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ABSTRACT

Finite fossil fuels and destroyed nature make us to rely on develop renewable energy resources.
One of the promising energy systems is metal-air battery which meets drawbacks of traditional
metal-ion battery. The redox reaction of metal and oxygen (O>) in air generates electrical energy. A
key issue of metal-air battery is to improve the efficiency of cathode that occur redox reaction of
O3 such as oxygen reduction reaction (ORR) and oxygen evolution reaction (OER).

Platinum (Pt), Iridium (Ir) and Ruthenium (Ru) oxides are commonly used as bi-functional
catalysts for ORR and OER. These materials have limitations of cost and quantity, and they have to
be overcome for commercialization. To satisfy these limitations, cobalt oxide is studied with
diverse approaches in this work.

Doped with manganese (Mn) and nitrogen (N) showed increasing performance for both reactions
and cobalt hydroxide explains the mechanism of OER because ORR has been already reported
many times. Morphology, structure, electronic property and electrochemical activities of all
materials will be discussed. A final goal is to find good bi-functional catalysts with understanding

of its reaction.
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[.INTRODUCTION

1.1. Forewords

Interest in renewable energy has been increasing because of the depletion of fossil fuels and the need
to protect the environment. First, fossil fuels are finite. Second, nature has been destroyed by industry,
and this makes environmental-friendliness an essential factor of new technologies. To satisfy both
requirements, many kinds of alternative energy sources are promised such as metal-air batteries.

Traditional rechargeable metal-ion batteries are considered as the most promising energy technology,

but they have several problems that prevent them from meeting the demands of commercialization'. On
the other hands, there is an approach to improve the development of metal-ion batteries. These batteries,
called metal-air batteries, are considered oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) at the cathode. It means that metal-air batteries, can also generate electrical energy; even
more important. They much stronger point that it reacts in air: the redox reaction between metal and the

oxygen in air. There is no need for specific fuel and continuous conversion of oxygen and water lead

metal-air battery the ideal energy systemsz.

Oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) occur at the cathode of
metal-air batteries. ORR and OER are more difficult processes than reduction and oxidation reactions
such as hydrogen because of lower exchange current density and higher over-potentials. And, many
kinds of materials which have been used for catalysts are expensive and scarce, leading to difficulties
in commercialization. Research for bi-functional catalyst that can be applied to not only ORR but also
OER has been taken center stage recently. The main issue of bi-functional catalyst is suitable cost and
affordable materials for commercialization with high performance.

Platinum (Pt), Iridium (Ir) and Ruthenium (Ru) oxides were used as bi-functional catalyst with the
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problems of cost and acquisition3’4. Cobalt oxide is one of the promising material to meet these problems.
Using not only cobalt oxide but also a supporting material such as graphene can improve the efficiency

of ORR and OER. Cobalt oxide and graphene hybrid was synthesized by hydrothermal process to form

a spinel structure to enhance the performances'g. In addition to, doping with other atoms such as
manganese (Mn) in cobalt oxide and nitrogen (N) in grapheme oxide showed higher activities for ORR

and OER.

Nowadays, diverse approaches to improve the performance of ORR and OER have been studied”.
ORR and OER play an important role in renewable energy systems, but have to be improved to be
commercialized. Still, it requires much effort and research on development of bi-functional catalyst.
With continuous research, it can be one of the most important and precious energy resources for the

future.

1.2. Characteristics of metal-air batteries

The first metal-air battery technology was introduced about 20 years ago. The first experiment of

metal-air battery was made by Abraham et al. in 199610, it was composed of Lithium (Li) metal anode,
Li conductive organic polymer electrolyte membrane and a carbon composite electrode. In their
research, they proved that metal-air battery has much higher energy densities than those of conventional

metal-ion battery. But, it could not attract wide attention. The Bruce groups, who revisited metal-air

battery again in 2006, showed interesting electrochemical performance for practical applicationsll.

Based on their research, metal-air battery was started developing actively in recent years..

1.2.1. Fundamental principles of metal-air batteries

A metal-air battery is composed of a metal anode, an air electrode and a separator soaked in metal-

ion conduction electrolyte as shown in Fig. 1", The basic reactions are divided by processes such as

discharge and charge.



Metal anode Alr cathOde
OH- : in aqueous Zn-air battery
Li* : in non-aqueous Li-air battery
® : Oxygen catalysts

Fig. 1. The composition and reaction of metal-air battery

A. Discharge process

The anode, metal oxide electrode, is oxidized and releases electrons to external circuit and the
electrons that are from the anode are accepted by the oxygen at cathode. This reaction makes an oxygen-
containing species. The reduced oxygen species and dissociated metal ions migrate across the
electrolyte, and it is combined to form metal oxides.

B. Charge process

It is reverse to discharge process. During charging, metal at anode is plated and oxygen is evolved at

cathode.



1.2.2.  Various types of metal-air batteries
Metal-air batteries are categorized by the nature of electrolytes such as aqueous or hon-aqueous.

Occasionally, agueous and non-aqueous are mixed for electrolytes and solid-state electrolyte also can

be used. Various types of electrolytes of metal-air batteries are shown in Fig 7

(a) Nonaqueous (b) Aqueous
Discharge

Discharge

0
Metal - @D

Organic LISICON Aqueous
electrolyte Catalysts porous carbon film electrolyte catalysts porous carbon

(c) Hybrid (d) Solid state electrolyte
.‘1 v Discharge T v Discharge l.'

10' OE
@D | | Y

P 2 - /’
m:?;fm :'l'.;l‘CON catalysts porous carbon ,Sf:i‘:r;:;:: catalysts porous carbon

Fig. 2. The various types of metal-air batteries"

A. Aqueous electrolyte

An aqgueous electrolyte based system has more developed than other electrolyte because of
electrochemical activities. The electrochemical reaction kinetics of oxygen is generally slow in aqueous
electrolyte, when without catalysts. Alkaline solutions are commonly applied for aqueous metal-air

batteries, because acid solutions make electrode to lead to severe corrosion. The ORR and OER

processes in the aqueous electrolyte are divided into several stepslg. The electrochemical approach of

ORR and OER, the conversion of oxygen, is very complicated and difficult to describe because of its
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strong irreversibility, and the reaction process involved multi step electron-transfer processes. Also,
ORR and OER are classified with types of catalysts such as metals and metal oxides. Its surface decides
a four-electron pathway or two-electron pathway of ORR. Different electron transfer pathways follow
the same principle, but with a different charge distribution. In case of metal oxide has limiting steps of

the ORR, which make electronic structure in metal oxide important to control the catalytic activities.

The ORR pathways and mechanisms vary with the catalytic materials and electronic structure™ ™. ORR

of metal oxide is shown as:

M™-0p + H,0 + & — MM™D*-OH" + OH- -(1)
02 + € — Ozans -(2)
M(™D*-OH- + Opaxs” + & — M™-0-0; + OH" -3)
M™-0-0; + H0 + & — M(™*-0-OH" + OH- -(4)
M(™D*-0-OH- + & — M™-O; + OH" -(5)

Not only mechanism of ORR but also that of OER is likely to change depending on the electrode

materials. Oxygen is generally evolved from surface of metal oxide, so changeable valance state of

. .. . R 15,17,18 R . .
metal ion is important for oxygen evolution reaction . One mechanism of OER in alkaline

electrolyte is shown as:

M™-Oz + OH — M™*-0-OH" + e- -6)
M(D*-0-OH + OH" — M™-0-O5 + H,0 + & -(7)
2""”‘*-0-02‘ —2M™-05, + 0O, '(8)

The above mechanisms of ORR and OER are based on general metal oxide catalyst, and simple
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mechanisms of ORR and OER of specific metal oxide such as zinc-air batteries are written as™:

Cathode: O +2H,O0 +4e =4 OH" -(9)
Anode: Zn + 4 OH = Zn(OH)2 + 2 & -(10)
Overall: 2 Zn + 0, + 2 H,0 + 4 OH = 2 Zn(OH)s* -(11)

By understanding the mechanism of ORR and OER, the most important point of metal-air battery in
aqueous electrolyte is the rechargeability.

B. Non-aqueous electrolyte

It is similar to conventional metal-ion batteries with same components such as metal anode that plays
a role as the ion source, metal oxides cathode and ion salt dissolved in aprotic solvents as electrolytes.
One difference is that metal-air battery is open system to obtain the oxygen form the air.

The reaction mechanisms in non-aqueous electrolyte have been studied for long times. The first
study was introduced by Abraham et al., and Bruce group also demonstrated the similar mechanism.

Recently, Laoire et al. carried out a fundamental study of the reaction mechanisms based on

electrochemical analysis and XRD experimentszo’ﬂ. All of their study has common tendency that
oxygen reduction reaction proceeds in a stepwise fashion to form O, O,%, and O% as products by steps:

('metal= Li, is used as electrode )

Li* + e + O, — LiO; -(12)
2 LiO; — LixO + O, -(13)
Li* + e + LiO, — LizO, -(14)
2 Li* + e + Li,0; > 2 Li;O -(15)



Above reaction, cathode reaction, proceeds through a one electron reversible process with the O,/Oy
redox couple in electrolytes. Compare to ORR, in the reverse charging process, OER pathway also can

be drawn that oxidation of Li,O,. The OER process in non-aqueous electrolyte in other in different

process was supported by Shao-Horn and McCloskey et al”*?,

Li,0, — LiO, + Li* + & -(16)
LiO, + LiO; — Li,0; + O, -(17)
Li,O; — 2 Li* + O, + 26 -(18)

The ORR and OER processes can be influenced by electrolytes, electrode materials, oxygen pressure,
and even electrochemical stressing. The target to meet is to find out the best conditions and apply to

applications.

1.2.3. Advantages & disadvantages of metal-air batteries
Metal-air batteries have more strong-points compared with conventional metal-ion batteries. For
example, it has a high energy density that is the most important issue in the fields of capacitors. And, it

shows the flat discharge voltage and long shelf life. From the point of view of non-performance, it has

non toxic and low cost™.

On the other hands, metal-air batteries have several problems to overcome to successful
commercialization. It depends on environmental conditions such as electrolyte flooding which limits
power output. It is limited on power density and operating temperature range. In case of metal electrode,

the metal peroxide can be reacted with the electrolyte solvents and the environment, and reacted

sensitively to water and CO, penetrationzs.

With maintaining the advantages, metal-air batteries have to overcome the many tasks for
performance. Based on advantages and disadvantages of metal-air batteries, the factors that affect
performance are categorized. Above mentioned, some metals are unstable in water and react with the

electrolyte to corrode the metal, resulting in self-discharge. And, metal-air batteries show sharp voltage
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drop with increasing current due to oxygen diffusion limitations. Since metal-air batteries are open
systems, absorption of CO2 results in crystallization of carbonate in the air cathode electrode with
clogging pores and decreasing performance. By these two factors, It is certain that air cathode that is
the site for ORR and OER has to be improved. To improve the efficiency of ORR and OER at the

cathode, catalysts which are composed of the most effective parts of electrode resulting in performance,

and named as bi-functional catalyst has to be researched” .

1.3. Studies of bi-functional catalysts

Bi-functional catalyst which is related to electro-catalysis of oxygen has been demonstrated to be

crucial for improving the power density, cycling capability, and energy conversion efficiency of metal-

air batteries™*. Because of similar principles of ORR, many catalytic materials for fuel cells could also
serve in metal-air batteries, and it enhances the strategies and techniques for bi-functional catalyst more
easily. Diverse bi-functional catalysts already have been used, and they can be categorized by
characteristics of materials such as transition metal, carbon materials, metal-oxide hybrid, metal with

doped materials, conductive polymers and noble metals. During decades, noble metal, alloys and oxides

are the best materials for bi-functional catalyst524’29. But, theses are run into the limits such as cost and
amounts. Its limitation leads active researches to find out the attractive materials for bi-functional

catalysts.

1.3.1. Various types of bi-functional catalysts

Above mentioned, many materials can be categorized by its characteristics.

A. Metal, alloys, and oxides

One of the metal, Platinum (Pt), is the most effective catalyst to facilitate ORR with its high stability
and superior electro-catalytic activities™ ™. Like as Pt, Iridium (Ir) and Ruthenium (Ru) are the best
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catalysts to great OER because of high electro-catalytic activities>". To apply for bi-functional catalysts,
these novel metals synthesized as an alloy form, show great performance with high cost and not
abundance to commercialize.

B. Transition metals

Transition metals include different oxide groups such as single metal oxides and mixed metal oxides.
These transition metals are used for alternative materials of novel metals with strong points of high
abundance, low cost, easy preparation, environmental friendliness and so on. Its elements have multi
valences to make various types of oxide with different crystal structure, and its different crystal structure

brings diverse performance. Well known transition metal oxides for bi-functional catalysts are

manganese oxide (MnOy) *, cobalt oxide (CoOx) and nickel oxide (NiOx) *™,

C. Carbon materials
Most carbon materials usually show low catalytic activities for ORR and OER in aqueous solutions,

but it show higher activities in non-aqueous solution. When the carbon materials have a nanostructure,

it shows pretty higher catalytic activities with high conductivities and surface area””’. The
nanostructure carbon includes different dimensional materials as one-dimensional nanotubes and
nanofibers, two-dimensional graphite and graphene nanosheets, and three-dimensional nanoporous

architectures. Because of its different characteristic, carbon is used as supporting material to improve

the catalytic activities™.

D. Metal oxide hybrid and doped materials

The low conductivity and serious aggregation of particles in metal oxide are the important drawbacks
that limit its activity for ORR and OER. To overcome this limitation, well dispersion of particles is
promising technique. Cho et al. have reported the considerable way to import the electrochemical

activity of manganese oxide by forming composites with conductive substrates as carbon nanotubes

(CNTs) and reduced graphene oxide (rGO) * Conductive substrates make a well dispersion of
manganese oxide particles and overcome the limitation of low electrical conductivity.

Another way is to use dopant materials such as nitrogen (N) in the carbon framework to improve the
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activity. It is the promising method which has gained increasing attention because of high catalytic

activity with utilization of abundant and low cost of precusors. With replacing the atomic sites, it

increases the resistance of corrosion and the performance of catalysts4°'43.

There are various types of materials for bi-functional catalysts with different characteristics. Before
making and choosing the materials, to consider the electrolyte and other conditions has to be the first.
It is also important what reactions can be occurred at the surface of catalyst by its ORR and OER

mechanisms.

1.3.2. ORR & OER studies
Oxygen (Oy) is the most abundant element in the Earth’s crust. So, the conversion of O, is promising
technology in these days. Its conversion is divided into two parts; one reaction is oxygen reduction

reaction (ORR), and other reaction is oxygen evolution reaction (OER).

A. Oxygen reduction reaction (ORR)

The oxygen reduction reaction (ORR) is the most important reaction in life process such as not only
metal-air battery but also biological respiration and fuel cells. The ORR in aqueous solutions occurs
mainly by two pathways:

The direct four-electron reduction pathway from O, to H-O, and the two-electron reduction pathway

44,45

from O to hydrogen peroxide (H2.0z) .

In non-aqueous solutions and alkaline solutions, one-electron reduction pathway from O to

. 44,45
superoxide (O2) can also occur

These reactions are written as:

- In acidic aqueous solution

4-electron pathway: Oz + 4 H* + 4 & — H,0 -(19)
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2-electron pathway: O; + 2 H* + 2 e — H0;, H02 + 2 H" + 2 e — 2H,0 -(20)

- In alkaline aqueous solution
4-electron pathway: O, + H:O + 4 e* — 4 OH" -(21)
2-electron pathway: O; + H,O + 2¢- — HO, + OH, HO; + H,O + 2 e — 3 OH" -(22)
- In non-aqueous solvents
O,+e — Oy -(23)
07 +e— 0 -(24)

Depending on the applications, the reduction pathways can be selected. And, these reactions also
depend on the materials such as carbon. In case of carbon materials, it has some electrocatalytic activity
towards ORR in alkaline solution itself. And, ORR activities and mechanisms are different depending

on the types of carbon. Here is an example of graphite and glassy carbon which is used in

. - . . 67 . - . -
electrochemical characterization of this work . The mechanisms on glassy carbon in alkaline solution

are shown in Fig 3. and written as:

02 — O2.ans -(25)
O2,a0s + & — [Oz,ans]" -(26)
[O2.a0s] — Ozans -(27)
02,405 + H2O — HO2 aps + OH" -(28)
HOp,a0s + € — HOy ans -(29)
HO2 aps — HO2 -(30)
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The ‘abs’ species such as Oz s are absorbed on the surface of glassy carbon electrode. In this
mechanism, the third process; [O2as] — Oz.as IS the most important. The left one is related to inert
form adsorbed on inert carbon sites, but right one that is same species migrates to an active site with

following the reaction. It means this step can determine the reaction rates. Taylor et al. reported the

reaction rate with its mechanism and they found that reaction rate depends on pH68'69. Above

mechanisms are occurred in alkaline solution, and its third steps only affects on rate of reaction at pH

-
54

Fig. 3. The mechanism of ORR on carbon surface

>10.

B. OER studies

The oxygen evolution reaction (OER) comes from water oxidation and it is an enabler of several

technological applications46. In energy storage, it includes regenerative fuel cells, electrolyzers, solar
driven water-splitting devices and metal-air batteries. OER has a large overpotential compare to ORR,
and the aim of OER is to achieve the lower overpotential. Other aim of OER is to find out alternative

materials for replacement of Ir and Ru oxides. Ir and Ru oxides are the best materials for OER, but they

have limitations, such as high cost and scarcityls'ls. Among many materials, transition metal oxide such

as Ni, Co, Mn oxides are possible alternative candidates with low cost, high abundance, good
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conductivity, stability in alkaline solution and high electrocatalytic activity for OER. With new

materials, there is a considerable point to commercialize for bi-functional catalyst47'49. The efficiency
of OER is considered by relation of OER on solar fuels. That is why above mention, OER comes from
water oxidation by solar energy and it can be explained with Fig 4.

In the area of solar fuels, the energy of solar radiation is utilized to drive redox reactions for the
synthesis of fuels. For example:

2H"+2e — H;, -(31)
OrCO;+6 H*+6 e — CH30H + H,0 -(32)

For large scale solar fuel synthesis, it has been suggested that water oxidation is the ideal source of

the protons and electrons needed for the fuel-synthesis reaction above, as water is inexpensive and

abundant4'30.

2H,0 20, +4H +4¢ -(33)

The challenge is to minimize the overpotentials required to drive these redox reactions such as the
development of improved catalysts. One reason why the OER catalyst metric of the E(V) required to
reach 10 mAcm2 of water oxidation is that this current density roughly mateches the solar spectrum for

a 10 % efficient solar to fuel device. The details of calculations to arrive this value is as follows:

Sunlight

AM = PP, o s0ch,

ZENITH O, catalyst
6,~ ZENITH ANGLE

2H,0 2 # B Photoanode material
; ! +
Op + 4H* i
e L ] : H* permeable
He H p— - e ~ membrane
+
Photocathode : 2H,
material b H, catalyst

2H,0 —> 2H,+0,

Fig. 4. The mechanism of OER comes from water oxidation by solar energy30
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a) In a collaborative effort, the photovoltaics industry defined the standard terrestrial solar spectrum:
AM 15 G*. Integration of this spectrum yields a value of 1000 Wm = 100 mWm2, an illumination

intensity which is typically referred to as “1 sun” %0

b) Note that the redox potentials above for fuel synthesis and water oxidation are approximately

1.23V apart. If 1 sun = 100 mWcm2= 100 (mAV)cm, then a 100 % efficient solar to fuel device would

46,50

draw (100 (MAV)cm2)/(1.23 V) = 83 mAcm2under AM1.5G .
c) A 10 % efficient solar to fuel device would draw 1/10" the current, at 8.3 mAcm

d) Thus, the voltage required to drive water oxidation at 10 mAcm is a relevant value in ranking

OER catalysts for a 10 % solar to fuel device under AM 1.5 G illumination. The lower this voltage, the

better the catalyst is for this application51.
The goal to meet the qualification for OER, the catalyst has to show 10 mAcm of electrochemical

activity.

1.4. Theoretical background

1.4.1. Concept of doping

Doping is usually used for semiconductor. It intentionally introduces impurities into an extremely
pure, also referred to as intrinsic, material for the purpose of modulating its electrical properties. The
concept of doping is useful method to improve the efficiency of catalyst by changing its electrical
properties. With doping, catalysts show higher electrical activities for ORR and OER.

Doping can be explained easily by aspect of semiconductor, and it means that can be described by
band theorym. Doping a semiconductor crystal introduces allowed energy states within the band gap,

but very close to the energy band that corresponds to the dopant typen. It means that donor impurities

create states near the conduction band while acceptors create states near the valence band as shown in
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Fig 5. The gap between these energy states and the nearest energy band is usually referred to as dopant-
site bonding energy and is relatively small.
And the common dopants are categorized by periodic table groups in acceptors and donors. For

example, the most common dopants are acceptors from group three and donors from group five

elements’ . Boron (B), phosphorous (P) and nitrogen (N) are used to dope not only silicon in
semiconductor but also carbon materials in fuel cells and metal-air batteries. By doping materials with
group five elements such as phosphorus, extra valence electrons are added that become unbounded from
individual atoms and allow the compound to be an electrically conductive n-type material. Doping with

group three elements, which are missing the fourth valance electron, creates holes in the material lattice

that are free to move. The result is an electrically conductive p-type material > . In other words, a
group five element is acted as an electron donor, and a group three element as an acceptor. This concept

controls the electrical properties of catalysts.

Fig. 5. Different types of doping structure explained by energy band

1.4.2. Characteristics of materials

To make a better bi-functional catalyst for ORR and OER, various types of materials have been
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researched. Among materials, cobalt (Co), manganese (Mn), nitrogen (N) and reduced graphene (rGO)

were used. The characteristics of main materials such as cobalt oxide, manganese oxide and graphene

. 5-8,52-54
are shown in Table 1 .

Table 1. Basic properties of cobalt oxide, manganese oxide and grphene

Co,0, (Cobalt oxide)
Pt is currently utilized in the process of artificial
photosynthesis

-Molar Mass : 240.80g/mol
-Appearance : black solid
@ co) -Density : 6.11g/cm3
®con -Melting point : 895°C
®ocn -Boiling point : 900°C (decomposes)
7 -Solubility in water : Insoluble
-Solubility : soluble in acids and alkalis
MnO, (Manganese oxide)
Pt has a wide range of applications and the most stable
manganese oxide with excellent physical and chemical
properties under ambient conditions.

-Molar Mass : 86.9368g/mol
-Appearance : brown-black solid
-Density : 5.026g/cm3

-Melting point : 535°C
-Solubility in water : Insoluble

Graphene

P It is an atomic-scale honeycomb lattice made of carbon
atoms,

>
S L& L )

oY T T T an s P Due to the extremely high surface area to mass ratio of

graphene, one potential application is in the conductive plates
of ultracapacitors,

LAAAALS

1.5. Objectives of work

Finding new energy materials has become increasingly important. As already mentioned, metal-air
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batteries have many advantages and much research has been carried out to overcome their drawbacks.
Metal-air batteries operate mainly in alkaline electrolyte, so a transition metal such as cobalt oxide is
used as bi-functional catalyst because of its stability in alkaline condition. By using cobalt materials,
the increased efficiency of electrochemical activity is solved by doping and using supporting materials.
Doped with nitrogen and manganese, its electrochemical properties can be changed and it shows higher
performance in ORR and OER. Also, catalytic materials can be dispersed well on the supporting
material such as reduced graphene oxide, similar to graphene, and it has better activity because of high
conductivity and surface area.

In this study, three materials for bi-functional catalysts are synthesized and compared with diverse
characterization. We compare the performance of catalysts and the mechanism of OER by using

different states of cobalt oxide.
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. EXPERIMENTAL

2.1. Chemicals

Graphite, sulfuric acid (H2SO4, 95 — 98 %), potassium permanganate (KMnO, > 99.3 %) and
tetraphenylphosphonium tetraphenylborate (TPPTPB) were obtained from Aldrich. Potassium
persulfate (K2S20s, 99 %) and phosphorous pentoxide powder (P2Os > 98. 0 %) were obtained from
Kanto chemicals. Sodium chloride (NaCl > 99.0 %) and ammonium hydroxide (NH4OH, 28.0%) were
obtained from Daejung. Hydrogen peroxide (H.O, > 34.5 %) was purchased by Samchun. Cobalt

acetate (Co(Ac),) and manganese acetate (Mn(Ac)z) were obtained by Alfa aesor.

2.2. Synthesis of Graphene oxide

Graphene oxide (GO) was synthesized by modified Hummer’s method using graphite powder and

oxidizing agentss. One gram of graphite powder was grinded with 50 g of sodium chloride to make the
fine power. Afterwards, it was washed by DI water 5~10 times to remove sodium chloride and the
ethanol is used for final wash. The remaining graphite was dried in a vacuum oven at 60 °C for 1 hour.
The dried powder was transferred to a round bottom flask, and 4 mL of sulfuric acid was added with
0.84 g of K»S,0g and 0.84 g of P,Os. The mixture was stirred at 80 °C for 4.5 h. It was cooled for 10~20
minutes and 167 mL of DI water was added. It was stirred overnight at room temperature. Afterwards,
the mixture was washed by DI water 5~10 times and the ethanol was used for final wash, and dried in
vacuum oven at 60 °C for 1 h. The collected powder was transferred in the two-necked round flask in
an ice bath with 40 mL of H,SO.. Five grams of KMnO, was added with slow stirring until the contents
were completely dissolved. Then, 84 mL of DI water was added into the mixture and it was stirred at

35 °C for 2 h. For final step, 167 mL of DI water and 10 mL of H>O, were added slowly in an ice bath
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with stirring for 30 min. The resulting mixture was washed with DI water and ethanol until pH 7, and

then dark brown powder was collected after drying in a vacuum oven at 60 °C for overnight.

2.3. Synthesis of catalysts

2.3.1. Preparation of cobalt oxide with reduced graphene oxide (rGO)

Graphene oxide (GO) was prepared by adopting by modified Hummer’s method. The GO was
dispersed in the ethanol at a 0.03 g/L of concentration with ultrasonication. Cobalt (11) acetate (Co(Ac)2)
was prepared as a solution for 0.2 M of concentration. The amount of 250 mL of GO/ethanol solution
was mixed with 5 mL of 0.2 M Co(Ac). solution and 5 mL of DI water. The mixture was stirred at 80

°C for 10 h. After stirring, the mixture was transferred to teflon container to use for hydrothermal

reaction”"". The mixture was heated until 150 °C by 5 °C/min of heating rate, and the reaction was kept
for 3 h in an autoclave. Afterwards, the mixture was washed by DI water until pH 7, and ethanol was
used for final wash. The resulting cobalt oxide-reduced graphene oxide hybrid was collected after

drying in vacuum oven at 50 °C for overnight.

2.3.2. Preparation of manganese doped cobalt oxide with rGO

To prepare manganese doped catalyst, it followed the same method to prepare cobalt oxide with rGO
sample. Before chemical heating process, the amount of Co(Ac): solution was changed. Manganese
acetate (Mn(Ac),) was prepared 0.2 M concentration of solution. With 250 mL of GO/ethanol solution
and 5 mL of DI water, 3.75 mL of Co(Ac) solution and 1.25 mL of Mn(Ac). solutions were added.

Afterwards, followed processes were same.

2.3.3. Preparation of cobalt oxide with nitrogen doped rGO (NrGO)
To doped nitrogen in rGO, the amount of DI water was changed. Ammonium hydroxide (NH4OH)

was used as precursor for nitrogen doped, and it was added the amount of 1.25 mL with 3.75 mL of DI
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water. Like Manganese doped catalyst, other processes were same.

2.3.4. Preparation of cobalt hydroxide.

Cobalt hydroxide was prepared to demonstrate the mechanism of OER. When the mechanism of OER
was explained, cobalt oxide and cobalt hydroxide were synthesized with adding
tetraphenylphosphonium tetraphenylborate (TPPTPB). TPPTPB has many conductive carbon groups
and has difficulty in removing boron and phosphorous, so it makes catalysts have high conductivity of
carbon without change of other characteristics. Cobalt hydroxide-reduced graphene oxide hybrid
(Co(OH)./rGO) was synthesized by 5 mL of 0.2 M of Co(Ac)2, 250 mL of GO/ethanol, 1.25 mL of
TPPTPB and 3.75 mL of DI water. It underwent chemical heating process at 80 °C for 10 h with stirring.
Afterwards, the mixture was washed by DI water until pH 7, and ethanol was used for final wash. The
resulting cobalt hydroxide and rGO hybrid was collected after drying in vacuum oven at 50 °C for
overnight. Cobalt oxide and rGO hybrid was collected through hydrothermal reaction with autoclave.
The mixture was heated until 150 °C by 5 “C/min of heating rate, and the reaction was kept for 3 h in
an autoclave. Then, it also washed and dried with same conditions of cobalt hydroxide. These two

catalysts were used for explain the mechanism of OER with higher performance.

2.4, Characterization

2.4.1. Morphological analysis

The morphologies and size distribution of all hybrid catalysts were measured by scanning electron
microscope (SEM, S-4800, Hitachi) and field emission-transmission electron microscopy (FE-TEM,
HF-3300/NB5000/S-4800, Hitachi). SEM samples were prepared by drop-coating the samples onto
carbon tape and TEM samples were prepared by drop-drying the samples from their diluted solution as
all catalysts in IPA onto carbon grids.

Structure studies of all catalysts were carried out by X-ray diffraction (XRD, Miniflex 600, Rigaku).

The diffraction patterns of hybrid catalysts were obtained in 260 ranges from 5 to 70°. The clean powder
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samples were directly place on XRD sample holder and the scan were carried out with a step size of

0.020.

2.4.2. Elemental analysis

The reactivity of given atoms could be modified by hybrid, and all catalysts had different electronic
characteristic. For these reasons, surface elemental composition and the oxidation state of cobalt hybrid
catalysts were investigated by analysis of the X-ray photoelectron spectra (XPS, Theta probe AR-XPS
system, Thermo fisher scientific (U.K)). XPS data were obtained from a monochromated Al Ko source

(hv = 1486.6 eV). In addition it was operated at 150 W with 15 kv of X-ray energy.

2.4.3. Electrochemical studies

Electrochemical activities were performed on a Biologic potentiostat/galvanic with a three-electrode
cell configuration using platinum (Pt) wire, Ag/AgCI saturated electrode, and glassy carbon (3 mm, @)
as counter, reference and working electrodes, respectively.

The catalyst ink was prepared to coat onto a polished glassy carbon (GC) electrode. Five mg of
catalyst powder was dispersed in 187 pL of DI water, 63 pL of isopropyl alcohol (IPA) and 4 pL of
nafion solution (5 wt.%, Aldrich) by ultra sonication for 30 min. 3.7 pL of suspended catalyst ink was
dropped onto GC electrode and dried in room temp.

The oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) activities were carried

out with rotating disk electrode (RDE) in 0.1 M KOH electrolyte at a 5 mVs™ of scan rate.
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Il. RESULTS & DISCUSSION

PART 1: Studies of catalysts with different doping

3.1. Morphology studies of catalysts

The particle sizes and distribution of three catalysts were observed differently by TEM images by
Fig 6. It can be seen from the images that different particle sizes were observed. Cobalt oxide with
reduced graphene oxide (Co304/rGO) was formed around 20 nm as a size with square types.
Compare to Co30.4/rGO, manganese doped catalysts (MnCo204/rGQO) was shown much smaller size less
than 10 nm. By two images, particle size was affected by doping of manganese. By comparison of
C0304/rGO and Co304 with nitrogen doped rGO (Co304/NrGO), different dispersion state of cobalt
oxide on graphene sheet was observed. Sizes of particles were not much different, but dispersion was

better with nitrogen doping.

3.2. Structural studies of catalysts
Three catalysts showed similar X-ray diffraction (XRD) peaks as a spinel structure (AB2O4, A,B =

transition metal) in Fig. 7. The interesting issue of spinel structure is caused by its
physicochemical properties which are greatly sensitive to the composition, structure
parameters, and distribution and oxidation state of cations such as Co?* and Co%*.

The formation of Cos04/rGO was confirmed by the 2-theta value of 31°, 36.5°, 44.4°, 58.7° and
64.6° as Co304 spinel structure51, and MnCo20. was known by the 2-theta value of 55°as Mn peak with

dopingzs’%. Co0304/NrGO was not much different from Co0304/rGO due to any change of metal

composition.
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Fig. 7. XRD patterns of the Co304/rGO, MnCO204/rGO and Co3O4/NrGO
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3.3. Chemical and electronic properties of catalysts

The electronic structures of three catalysts were examined by X-ray photoelectron spectroscopy
(XPS). The wide XPS survey spectra showed the presence of Co, O and C in all of catalysts as shown
in Fig 8. The peak of Mn was observed in MnCO,/O,4 and that of N was observed in Co3O4/NrGO. More
deeply, high resolution analysis was shown in Fig 9. In Co 2p spectra of Co304/rGO confirmed the
oxidation state of Co as Co? and Co*". With doping, the peaks of Co?* and Co®" were negative shifted.
MnCo,04/rGO was shown the value of binding energy as 643 eV and 655 eV with tendency of Mn?*

and Mn®*°, These peaks ensured the formation of spinel structure which includes different oxidation

states of cations in one structure. As N was doped on rGO sheets, the peaks revealed as pyridinic and

pyrrolic N species in high resolution XPS spectraSg’GO. Higher electronegativity N (3.04 V) than C (2.55
V) made positively charge state. Especially, pyridinic N formed resonance state. It made more electron

transfer in structure, and it enhanced the higher electrochemical activities.

Co
»% O
»* C

Co50,/rGO

Mn ) - -~ “""‘"{w

MnCo,0,/rGO
et M

\ J Co30,/NrGO

L

1000 800 600 400 200 0
Binding energy (eV)

Intensity (a.u)

Fig. 8. XPS survey spectra of Co304/rGO, MnCO204/rGO and Co304/NrGO
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Fig. 9. (a) Co 2p spectra of Co304/rGO, (b) Mn 2p spectra of MNnCO204/rGO
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3.4. Electrochemical activities of catalysts

3.4.1. Oxygen reduction reaction activities

The ORR catalytic activities of three catalysts were measured by rotating disk electrode (RDE) in a
0.1 M KOH electrolyte. Three catalysts were loaded on glassy carbon electrode, and these different
rotating speed (rpm) of electrode was used in O.-saturated and N-saturated conditions. The ORR
activities trace and Koutechy-Levich plot of three catalysts were illustrated in Fig 10. All catalysts
showed charge transfer from the onset potential region around 0.85V —0.99 V vs.RHE. The ORR for
all of catalysts revealed mixed diffusion-kinetic control in the potential region little different such as
0.5V —0.85 V of Co304/rGO and MnCo,04/rGO and 0.7 V — 0.85 V of Co304/NrGO. From 0.35 V
vs.RHE to mixed potential region was diffusion limiting current region. It means that the ORR of all
catalysts was diffusion controlled under this region. This limiting current density can be both increased

and decreased by virtue of the rotating rate and can be controlled by mass transport rate.
The electron transfer number (n) was calculated by Koutecky-Levich equationGl'62

0 Koutechy-Levich equation O

1o

1 1
t —

r
| eI I, Bel/?
w=2xN (N=rpm)

B = 0.62 nFCpD,??v 1/

Where, n is the number of electrons transferred in the ORR, F is the Faraday constant (96,485 Cmol-
1), Cy is the bulk concentration of O, (1.2 x 10 molcm™3), D, is the diffusion coefficient of O, (1.9 x
10-5 cm?s?), and v is the viscosity of the electrolyte. In the case of 0.1 M KOH, v has been reported as
0.01 cm? s, o indicates the angular rotation rate of the electrode. Kinetic current density (jk) was
obtained from various voltages from the ORR curve (0.3 V to 0.45 V vs.RHE), and it was plotted as a
function of 2. K-L plots showed linearity, and it could be concluded that the ORR for two catalysts

was followed a four-electron transfer reaction.
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To compare the ORR activities of all samples, RDE was carried out at a rotating rate of 1600 rpm.
As shown in Fig 11, the onset potential was increased in order of Co304/rGO (0.85 V), MnCo0,04/rGO
(0.89 V) and Co304/N-rGO (0.9 V) at the rotation speed of 1600 rpm in 0.1 M KOH. And the order of
half wave potential was same: C030./rGO (0.7 V), MnC0,04/rGO (0.75 V) and Co304/N-rGO (0.8 V)
Half wave potentials, defined as the potential at the measured current reaches the half of the limiting
current. ORR activities were better with doping, and the best ORR activity was generated by nitrogen
doping. Mass activities of all catalysts were evaluated with RDE curve at 0.75V ina 0.1 M KOH. The
mass activity is based on catalytic atomic % of all catalyst, and it was measured by thermal gravimetric
analysis (TGA) as ~73% by mass. Despite of better ORR activity, MnC0,04/rGO showed lower mass
activity than Co304/rGO. As already confirmed in TEM studies, paricle size were smaller with
manganese doping. It was used to explain the mass activity. It means that there were lower amount of
catalytic particles with same amount. From two graphs (Fig. 11 and Fig. 12) demonstrate the order of
ORR activity of catalysts was Cos04/NrGO > MnC0,0.4/rGO > C030./rGO and that of same amount

was C0o304/NrGO > C0304/rGO > MnCo,04/rGO.

Current density (mA/cm?)

- ——C0,0,/rGO
MnCo,0,/rGO
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_6 1 x | L | L | x 1 x |
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Fig. 11. ORR comparison of Co304/rGO, MnCO204/rGO and Co304/NrGO
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Fig. 12. Tafel plot of the three catalysts and mass activities of that at 0.8 VV vs.RHE
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3.4.2. Oxygen evolution reaction activities

To be satisfied with requirement of bi-functional catalyst, oxygen evolution reaction (OER) activity
had to be characterized. As the ORR activity was measured, RDE technique was used with different
potential range from ORR measurement. The potential was needed to more positive direction (1.0 V —
2.0 V vs.RHE), but other conditions were fixed as N2/O-saturated 0.1 M KOH at 1600 rpm to compare
three catalysts. The different OER activities were shown in Fig 12, and the current density of 10 mAcm’
2 was used for evaluation. The OER is mainly occurred in solar energy systems. To apply for the
applications, solar cell has to show 10 % of efficiency, and it was equal 10 mAcm in electrochemical
cell. From Fig 12, three catalysts followed the order of Co304/NrGO (1.62V vs.RHE), Cos04/rGO (1.64
V vs.RHE) and MnCo,0./rGO (1.66V vs.RHE). In ORR studies, there are evident differences by three

catalysts with doping, but OER was not much affected by doping.
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Fig. 13. OER comparison of C0304/rGO, MnCO204/rGO and Co3z04/NrGO

-31-



3.4.3. Evaluation for bi-functional catalysts

ORR and OER studies were discussed in 3.4.1 and 3.4.2.. Based on electrochemical activities ORR
and OER, ability of bi-functional catalysts is evaluated. Bi-functional catalysts have both reactions at
the same sites. The standard current density of ORR is half wave potential and that of OER is 10 mAcm’
2, The former value was yielded by probability for apply to electrochemical cell and the latter value was
yield by probability for commercialization of solar cell. It means that bi-functional catalysts have to be
enough to use as catalysts for both of electrochemical cell and solar cell. The equation of oxygen

electrode potential was written as:

Oxygen electrode E(V): OER active E(V)j=10 macm2 — ORR half-wave E(V)

With manganese doped, ORR activity was increased compare to Coz04/rGO, but the OER activity
was decreased opposite to ORR activity. In case of nitrogen doped catalysts, both ORR and OER
activities were increased compared with CO3;04/rGO. The oxygen electrode potential as calculated
based on these values. The values of C0304/rGO, MnC0204/rGO and CosO04/NrGO were 0.94 V, 0.91
V and 0.82 V vs.RHE. These values were compared with Iridum oxide (IrO,) was known as the best
bifucntional catalyst showed the value of 0.92 V because of higher OER activity and the Platinum (Pt)

was used for the best ORR catalyst showed the value of 1.16 V because of lower OER activity3’4’30. Pure

Mn oxide was already researched that has the value of 1.04 V as bifunctional catalytic activity63.
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PART 2: Studies the OER mechanism

3.5. Comparison of catalyst morphologies

The particle distribution of Co(OH)./rGO and Co3;0./rGO were observed totally different by SEM
images. Co(OH)./rGO was formed as sheet of graphene, which was difficult to distinguish whether the
surface was cobalt hydroxide or graphene oxide sheet. The reason why it was not good distribution and
seemed as only graphene sheet was no process of the hydrothermal reaction. Compare to Co(OH)2/rGO,
C0304/rGO formed around 20 nm as a size which looked like a square. It was well distributed
nanoparticles on graphene sheet, which the surface of GO was well dispersed with cobalt oxide

nanoparticles. The TEM studies, the difference of Co(OH)./rGO and Co3;04/rGO was observed more

certainly in Fig 15.*°. On'the graphene sheet, the cobalt hydroxide particle was observed and darker site
was composited with cobalt hydroxide by energy dispersive spectrometer (EDS) study as shown in Fig
16. For Co304/rGO, it was shown the square and cubic particle around 20 nm of size as same as SEM

images. The cobalt oxide particles could be distinguished easier than graphene sheet.

3.6. Comparison of catalyst structure

The morphology tendency of two catalysts was explained with crystalline structure. Co(OH)./rGO
and Co304/rGO had different XRD patterns. The 2-theta value of 19°, 32.5°, 38°, 51°, 57.5°, 59.5°, 61°,
68.5°, 69.5° was shown for Co(OH)./rGO in Fig 16a. It matched cobalt hydroxide as chemical formula
as H2Co0; (Co(OH),). From the 2-theta value of 19°,31°, 37°, 38.5%, 44.5°, 55.5°, 59°, 65° of C0304/rGO
was matched with spinel Co28704 exactly57’64. Based on the XRD parameters of Coz04/rGO, the image

of spinel structure could be drawn in Fig 17b.
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Fig.15. TEM images of (a) Co(OH)2/rGO and (b) Co304/rGO
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Fig. 16. EDS images of Co(OH)2/rGO.

The amount of Cobalt percentages of catalysts was revealed by different color.
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Fig. 17. (a) XRD patterns of Co(OH)2/rGO and Co3O4/rGO, (b) The structure of

Co0304/rGO was drawn based on XRD peak values.
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3.7. Comparison of chemical and electronic properties

Electronic structure of Co(OH)./rGO and Co304/rGO was examined by XPS. The wide XPS survey
spectra showed the presence of Co, O and C in both of catalysts. There was only one difference in
synthesis steps, and it could also confirmed by atomic spectra. In Co 2p spectra in Fig 18a, the binding
energy of 781 eV, 787 eV, 797 eV and 803.5 eV matched Co(OH)ZGS. Whereas, C0304/rGO didn’t show
the peak in that of binding energy regions, but it showed Co 2p1, and Co 2ps, spectra as 796 eV and
780 eV which could confirmed cobalt oxidation as Co*°". In O 1s spectra in Fig 19b, the peak positions
were difference in Co(OH)2/rGO and Co304/rGO. The 531 eV of Co(OH)»/rGO mentioned OH- bonded

to C02+6, 529 eV and 532 eV of Co304/rGO matched metal-O and C=0 bond66.

SRS —

1000 800 600 400 200 O
Binding energy (eV)

intensity (a.u)

Fig. 18. XPS survey spectra of Co(OH)2/rGO and Co0304/rGO
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Fig. 19. (a) Co 2p and (b) O 1s XPS spectra of Co(OH)2/rGO and Co0304/rGO
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3.8. Electrochemical studies

3.8.1. Oxygen reduction reaction activities

ORR activities of Co(OH)./rGO and Co304/rGO were carried out with rotating disk electrode (RDE)
in a 0.1 M KOH electrolyte at a 5 mVs™ scan rate. Nitrogen (N2) saturated electrolyte was used for
comparison and the electrochemical activities were calculated by subtracted the performance in
saturated electrolyte from O to N.. ORR activities were measured by a rotating disk electrode using
rotating values 400, 625, 900, 1225, 1600 and 2025 rpm. ORR activities of Co(OH)./rGO and
C0304/rGO were shown in Fig 20. The diffusion current layer of Co(OH)./rGO was stable, and the
onset potential of this catalyst it was 0.86 V vs.RHE. The electron transfer number (n) was calculated
by Koutecky-Levich equation®®;

B = 0.62 nFCpD,?*v 1/

Where, n is the number of electrons transferred in the ORR, F is the Faraday constant (96,485 Cmol-
1, Cy is the bulk concentration of O, (1.2 x 10°® molecm™2), D, is the diffusion coefficient of O, (1.9 x
10 cm?s?), and v is the viscosity of the electrolyte. In the case of 0.1 M KOH, v has been reported as
0.01 cm? st o indicates the angular rotation rate of the electrode. Kinetic current density (jk) was
obtained from various voltages from the ORR curve (0.3 V to 0.45 V vs.RHE), and it was plotted as a
function of 2. K-L plots showed linearity in Fig 20, and it could be concluded that the ORR for the

two catalysts followed a four-electron transfer reaction.
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3.8.2. Oxygen evolution reaction activities

To use the bi-functional catalyst, it should show not only good ORR activity but also good OER
activity. To compare the OER activities of the two catalysts, a 1600 rpm rotating rate was selected.
Before comparing the OER activities of the two catalysts, the OER activity of Co(OH)./rGO was carried
out the tendency enough to explain the OER mechanism in Fig 22a. There was oxidation reaction at
1.45 V vs.RHE, and the current increased after that potential in the first cycle. In the second cycle, the
oxidation reaction disappeared at 1.45 V vs.RHE and similar amounts of current were generated after
some potential as 1.7 V vs.RHE. The OER activity of Co3;04/rGO was measured and had a similar shape
with the second cycle of Co(OH)./rGO. This observation explained that Co(OH), could be oxidized to

cobalt oxide as the cycle increased in alkaline electrolyte with OER and it was shown in Fig. 21.

Co(OH), + OH — CoO + ¢ + H,0 -(34)
CoO + OH — CoOOH + ¢ -(35)
COoOOH + OH" — Co0; + € + H,0 -(36)
C00, — Co + O -(37)

Co(OH); oxidized to be Co*" ,which could be explained that CosO4 had different oxidation state as

Co?* and Co** by spinel structure”. It could demonstrate Co®* is active state to make OER.
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Fig. 21. The mechanism of OER on the surface of cobalt particles in alkaline solution.

- 42 -



S

(a)

——Co(OH)__1st cydle
—— Co(OH),_2nd cycle

W
o

current density (mA/cm?)
3 S

0 ! ] ] ]
1.0 12 14 1.6 1.8 2.0
Potential (V vs.RHE)
40
_ | (b)
-
L30+
<L
£
N
.520 L
C
[}
o
=
G10}
S
0 | | | |
1.0 1.2 1.4 1.6 1.8 2.0

Potential (V vs.RHE)

Fig. 22. OER activities of (a) Co(OH)2/rGO and (b) Co304/rGO

- 43 -



To commercialize the OER catalyst, the current density of catalysts has to be analyzed. OER was
mainly used for solar cells, and when the efficiency as 10 % of solar cell could be commercialized. To
compare the solar cell, 10% efficiency of solar cells corresponded with 10 mAcm of current density
of electrochemical celll. When the current density of 10 mAcm? occurred, the potential of
Co(OH)2/rGO and C0304/rGO was 1.32 V vs.RHE and 1.61 V vs.RHE. During the OER experiment,
bubbles on the surface of the electrode were observed. This made it difficult to continue doing more
cycles.

The reason why half-wave potential was used for ORR standard potential was that it is already
analyzed the oxidation-reduction reaction in electrochemical fields. The half-wave potential of
Co(OH)2/rGO was slightly higher than that of Co304/rGO, that was 0.68 V vs.RHE was 40 mV higher
than 0.64 V vs.RHE. The active OER potential of Co(OH)2/rGO and Co304/rGO was 1.32 V vs.RHE
and 1.61 V vs.RHE, respectively.

The oxygen electrode potential values of the two catalysts were 0.64 V vs.RHE of Co(OH), and 0.97

V vs.RHE of Co304/rGO. These values were higher than commercial bi-functional catalysts such as

3,4,30,63 . .
. To maintain

iridium oxides (0.92 V), ruthenium oxides (1.01 V), and manganese oxides (1.04 V)
the cobalt hydroxide structure with increasing the potential and cycle was almost impossible. In other
words, cobalt hydroxide was not a good material for bi-functional catalyst but a useful material to

explain the OER mechanism.
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IV. CONCLUSIONS

We had successfully synthesized hybrid catalysts as Co3;04/rGO, MnCo204/rOG and Co3;04/NrGO
for bi-functional catalysts. There were differences in three catalysts: MnCo,04rGO was doped
manganes to cobalt oxide and CosO04/NrGO was doped nitrogen to reduced graphene oxide. Both
catalysts affected only ORR activities. As we already discussed OER activity depends on oxidation
state of catalytic materials. With doping, there is no change of oxidation state of catalytic material, just
change in type of materials.

To improve OER activity, mechanism of OER was studied by Co(OH)./rGO and Co304/rGO. The
hydrothermal process made a spinel structure for good activities, and Co(OH)./rGO that was not
undergone hydrothermal process made a explanation for OER steps. Both of two catalysts were
confirmed the difference by SEM, TEM, XRD and XPS. Electrochemical results of two catalysts
demonstrated the possibility for commercialization as bi-functional catalyst. Based on our results, non-
precious metal such as cobalt oxide could be good candidates as a catalyst for metal-air batteries and

other renewable energy sources.
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