenous
slurry of the functional material was prepared by mixing 2 mg fine powder of the active
material, 20ul of nafion solution and 400ul of isopropanol. After sonicating the slurry
for 30 minute at room temperature, 15ul from the prepared slurry was poured on the

active surface of the platinum electrode which was then air dried at room temperature.

Figure 4.6 Typical 2mm Platinum electrode

e Preparation of working electrode (Glassy Carbon electrode)

In the present work, glassy carbon electrode with active area 0.071 cm? was modified as
working electrode. The working electrode was first washed and cleaned with distilled
water than polished with alumina slurry. For the modification of working electrode a
homogenous slurry of the functional material was prepared by mixing 2 mg fine powder
of the active material, 20l of nafion solution and 400pl of isopropanol. After sonicating
the slurry for 30 min at room temperature, 15ul from the prepared slurry was poured on
the active surface of the glassy carbon electrode which was then air dried at room

temperature. The obtained current densities were normalized based on the utilized
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surface area of the modified glassy carbon electrode. The response of peak current was

checked at various scan rates ranging from 25mVs™ to 100mVs™ at starting potential

starting from 0 mV to 1800 mV positive vertex potential.

Figure 4.7 Modified Glassy carbon electrode

4.5 Cyclic Voltammetry

In order to investigate electrochemical behavior of prepared Ni/ graphene and
Col/graphene nanocomposites cyclic voltammogram was recorded on both modified
platinum electrode and modified glassy carbon electrode as a working electrode. The
cyclic voltammogram (CVs) of Ni/graphene and Co/graphene nano-composites for
methanol oxidation was done in alkaline medium. For the comparison cyclic
voltammogram of bare GCE, Ni/ graphene and Co/graphene were recorded under same

conditions at a scan rate of 100 mVs™, 1M KOH and 3M methanol concentration.

The anodic peak current observed for the period of forward scan was due to the electro-
oxidation of methanol into intermediate species and further complete oxidation of these
species into CO2, H20 and electrons. During the reverse scan, oxidation peak is obtained

due to the remaining species that was not fully oxidized during the forward scan [9-11].
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Figure 4.8 AUTOLAB 4.9 Potentiostat setup
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Summary

Graphene oxide was synthesized by modified Hummer’s method. Co/graphene and
Ni/graphene nanocomposites were synthesis by chemical reduction method with the help
of reducing agent. In our present work we synthesized Ni/graphene and Co/graphene
nanocomposites by a facile, economic and environmental friendly method. Furthermore,
the synthesized materials were characterized by XRD, SEM and EDX. The
electrochemical activity of the synthesized electrocatalysts towards methanol oxidation

was characterized by using cyclic voltammetry technique.
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Chapter 5

Result and Discussions

5.1 Characterization Techniques
5.1.1 X-ray Diffraction (XRD)

In order to investigate the phase, crystal structure and lattice parameter of the prepared
nanocomposites, X-ray powder diffractometer (STOE Germany) with computer
interface was used having radiation source Cu Ko at A = 1.5418 A. The scan angle 20
was selected 0°-80° with step size 0.04/sec.

To investigate the successful synthesis of nano-composites characterization was done by
performing X- ray diffraction and scanning electron microscopy. XRD pattern of
graphene oxide (GO) is shown in the figure 5.1(a). The characteristic peak is obtained at
260 of 11.5" clearly indicates the synthesis of graphene oxide, which shows that effective
oxidation of graphite leads to the formation of graphene oxide. The XRD pattern of
prepared Co/graphene nanocomposites is shown in the figure 5.1. (b) The typical
reflection peak at 20 = 22.3° indicates the formation of graphene by the reduction
process of graphene oxide. On the other hand, the diffraction bands obtained at 26 =
37.4° 44.3° and 63.2°, 62.1° can be assigned to the characteristic of face center cubic

(fcc) structure of Co nanoparticles.
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Figure 5.1 (a) XRD pattern of GO (b) XRD pattern of Co-G (c) XRD pattern of Ni-G

The XRD display of Ni/graphene nanocomposites is shown in the figure 5.1(c). The
typical reflection peak at 26 = 22.3° indicates the formation of graphene which was
obtained by the reduction process of graphene oxide. On the other hand, the diffraction
bands obtained at 206 = 37.4° 44.3° and 63.2°, can be assigned to the characteristic of
face center cubic (fcc) structure of Ni nanoparticles. Cobalt and Nickel have almost
similar crystal structure under normal conditions due to closer atomic numbers and
molecular weights. That is the reason XRD patterns of Ni and Co are almost similar [1-

2].

5.1.2 Scanning Electron Microscopy (SEM)

The morphologies of the synthesized materials were characterized by scanning electron

microscopy (SEM). Figure 5.2 (a) represents the low magnification SEM image of
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graphene oxide from this image the morphology of the secondary particles can be clearly
visualized. There might be the chance of agglomeration among the particles. Fig 5.2 (b)
represents the high magnification SEM image of graphene oxide. From this image, it can
be seen that most of the graphite oxide has been successfully exfoliated to wavy type

ultrathin structure of graphene oxide sheets.

(a) (b)

15k X1esBaaa 1mm & CRL UOF 2 { HZd, Bas 1rm CRL UDR
S 4

Figure 5.2 SEM image of GO (a) low magnification (b) high magnification

Fig. 5.3 represents the SEM image of Ni/graphene nanocomposites which reveals that Ni
nanoparticles are uniformly dispersed on graphene sheets.
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Figure 5.3 SEM image of Ni-G nanocomposites

Figure. 5.4 represents the randomly dispersed Co nanoparticles on graphene sheets. It
can be seen Co-G nanoparticles are randomly dispersed on ultra-thin graphene sheets.
There might be chance of agglomerations among the particles.
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Figure 5.4 SEM image of Co-G nanocomposites

50



5.2 Energy-dispersive X-ray spectroscopy (EDX)

Figure 3 shows the EDX analysis of Ni/graphene and Co/graphene nanocomposites
catalysts. The EDX analysis in the fig 3a shows that Co/ graphene nanocomposites
catalysts was composed of C, O and Co elements. Figure 4 b represents the EDX
spectrum of Ni/ graphene catalysts which reveals that Ni/graphene nanocomposites

catalysts was composed of C, O and Ni elements.
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Figure 5.5 EDX analysis of (a) Co-G nanocomposites (b) Ni-G nanocomposites

The presence of carbon peaks in both the samples represents the formation of graphene
sheets and small oxygen peak reveals that graphene also contains small quantity of

carboxyl and hydroxyl groups.
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5.3 Cyclic Voltammetry

To investigate electrochemical behavior of prepared Ni/ graphene and Co/graphene
cyclic voltammogram was recorded on two different types of electrodes later on the

results were compared for the both the electrodes.

a) Modified platinum electrode

b) Modified Glassy Carbon electrode

5.3.1 CV scan on modified Platinum electrode

In order to investigate electrochemical behavior of prepared Ni/ graphene and
Col/graphene cyclic voltammogram was recorded on modified platinum electrode as a
working electrode. The cyclic voltammogram (CVs) of Ni/graphene and Co/graphene
nano-composites for methanol oxidation was done in alkaline medium. For the
comparison cyclic voltammogram of bare Pt electrode, Ni/ graphene and Co/graphene
were recorded under same conditions at various scan rates from 50 mVs? to 250 mVs?

in 1M KOH and 3M methanol concentration[3-5]..
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Figure 5.6 CV scan of supporting electrolyte
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Figure 5.7 CV san of bare Pt electrode
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Table 5.1 Comparison current densities of different Electro-catalysts on Pt modified

electrodes
Type of Electro-catalysts used at 100mV Current
potential Density
(mA/cm?)
Bare Platinum 11.5
Co/graphene on modified Pt electrode 195
Ni/graphene on modified Pt electrode 40

5.3.2 CV scan on modified Glassy Carbon electrode

In order to investigate electrochemical behavior of prepared Co/graphene composites,
cyclic voltammogram was recorded on modified glassy carbon electrode as a working
electrode. The cyclic voltammogram (CVs) Co/graphene catalyst for methanol oxidation
was done in alkaline medium. The cyclic voltammogram of Co/graphene was recorded
under same conditions at various scan rate in LM KOH solution containing 3M methanol
concentration. Increase in current density was observed with increase in scan rate.
Maximum of 25 mAcm™ current density was achieved at 250 mVs™ which shows that

cobalt/graphene nanocomposites catalyst can be a better choice for methanol oxidation.
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Figure 5.10 CV scan of bare Glassy carbon electrode

56



15
F——Co-G@100mV|

-
(o]
1

|

[}
|

1
(%3]
1

Current Density(mA/cm?)
= -
| 1

15 4

e B L S E s e E e e e N
04 03 02 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

Potential (V) Ag/AgCl
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Figure 5.12 CV scan of Co-G electrocatalyst on modified Glassy carbon electrode at
various scan rates from 50-100 mV/s
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Figure 5.13 CV scan of Ni-G electrocatalyst on modified Glassy carbon electrode

Table 5.2 Comparison of current densities obtained of Ni/G and Co/G electrocatalysts
on GCE

Type of Electro-catalysts used Current
Density
(mA/cm?)
Bare GCE 14
Co/graphene on modified glassy carbon 25
electrode
Ni/graphene on modified glassy carbon 15
electrode
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Summary

Ni/graphene and Co/graphene nanocomposites were synthesized by simple solution synthesis
method. These synthesized nanocomposites catalysts were characterized by XRD and showed
face centered cubic crystal structure. SEM micrograph of the synthesized electrocatalysts shown
that nickel and cobalt nanoparticles are uniformly dispersed on graphene sheets. EDX analysis
confirmed the presence of required element in the prepared samples. Later on the
electrochemical properties of the synthesis electrocatalysts were investigated by cyclic
voltammetry. Results were compiled on two different types of electrodes modified Pt electrode
and modified glassy carbon electrode. The electrochemical oxidation of methanol were tested in
alkaline medium with the help of prepared electrocatalysts. It has been observed that
Colgraphene electro-catalyst showed better methanol oxidation results as compared Ni/graphene
electrocatalysts. Maximum current densities were achieved at Pt modified electrode because
Platinum is more efficient electron transfer rate as compared to glassy carbon electrode.
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Conclusion

Ni/graphene and Co/graphene nanocomposites have been synthesized by using chemical
reduction method from metal salts and graphene oxide, which was already prepared by
the oxidation of graphite powder by using modified Hummer’s method. The
electrocatalytic properties of these synthesized nanocomposites for methanol oxidation
were tested in alkaline medium. It has been observed that Co/graphene nanocomposites
showed higher electrochemical activity as compared to Ni/graphene. However,
comparing the current densities of these nanocomposites is far less than Pt/ graphene
which is still unbeatable as electrocatalyst for methanol oxidation reaction.
Electrochemical stability and potential towards oxygen reduction reaction of these

nanocomposites still need further investigations.
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Recommendation

The poisoning effect of the Pt catalyst significantly decreases power density and fuel
consumption efficiency of the cell. To inhibit the poisoning effect and to increase the
electro-oxidation rate by an order of three to four times a lot of research have been
carried out to replace the Pt catalysts. Most suitable results have been achieved by
alloying the Pt with Ru and Sn for the complete oxidation of methanol and CO into CO..
In recent years research is focused to develop non-noble metal electro-catalysts such as
Co, Ni, Pb, and W to replace platinum an expensive metal. However above transition
metals show poor oxidation kinetics. By using high conductive material as a support like
graphene, carbon nanotubes (CNTSs) and carbon nanofibers, electro-catalytic efficiency
of these metals can be improved. Cobalt/graphene nanocomposites show better results
towards methanol oxidation because of cobalt is more electropositive than platinum.
Compared with other carbon support material graphene is an excellent electrode material
because of its lower manufacturing cost, high surface area, and exceptional conductivity.
Therefore, graphene can be used as a catalytic support material to enhance the
electrochemical activity of catalyst particles for methanol and ethanol oxidation.
Ni/graphene and Co/graphene nanocomposites have been synthesized by using chemical
reduction method from metal salts and graphene oxide, which was already prepared by
the oxidation of graphite powder by using modified Hummer’s method. The electro-
catalytic properties of these synthesized nanocomposites for methanol oxidation were
tested in alkaline medium. It has been observed that Co/graphene nanocomposites
showed higher electrochemical activity as compared to Ni/graphene. However,
comparing the current densities of these nanocomposites is far less than Pt/ graphene
which is still unbeatable as electro-catalyst for methanol oxidation reaction.
Electrochemical stability and potential towards oxygen reduction reaction of these

nanocomposites still need further investigations.
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Abstract-Fuel cells are considered very attractive devices to obtain clean electrical energy
directly from the chemical fuel. During the last decade much attention is given to the direct
methanol fuel cells (DMFCs) because methanol is inexpensive, easily available and transported
liquid fuel. Mostly platinum is employed for the electro-oxidation of methanol as an anodic
material however higher economic costs and poor oxidation kinetics are the main problems of
platinum based catalyst. In this paper we reported the synthesis of graphene supported cobalt
nanocompositess by simple chemical solution synthesis method. The synthesized materials were
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and EDX. The
electrocatalytic properties of the synthesized catalyst for methanol oxidation were investigated in
alkaline medium.

Keywords: Graphene, Cobalt, Direct methanol fuel cells, Nanocomposites, Electrocatalysts,
Methanol oxidation.

1. Introduction

Under the global sustainability prospective, sustainable development involves four key
factors in terms of social, environmental, economic and energy resources sustainability.
Sustainable development requires sustainable supply of clean and cheap sources of energy
that do not have adverse social and environmental impacts[1]. Globally, about 87% of total
energy is produced by fossil fuels about 6% is generated in nuclear power plants and only 7%
comes from renewable resources (hydro, wind, solar, geothermal and biofuel) [2].
Unfortunately, this planet has limited amount of fossil and nuclear energy resource and at the
same time generation of energy can contribute to climate change by global warming, acid
rain and ozone layer depletion[3]. In order to overcome all these critical challenges of energy
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security and environmental degradation attempts have been made in the development of
advance, affordable and environment friendly energy harnessing technologies. In this regard
innovative energy technologies have got considerable attention during the last few decades.
Among them fuel cell is considered as promising power generation technology both for
mobile and stationary applications[4].

In series of fuel cells, direct methanol fuel cell (DMFC) is competitive as viable energy
source in the energy market depending upon the cost, efficiency and durability of the
electrocatalyst. At present, most of the fuel cells (low temperature fuel cell) use Pt-based
catalyst. Due to expensive nature of Pt based electrocatalyst successful commercialization is
greatly affected [5]. Beside the cost factor, Pt-based electrocatalyst also faces catalyst
poisoning. Therefore researchers are trying to develop a low cost, reliable and efficient
electrocatalyst to replace Pt-base catalyst[6].

So far significant numbers of studies have been performed by involving different
techniques for the electro-oxidation of lower molecular weight organic compounds such as
CH3OH, HCOOH, and HCHO. Results from these investigations reveals that at low
temperature electro-oxidation of these organic compounds need the presence of Pt-based
catalyst[7]. Two key steps dehydrogenation and chemisorption of CO are involved during the
electro-oxidation of these compounds under Pt-based catalyst. A strongly adsorbed
intermediate species (like CO, CHO) are produced during all these reactions. These types of
species like CO, CHO are adsorbed on the surface of the catalyst and cause for catalyst
poisoning[8]. The poisoning effect of the Pt catalyst significantly decreases power density
and fuel consumption efficiency of the cell. To inhibit the poisoning effect and to increase
the electro-oxidation rate by an order of three to four times a lot of research have been carried
out to replace the Pt catalyst[9]. Most suitable results have been achieved by alloying the Pt
with Ru and Sn for the complete oxidation of methanol and CO into CO2[10]. In recent years
research is focused to develop non noble metal electrocatalysts such as Co, Ni, Pb, and W to
replace platinum an expensive metal. However above transition metals show poor oxidation
kinetics. By using high conductive material as a support like graphene, carbon nanotubes
(CNTSs) and carbon nanofibers, electrocatalytic efficiency of these metals can be improved.
Cobalt/graphene nanocomposites show better results towards methanol oxidation because of
cobalt is more electropositive than platinum[11][12][13]. Compared with other carbon
support material graphene is an excellent electrode material because of its lower
manufacturing cost, high surface area, and exceptional conductivity[14]. Therefore, graphene
can be used as a catalytic support material to enhance the electrochemical activity of catalyst
particles for methanol and ethanol oxidation[12]. Here we report the synthesis of
Col/graphene nanocomposites by a facile, economic and environmental friendly method.
Furthermore, the synthesized material was characterized by XRD, SEM and EDX. The
electrochemical activity of the synthesized electrocatalyst towards methanol oxidation was
characterized in alkaline medium.

2. Experimental
2.1 Material and Reagents

Graphite Powder (99.99%) of particle size 45 pm, H2SO4 (98%), NaNO3z (99%), KMnO4
(99%), H202 (30%), Co(NOs)2.6H.0, Ethylene Glycol, NH3(25%) solution were purchased



from Sigma Aldrich. All the reagents were of analytical grades and used without further
purification.

2.2 Preparation of Graphene Oxide (GO)

Graphene oxide (GO) was synthesized from graphite powder by modified Hummer’s
method [15]. In the typical procedure 1g of graphite powder (99.99%) was mixed with 25ml
98 % sulphuric acid (H2SOg4), and 1g of sodium nitrate (NaNO3) in an ice bath for 3h. Then
59 of KMnO4 was added gradually in above mixture. The reaction was kept under vigorous
stirring at 30 °C. 100ml of water was added slowly and the product was placed at 85°C for
2h. Then reaction was treated with 10ml of hydrogen peroxide (H202 30 %). Finally, the
obtained yellowish mixture was centrifuged and washed several times with distilled water
and ethanol in order to get pure grapheme oxide (GO).

2.3 Preparation of Co/ Graphene nanocomposites

Co/ Graphene nanocomposites catalyst was synthesized by using simple solution
synthesis method[13]. In this procedure, 290mg of cobalt nitrate hexa-hydrate (Co(NO3)a.
6H-0), and 100mg of graphene oxide were added in a 100ml flask having 60ml ethylene
glycol as a solvent.

[ Co(NOs)2,6H.0 } { Graphene Oxide ]

Ethylene Glycol

v

Sonication 1h

Stirring 24h rt

NHs soln. pH
105

—v

Hydrazine
Hvdrate

 SEEEEEE—
Stirring 85°C 12h

ﬁ/_/

)
Washing with
Water & Fthanol

 EE—
Dried in Vacuum
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Figure 1 Schematic flow diagram Co/graphene nanocomposites synthesis
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After ultra-sonication for an hour, the mixture was stirred for 24 hours at ambient
temperature. The small amount of ammonia solution (25%) was added gradually to adjust pH
of the solution to 10.5. After that 1.0 ml hydrazine hydrate was added as a reducing agent
into the mixture and the reduction reaction was performed under constant stirring at 85°C for
12 h. The obtained product was then filtered, washed several times with distilled water and
ethanol. The product was dried in a vacuum desiccator at room temperature.

2.4 SEM /XRD Characterization

In order to investigate the phase, crystal structure and lattice parameter of the prepared
nanocomposites, X-ray powder diffractometer (STOE Germany) with computer interface was
used having radiation source Cu Ko at A = 1.5418 A. The scan angle 20 was selected 0°-80°
with step size 0.04/sec.

To study the surface morphology of the synthesized catalyst Scanning Electron
Microscope (HITACHI SU- 1500) and voltage was kept up-to 15 kV.

2.5 Electrochemical Measurements

All the electrochemical measurements were performed by using AUTOLAB 4.9
Potentiostat connected to PC. Ag/AgCI electrode was used as reference electrode in this
work. The counter electrode was a Pt wire 1mm thick and 12cm long. 1M KOH solution was
used as a supporting electrolyte with 3M methanol concentration in a conventional three-
electrode Pyrex glass electrochemical cell. The electrochemical characterization of the
prepared Co/graphene nanocomposites was done by using cyclic voltammetry technique. The
obtained current densities were normalized based on the utilized surface area of the modified
glassy carbon electrode. The response of peak current was checked at various scan rates
ranging from 50mVs? to 250mVs™? at starting potential starting from 0 mV to 1800 mV
positive vertex potential.

2.6 Preparation of working electrode (GCE)

In the present work, glassy carbon electrode with active area 0.071 cm? was modified as
working electrode. The working electrode was first washed and cleaned with distilled water
than polished with alumina slurry. For the modification of working electrode homogenous
slurry of the functional material was prepared by mixing 2 mg fine powder of the active
material, 20ul of nafion solution and 400ul of isopropanol. After sonicating the slurry for 30
minute at room temperature, 15ul from the prepared slurry was poured on the active surface
of the glassy carbon electrode which was then air dried at room temperature.

Result and Discussion

Co/grapheme nanocomposites catalyst was characterized by performing X- ray
diffraction and scanning electron microscopy. XRD pattern of graphene oxide (GO) is shown
in the figure 1(a). The characteristic peak is obtained at 20 of 11.5° clearly indicates the
synthesis of graphene oxide, which shows that effective oxidation of graphite leads to the
formation of graphene oxide. The XRD pattern of prepared Co/graphene nanocomposites is
shown in the Fig.1. (b) The typical reflection peak at 260 = 22.3° indicates the formation of



graphene by the reduction process of graphene oxide. On the other hand, the diffraction
bands obtained at 26 = 37.4°, 44.3° and 63.2°, 76.1° can be assigned to the characteristic of
face center cubic (fcc) structure of Co nanoparticles[16].
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Fig. 2 XRD pattern (A) graphene oxide (B) Co/graphene nanocomposites

The morphologies of the synthesized materials were characterized by scanning electron
microscopy (SEM). Figure.2 (a) represents t SEM image of graphene oxide. From this image
it can be seen that most of the graphite oxide has been successfully exfoliated to wavy type
ultrathin structure of graphene oxide sheets. Figure. 2 (b) represents the randomly dispersed
Co nanoparticles on graphene sheets

Fig. 3 (&) SEM image of graphene oxide (b) SEM image of Co/graphene hanocomposites

Figure 3 shows the EDX analysis of Co/graphene nanocomposites. The EDX analysis in
the fig 3 shows that Co/ graphene nanocomposites catalyst was composed of C, O and Co
elements.
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Fig. 4 EDX analysis of Co/graphene nanocomposites

. The presence of carbon peaks in sample represents the formation of graphene sheets and
small oxygen peak reveals that graphene also contains small quantity of carboxyl and
hydroxyl groups.

2.7 Cyclic Voltammetry

In order to investigate electrochemical behavior of prepared Co/graphene composites,
cyclic voltammogram was recorded on modified glassy carbon electrode as a working
electrode. The cyclic voltammogram (CVs) Co/graphene catalyst for methanol oxidation was
done in alkaline medium. The cyclic voltammogram of Co/graphene was recorded under
same conditions at various scan rate in 1M KOH solution containing 3M methanol
concentration. A current density of 25mAcm™ was recorded at 250mVs™ which shows that

cobalt/graphene nanocomposites catalyst can be a better choice to replace platinum and alloy
catalysts.
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Figure 6 (a) CVs of bare GCE b) Co/graphene catalyst in 1M KOH solution containing 3M
methanol at 50 mVs-1

Cyclic voltammogram of bare GCE is shown in the figure 6 (a) which indicates a very low peak
current density of 0.25 mAcm-2 at 50 mVs-1. After modification of GCE with active material
2mg of Co/graphene catalyst a peak current density of 12.50 mAcm was achieved at 50 mVs™*
as shown in the figure 6 (b). The dramatic increase in the peak the current density shows the
excellent oxidation potential of Co/graphene catalyst toward methanol oxidation. The anodic
peak current observed for the period of forward scan was due to the electro-oxidation of
methanol into intermediate species and further complete oxidation of these species into COy,
H>O and electrons. During the reverse scan, oxidation peak is obtained due to the remaining
species that was not fully oxidized during the forward scan.

3. Conclusion



Co/graphene nanocomposites catalyst was synthesized by using chemical reduction method
from metal salts and graphene oxide. The electrocatalytic properties of this synthesized
catalyst for methanol oxidation was tested in alkaline medium. It has been observed that
Co/graphene nanocomposites showed excellent electrocatalytic activity towards methanol
oxidation. Electrochemical stability and potential towards oxygen reduction reaction of these
nanocomposites catalysts still need further investigations.

Acknowledgements

This work was financially supported by PGP and Research Directorates of NUST. We also
acknowledge the School of Chemical & Materials Engineering (SCME) NUST for their research
facilities.

References

[1] I. Dincer, “Environmental and sustainability aspects of hydrogen and fuel cell systems,” no. August 2006,
pp. 29-55, 2007.

[2] I. Transactions, E. Conversion, and S. Univer, “Environmental Impacts of Electricity Generation : A Global
Perspective Environmental Impacts of Electricity Generation :,” no. September, 2016.

[3] B. K. Bose, “Energy, Environmental Pollution, and the Impact of Power Electronics,” no. March, pp. 617,
2010.

[4] O. Z. Sharaf and M. F. Orhan, “An overview of fuel cell technology : Fundamentals and applications,”
Renew. Sustain. Energy Rev., vol. 32, pp. 810-853, 2014.

[5] H. Liu, C. Song, L. Zhang, and J. Zhang, “A review of anode catalysis in the direct methanol fuel cell,” no.
April, 2006.

[6] N. A. M. Barakat, M. Motlak, B. Kim, A. G. El-deen, S. S. Al-deyab, and A. M. Hamza, “Journal of
Molecular Catalysis A : Chemical Carbon nanofibers doped by Ni x Co 1 — x alloy nanoparticles as effective
and stable non precious electrocatalyst for methanol oxidation in alkaline media,” "Journal Mol. Catal. A,
Chem., vol. 394, pp. 177-187, 2014.

[7] N. A. M. Barakat, M. Motlak, A. A. Elzatahry, K. Abdelrazek, and E. A. M. Abdelghani, “ScienceDirect Ni
x Co 1 L x alloy nanoparticle-doped carbon nanofibers as effective non-precious catalyst for ethanol
oxidation,” Int. J. Hydrogen Energy, vol. 39, no. 1, pp. 305-316, 2013.

[8] A. S. Arico, S. Srinivasan, and V. Antonucci, “DMFCs : From Fundamental Aspects to Technology
Development,” no. 2, pp. 133-161, 2001.

[9] P. O. Box and C. Ch, “Shell Research Limited, Thornton Research Centre, P.O. Box 1, Chester CH1 3SH,
England,” vol. 118, 1981.

[10] E. V. Spinacé, M. Linardi, and A. O. Neto, “Co-catalytic effect of nickel in the electro-oxidation of ethanol
on binary Pt-Sn electrocatalysts,” Electrochem. commun., vol. 7, no. 4, pp. 365-369, 2005.

[11] A. A Elzatahry, A. M. Abdullah, T. A. S. El-din, and A. M. Al-enizi, “Nanocomposite Graphene-Based
Material for Fuel Cell Applications,” vol. 7, pp. 3115-3126, 2012.

[12] Z. Wang, Y. Du, F. Zhang, Z. Zheng, Y. Zhang, and C. Wang, “High electrocatalytic activity of non-noble



[13]

[14]

[15]

[16]

Ni-Co/graphene catalyst for direct ethanol fuel cells.,” Sect. Title Electrochem. Radiational, Therm. Energy
Technol., vol. 17, no. 1, pp. 99-107, 2013.

N. A. M. Barakat and M. Motlak, “Applied Catalysis B : Environmental Co x Ni y -decorated graphene as
novel , stable and super effective non-precious electro-catalyst for methanol oxidation,” "Applied Catal. B,
Environ., vol. 154-155, pp. 221-231, 2014.

W. Gao, “The chemistry of graphene oxide,” Graphene Oxide Reduct. Recipes, Spectrosc. Appl., pp. 61-95,
2015.

D. C. Marcano, D. V Kosynkin, J. M. Berlin, A. Sinitskii, Z. Sun, A. Slesarev, L. B. Alemany, W. Lu, and J.
M. Tour, “Improved Synthesis of Graphene Oxide,” vol. 4, no. 8.

J. Wu, D. Zhang, Y. Wang, Y. Wan, and B. Hou, “Catalytic activity of graphene-cobalt hydroxide
composite for oxygen reduction reaction in alkaline media,” J. Power Sources, vol. 198, pp. 122-126, 2012.



