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ABSTRACT

Over the years, carbon has become one of the most intensively investigated topics in both
industry and academia and has wide ranging applications in energy conversion, energy storage,
adsorption, sensing, photo-electrical water splitting, water purification and gas separation.
Recently, carbon materials have been widely used for advancement of energy conversion and
water remediation applications due to its unique physicochemical properties, surface
chemistry, processability, mechanical stability and chemical resistance. Furthermore, carbon
may form porous structures and be assembled in different shapes such as spheres, tubes, fibers,
sheets and 3D structures providing a high degree of versatility for multiple applications. The
low cost is advantageous in many catalytic applications for the replacement of expensive and
less abundant metal catalysts such as platinum, which is heavily relied upon for fuel cells as an
oxygen reduction catalyst. In this context, the Ph.D. project focussed on the synthesis of
graphitic carbon composite materials with unique morphologies to the benefit of energy and
environmental applications. The following four concepts were developed and explored in this

thesis and summarised as:

1. Fabrication of a unique 3D- nitrogen doped carbon composite materials of N-doped
carbon nanotubes and N-doped carbon spheres from bio source their application as oxygen
reduction reaction (ORR) catalysts

The synthesis of nitrogen doped carbon nanotubes (N-CNT) and N-doped carbon micro spheres
(N-CMS) composites were demonstrated using low cost and eco-friendly bio source galactose,
iron oxide nanoparticles (maghemite) and nitrogen precursor melamine. This unique integrated
structure containing N-CNT and N-CMS showed enhanced ORR catalytic activity via
predominantly four - electron kinetics (n = 3.55 - 3.64 in the potential range of 0.10 - 0.70 V
(RHE)) with a low HO>" yield (22.44 — 16.96 % in the potential range of 0.10 — 0.70 V (RHE)).
Furthermore, in the context of eliminating hazardous chemical usage and to utilise more green
products as ORR catalysts, galactose containing naturally occurring apricot sap was used to
synthesise a similar electro catalyst as described above using maghemite nanoparticles (N-
APG-Fe) and a cobalt precursor (N-APG-Co). Both catalysts formed similar integrated
structures comprise of N-CNT and N-CMS as mentioned above and showed excellent oxygen
reduction properties with an electron transfer number 3.61 for both N-APG-Co and N-APG-Fe
catalysts at 0.40 V (RHE) and low HO; yield (> 20.00 %) for both catalysts. The presented



synthetic concept opens doors for new approaches for the development of low cost non-

hazardous hybrid catalysts using abundantly available bio sources and green products.

2. Investigation of different phases of low iron oxide catalysts as an alternative for Pt/C
catalysts for ORR

To explore the use of cheap, abundant and freely available iron oxide catalyst as a potential
substituent for the expensive and scarce Pt catalysts, four different phases of iron oxide
nanoparticles (magnetite, maghemite, hematite and goethite) were synthesised and
systematically evaluated as oxygen reduction catalysts for ORR. The four different phases were
separately synthesised and prudently dispersed in 3D-reduced graphene oxide aerogels without
exposing them for any phase changes. These catalysts (rGO/Fe304, rGO/y-Fe203, rGO/a-Fe;03
and rGO/a-FeOOH) investigated as electro catalysts for oxygen reduction did not show
significant enhancement for ORR compared to the standard Pt/C catalysts. Comparative study
showed that rGO/Fe304 and rGO/y-Fe2O3 catalysts with inverse spinel structures with magnetic
and electron conduction properties showed significantly higher ORR activity compared to
rGO/a-Fe;03 and rGO/a-FeOOH with rhombohedral and orthorhombic structures,
respectively. The outcome of these investigations revealed the need for the exploration of more
spinel structure of different metal oxides to be investigated as low-cost substituent to the
expensive Pt/C catalysts for ORR.

3. Synthesis of macro porous N-doped carbon catalysts using sulphonated aniline oligomers
(SAO) and SAO/ phenol formaldehyde (PF) and SAO/reduced graphene oxide (rGO)

composites for ORR

Sulphonated aniline oligomers (SAQO) with distinctive microstructures of flakes and rods were
synthesised using aniline and oxidants; and used for the synthesis 3D N-doped composite
combining phenol formaldehyde (PF) and reduced graphene oxide (rGO) pyrolysed with a
nitrogen precursor (melamine). The electrochemical characterization confirmed that
composites with higher concentration of pyridinic nitrogen species (42 At%) showed higher
positive onset potential of 0.98 V and performed the ORR with four - electron transfer kinetics
(n = 3.64) with a low yield of HO2>" (19 %) at 0.50 V (RHE) compared to low concentration of
pyridinic nitrogen (37 At%) and higher concentration of graphitic nitrogen (63 At%).
Composites prepared with conductive graphene structures displayed higher current density of
7.89 mA/cm?, which is more than 60 % of the standard Pt catalysts. This unique procedure



demonstrates a new approach of synthesising macro porous carbon structures with potentially

viable composites of carbon materials for many future catalytic applications.

4. Investigation of different organic coating materials to provide long term air stability to
Zero-valent iron (ZVI1) and evaluation of air stable materials dispersed in rGO as arsenic

adsorbents

Zero-valent iron (ZVI) nanoparticles have been extensively investigated for treatment of
hazardous and toxic waste from contaminated sites and water remediation both these
applications have been hindered due to their low air stability and tendency to agglomerate. To
address this problem and stabilize the ZVIs nanoparticles, several coating materials and organic
molecules with various functional groups (amine, thiol, hydroxyl and carboxyl) have been
demonstrated and evaluated. The results show that the ZVI coated with organic molecules
containg carboxyl groups (glycine) has unprecedented stability and shelf life (> 12 months)
under atmospheric conditions. To solve the agglomeration problem, the glycine protected ZVI
nanoparticles were dispersed in rGO solution to make an atmospherically stable and
aggregation-free ZVI-rGO composites. The environmental remediation performance of the
prepared composite was evaluated using arsenic (As) solutions and showed an outstanding
adsorption efficiency (As(111) (400 mg/g) and As(V) (131 mg/g) over a range of pHs, making
ZV1-rGO composites an ideal sorbent for the removal of arsenic in broad remediation

applications.
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CHAPTER 1: Introduction

CHAPTER 1: INTRODUCTION

Graphitic carbon materials for energy and environment
1. Introduction

Carbon is the second most abundant element in the biosphere and the 15" most abundant
element in the earth’s crust and provides the basis for life on earth.!2 Carbon atoms have four
valence electrons which are capable of forming sp?, sp* and sp — hybridised states that adapt to
form single, double, triple and aromatic carbon — carbon bonds.® This makes carbon capable of
forming many allotropes. Natural materials made from elemental carbon may possess different
properties arising from their structure. For instance, graphite with sp? hybridised carbon atoms
is soft, opaque and is electrically conductive, while diamond composed of sp® hybridised
carbon atoms is hard, transparent and acts as an insulator.*® The discovery of fullerenes in
1985 by Kroto et al., ” followed by the invention of carbon nanotubes (CNT) in 1991% and
recently graphene in 2004 ° has led to the explosion of newly developed carbon materials for
unlimited numbers of applications including electronics, energy storage,® sensors,!! catalysis,
photo — electrical water splitting,'? adsorption,*® water purification'* and gas separation.’® The
significant development of carbon materials have been recognized by the scientific community
through the awarding of the Nobel Prize in Chemistry in 1996 for fullerenes, the Kavli Prize

for carbon nanotubes in 2008 and the Nobel Prize for Physics for graphene in 2010.?

Carbon materials are commonly integrated within polymeric and inorganic materials which
serve to increase mechanical strength, toughness and electrical conductivity.'® Carbon displays
a unique surface property with hydrophobic basal planes and hydrophilic surface functional
groups such as oxygen, fluorine, nitrogen, carbonyl and carboxyl groups at the edges of the

carbon atoms.!” These sites can act as primary sites for catalytic nanoparticle interaction and



CHAPTER 1: Introduction

heavy metal adsorption via electrostatic, coordination and/or van de Waal type interactions.'®
19 Furthermore, carbon materials are tuneable and can be tailored to produce different forms
such as spheres, tubes, fibres, sheets, and other three-dimensional (3D) architectures. The large
surface area of these carbon materials can facilitate rapid diffusion of electrolytes and provide
high active sites in electrochemical reactions.?® 2* Moreover, they are resistant to acids and
bases, remain stable above 1023 K under inert atmosphere, and have the ability to form
composites and hybrids with other materials.???” Although carbon materials and its composites
with other elements have widely been used in research and industrial development, their
structural diversity, mechanical properties, physicochemical properties, surface chemistry,

processability and chemical resistance still require further exploration.®

Herein, the diverse range carbon nanomaterials and their applications are summarised. Firstly,
the composite forms of carbon nanomaterials and other elements such as metals and metal
oxide nanoparticles, polymers and compounds will be introduced. Secondly, the correlation
between these materials’ structure and properties related to their applications will also be
presented. The selected applications of these materials in area of energy and environmental
remediation will be discussed. Finally, research gaps for designing new carbon materials to
address discussed limitations for these applications will be identified and used to scope this
PhD thesis. These carbon nanoscale materials bring their advantages of low costs, easy-to-
synthesis, environmental-friendly and high performance that will be solution for alternation of

traditional expensive catalysts for developing sustainable energy and eco-environment.
1.1 Graphitic carbon materials

The degree of the development of the graphitic carbon material technology can be used to
classify the different kinds of available carbon materials in three categories; conventional

carbon materials, nanotextured carbon and nanosized carbons.?® The conventional carbon
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materials include naturally occurring graphite and diamond, the family of carbon blacks and
activated carbon. The nanotextured carbon materials comprise of carbon materials such as
carbon fibers, pyrolytic carbon and glass-like carbon, while nanosized carbons includes carbon
nanotubes, fullerenes, mesoporous carbon materials and graphene (Figure 1).28 In this thesis,
the categories of conventional carbons and nanosized carbons are discussed and graphitic
carbon composite materials produced with nanosized carbon materials including CNT and
graphene are utilised to develop catalysts for energy conversion and adsorbents for heavy metal

(arsenic) adsorption.

Allotropes of Carbon
Graphene Nanotube Fullerene Diamond Graphite
9
2 >
9 2 9 2
>3 9
9 > 9
9
> 2
{ 2 2 >
Y > 9 2
\ > 2 > 9

Figure 1. Allotropes of carbon and their crystal structures.?®
1.1.1 Conventional graphitic carbon materials
1.1.1.1 Graphite

Naturally occurring mineral graphite is formed from metamorphism in rocks, by the reduction
of carbon compounds. Different forms of graphite such as crystalline flake graphite, amorphous
graphite or lump graphite are found depending on the ore deposit.?® Graphite is soft, low
density, crystalline allotrope of carbon. The crystalline structure of graphite consists of
hexagonal rings forming thin parallel plates which are bonded via weak Van der Waals forces.*
The layered arrangements of these parallel sheets provide self-lubricating properties to

graphite.3! Graphite which possess high thermal, mechanical and electrical conductivity,®? high

4
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temperature stability®® and high refractory® and chemical inertness® is extensively utilised for
many industries including lubricants, refractory materials, nuclear industry and electrical and

mechanical applications, 3% 34 3. 37
1.1.1.2 Diamond

Diamond another naturally occurring allotrope can exist in two forms of polymorphs: cubic
closed packed structure and lonsdaleite. The high hardness of diamond is attributed to the four
strong covalent bonds formed by each atom utilising sp® orbitals in cubic closed packed
structure. 3 Diamond is an insulator with a band gap of < 5 eV and often not used in electro -
chemical applications. However, when the doped with heteroatoms such as Boron, it showed
improved electro-chemical stability, higher conductivity and corrosion resistance in both acidic

and alkaline media.>®*!
1.1.1.3 Activated carbon (AC)

AC belongs to a class of products which is never used by customers as the ultimate product,
but rather utilised to manufacture many products across broad sectors including chemical,
mineral processing, food, car and household products industries. AC is produced by the
carbonization of carbon-based products such as coconut shell, nutshell, animal bones, wood or
paper mill waste liquor at high temperature in the exclusion of air. During carbonisation process
the organic matters in the carbon materials are broken in to volatile products and evaporated to
create a highly porous structure containing pores previously occupied by the volatised matter

which accounts to approximately half of the volume of carbon.*?

The main purpose of the production of AC carbon is to create maximum adsorption surface
and condition these surfaces to have maximum adsorption for unit area. Many techniques have
attempted to enhance the active sites including mild oxidation by introducing small amounts

of stream or carbon dioxide. Furthermore, to increase the efficiency of the breakdown of
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organic matters, strong dehydrators agents such as zinc chloride and phosphoric or sulfuric acid
is also used. Large surface area values such as 800 — 1500 m?/g can be achieved for a typical
AC. The maximum distribution of the pore volume versus pore diameter was found to in the

range of 0.4 — 2.0 nm.*®

Various chemical natures of contaminants including high molecular weight, organic, neutral or
non-polar are readily adsorbed onto AC. AC primarily remove contaminates from liquid or
vapour by means of physical adsorption.** The walls of the AC consist pores (Figure 2) which
possess large surface area exerts as attractive forces to seek to adhere other vulnerable surface
molecules (contaminants). The contaminants are attracted to ACs because the carbon surface

is greater than the forces that keep them dissolved in solution.

Figure 2. SEM image of activated carbon (A) 250 x, (B) 2000 x.*°
1.1.1.4 Carbon black

Carbon black possesses a para — crystalline structure of aggregated spherical particles of less
than 50 nm (Figure 3). The structure and the particle size diameter determines the specific
surface area of the material.*® The spherical carbon black particles consist of parallel graphitic
layers with interplanar spacing of between 0.35 and 0.38 nm. The sp? hybridised orbitals in the
graphitic layer form a triangular in plane formation while the Pz orbitals form weaker
delocalised 7 bonding with the neighbouring carbon facilitating an electron flow.> The specific
surface area and structure of carbon black has great influence on the conductivity of the
material.*® Synthesis of carbon black can be carried out using different processes including

6
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furnace black, thermal black, acetylene black and lampblack.?” The BET surface area differs
according to the process and varies from 65 — 80 m?g* for acetylene black *’ to greater than
1000 m?g? for thermal blacks.?” Carbon black has been heavily researched for its
electrochemical storage, energy conversion and environmental applications and used as an

additive for polymers, paints, inks, rubber and construction materials.

Figure 3. Transition electron micrographs (TEM) image of a N 234 carbon black.*
1.1.2. Nanosized graphitic carbon materials

1.1.2.1 Fullerenes

Buckminsterfullerene (Ceo) was invented in 1985 by Kroto, Curl and Smally and nick named
‘buckyball’ because it resembled the soccer ball.” This unique compound was recognised by
the scientific community and the Noble prize for Chemistry was awarded for it in 1996. It
consists 60 carbon atoms and 32 faces where 20 of them are hexagons and 12 pentagons.*® A
carbon atom is placed at a corner where 2 six - member ring and one five-member ring come
together.®® In fullerenes all rings are fused, and all the double bonds are conjugated.®
Interestingly, in spite of extreme conjugation, fullerene behave as electron deficient alkenes
rather than electron rich aromatic system.>* Buckminsterfullerene are held together and
stabilised by weak forces which enables easy solubility of these materials in organic solvents
such as benzene.® The invention of fullerene and revivifying it to graphite science has been a
challenge since its invention. However, recent studies have revealed that by the concept of
fullerene isomerisation via catalysis by trace hydrogen and carbon atoms, fullerenes could be
transformed to graphite through CNT and graphene.>? Cgo and its derivatives have shown strong

7
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antiviral and have demonstrated high potential for treatment of Human Immunodeficiency
Virus (HIV)®® and used as photosensitisers.>* However, Ceo have some major drawbacks such
as complicated synthesis procedures, insolubility in aqueous media and aggregation of

particles.
1.1.2.2 Mesoporous carbon (MPC)

Mesoporous materials are materials with a pore size between 2 and 50 nm. They can be
synthesised through a number of procedures, including carbonisation of aerogels or cryogels,>
high degree of activation of carbon materials with physical/chemical methods,** %
carbonisation of hydrides of carbon materials composed of a thermoset and a thermally
unstable compound,®’ activation of carbon materials with a organometallic compounds or metal
oxide precursors,®® >° hard® and soft®® templating methods. Among them, the templating
method (hard and soft) provides well controlled mesoporous, while others only result in a wide
range of mesoporous and limited micro pores structures.®> MPC are widely used in devices
such as ultracapacitors, pseudocapasitors, lithium ion batteries, electro catalytic support and

electrochemical hydrogen storage.®®

&L MG NS S
TR0 ve e g
3 1 s e ...ﬁn-

Figure 4. (a) FE-SEM and (b) TEM images of of the ordered mesopourous carbon.%
1.1.2.3 Carbon nanotubes (CNTSs)
CNTs are carbon in cylinders shape made of graphitic layers which is produced by catalytic

decomposition of hydrocarbon vapour.®> % CNTs can be either single wall (SWCNT) or
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multiwall (MWCNT) with a diameter around less than 10 nm for SWCNTSs or higher than 10
nm for MWCNTSs. The length of CNTs can be many time longer than that of their diameter of
up to a few micrometres.?’ During synthesis process, single graphene sheets are rolled up to
form seamless cylinders and assemble as SWCNT, while multiple graphene layers rolled up to
form MWCNTSs with an inter - layer distance of 3.6 A (Figure 5). The statistical probability
and restriction of relative dimensions of these individual tubes makes MWCNT a zero - gap
semiconductor which allows thermal excitation of electrons to its conduction bands.?’
MWCNT is more metallic and conductive than SWCNT, while SWCNT provides greater
surface area than MWCNT (5 - 500 m?g* for MWCNT and 400 - 900 m?g™ for SWCNT). Both
MWCNT and SWCNT have been investigated separately and used in electrochemical and field
emission devices, electronic devices, hydrogen storage, sensors and probes, coating, energy
storage and biotechnology.t”® CNTs are also widely used in water purification

applications.8%

Figure 5. (a) Schematics of SWCNTs which composed of a single layer of curly graphite. (b)
Schemetics of MWCNTSs."

1.1.2.4 Graphene

Since the discovery of graphene by Geim and Novoselov in 2004 graphene, a structure of
atomically thin carbon atoms arranged in a hexagonal array and defined as a 2D material, '

has been a focus on intense research due to its exceptional properties. Graphene possesses a
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large specific theoretical surface area (2630 m?g™), ”® high Young’s modulus (approx 1.0 TPa),
"4 high intrinsic mobility (200, 000 cm?vs™) 7® and thermal conductivity (approx. 5000 Wm"
1K-1).”® Moreover, flexible graphene membranes can be easily modified and tuned depending
on the target application.”> Single layer (single hexagonal sheet) to few-layer graphene
consisted 3-10 layers can be produced by using exfoliation and cleavage, thermal chemical
vapour deposition or plasma chemical vapour deposition methods.”” One - atom graphene
sheets which are superior to CNT, have all constituent carbon atoms on the surface and 2D

planner geometry to facilitate electron transfer and increase electro catalytic activity.’

Figure 6. (a) A low — magnification TEM image of many graphene sheets. (b) A high —
magnification TEM image of the few - layer graphene sheets. (c) The corresponding SAED
pattern in (b).”

1.1.2.5 Carbon nanodots

Carbon nanodots are first obtained during purification of single-walled carbon nanotubes
through preparative electrophoresis in 2004.8% 81 It increasingly became popular due to their
easy to handle, abundant and inexpensive nature.2® Unlike the conventional carbon blacks
which possess weak fluorescence, C-dots due to their low particle sizes (below 10 nm) shows
strong florescence and commonly referred as fluorescent carbon.’ Nuclear magnetic resonance

(NMR) investigations on C-dots revealed that C-dots obtained from candle soots are sp?
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hybridised without the precent of any sp® carbon atoms indicating presence of conjugated
systems.®? Due to its unique properties such as high aqueous solubility, easy functionalisation,
excellent bio compatibility, high resistance to photo bleaching and low toxicity, C-dots have
found important and wide applications in energy & and catalysis, 3 biological labelling, 8 drug

delivery 8, bio imaging,®® and sensing.®’

1.2 Graphitic carbon materials for energy and environmental applications

1.2.1 Graphitic carbon materials as electro catalysts for oxygen reduction catalysts in a
Polymer Electrolyte Membrane Fuel Cells (PEMFC).

Fuel cells generate electricity by electrochemically combining a gaseous fuel (hydrogen) and
an oxidant gas (oxygen from the air) using electrodes in an ion conducting electrolyte.®® A
schematic representation of a PEMFC is shown in Figure 7. In a PEMFC, oxygen is reduced at
the cathode using oxygen reducing electro catalysts. Carbon materials including carbon black,
CNT, mesoporous carbon and graphene are widely employed as ORR catalysts.?*%1. Among
the catalysts, nitrogen doped carbon material such as carbon nanotubes (CNT), %2 graphene, %
nano tube cups * and mesoporous graphitic arrays * have drawn attention due to their good
durability and low cost. Apart from N-doped carbon materials, graphitic carbon materials
doped with heteroatoms such as sulphur (S), ° boron (B) ®" and phosphorous (P) % has shown

outstanding catalytic activity for ORR.

Electron flow

Hydrogen

Excess
hydrogen Anode Electrolyte Cathode

Figure 7: A schematic representation of a PEMFC.%
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The ORR activity of N-doped carbons starts from the conjugation formed between the nitrogen
lone pairs and the 7 orbitals of graphene. The major breakthrough in metal free N-doped carbon
catalysts came in 2009 when Gong et al. ® developed a vertically aligned N-doped carbon nano
tubes (VA-NCNT) using pyrolysis of iron (11) phthalocyanine (a metal heterocyclic molecule
containing nitrogen) in the presence of NHz vapour. Interestingly, after complete removal of
the residual Fe catalyst by electrochemical purification, these metal - free catalysts showed
remarkable ORR activity via a four — electron transfer and lower over potential and higher
stability than Pt/C catalysts.®> Gong et al.?? used quantum mechanics calculations with a
B3LPY hybrid density functional theory (Gaussian 03) and reported that to counter balance the
strong electronic affinity of nitrogen atom, the carbon atom adjacent to nitrogen shows a
substantially high positive charge density. This N - induced charge delocalisation facilitates O-
O adsorption on to the positively charged carbon atom adjacent to the N atom, which eventually

weaken the O-O bond to facilitate ORR.%

Nitrogen doped carbon materials including N-doped carbon black (N-CB), N-doped graphene
(N-GR), N-doped CNT (N-CNT) and N-doped porous carbon, is one of the mostly investigated
hetero doped carbons for ORR application.?® During the heat treatment, nitrogen atoms replace
carbon atoms in the basal plane of the graphitic carbon structure in different configurations
including pyridinic, pyrrolic or graphitic/quaternary nitrogen ° which contribute differently to
the ORR activity (Figure 8). Even though many investigations suggest that these species can
contribute to the ORR activity differently, their specific role for ORR activity still remains
unclear. However, the many reviews conducted on the activity suggest that the pyridinic
nitrogen improve the onset potential, graphitic /quaternary nitrogen influence the limiting

current density and the total amount of nitrogen present do not play a vital role in ORR activity.

93,101
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Figure 8. Possible bonding configarations for N in graphitic networks: (a) pyridine — like N,
(b) pyrrole-type N (other pyrrolic configarations are possible provided the nitrogen remains sp®
coordinated), (c) graphite substitutional nitrogen, (d) nitrile -C=N, (e) -NHz, (f) pyridinic N —
vacancy complex, (g) pyridinic N3 - vacancy and (h) interstitial nitrogen. Adopted from Ewels
et al.102

Jayabharathi et al.®® synthesised a N-doped carbon black by coating the carbon black (Vulcan
XC 72R) with polyaniline followed by its subsequent annealing at high temperature.
Comparing N-doped carbon black with non-doped carbon black showed significant increase in
ORR activity on N-doped carbon black and demontrated the same current density as the Pt/C
catalyst. The enhanced activity was ascribed to the pyridinic and pyrrolic nitrogen species
introduced on to the graphitic carbon framework. However, carbon black does not provide the
necessary catalyst dispersion and prolonged particle attachment for an effective electro
chemical activity.%%-1% Therefore, research to develop a more efficient catalyst support became
inevitable. In this context, CNT was used as a catalytic support because the catalyst
nanoparticles can be easily dispersed in CNT. Both SWCNT and MWCNT were investigated
as ORR catalysts. The comparison ORR activity on Pt catalysts dispersed on SWCNT and
MWCNT showed, Pt dispersed in SWCNT outperformed Pt dispersed in MWCNT by

providing higher electrochemical active area and catalytic activity.'®® Thus, when compared
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with carbon black, the Pt nanoparticles supported on SWCNT showed 75% more power density
than carbon black supported Pt nanoparticles.'® Unlike the deep pores in carbon black which
prevents access of catalyst nanoparticles, the CNT surface allows easy access for the deposition
of catalyst nanoparticles. However, catalysts nanoparticles with larger diameter suffers easy

access of the pores on the catalyst supports.

MPC with precise pore distributions could open the door to processing large molecules that are
unable to enter into tiny porous framework (e.g. zeolite). These materials process high surface
areas and uniform pore diameters exhibit highly versatile structural and excellent
physicochemical properties which promote their application for electrochemical catalysts.
Doping MPC materials can significantly alter its electrical, thermal and chemical stability.'%"-
109 N-doped MPC is commonly synthesised by impregnating nitrogen containing precursors in
to the micro channels of the hard templates, followed by polymerising, carbonising and finally
removing the hard template.1%”-1% The incorporation of the hetero atoms to MPC increases the
electron conductivity and narrows the band gap of the MPC.''? Investigation of nitrogen N-
MPC on electro chemical activities have indicated that the higher surface area and conductivity

of the materials contributed to the enhanced intrinsic activity of these materials.®*

Several groups have conducted studies on metal free N-graphene and reported enhanced
catalytic activity towards ORR!114 compared to pristine graphene. Qu et el.}'? synthesised
the first N-graphene using chemical vapour deposition method using methane and ammonia.
The reported material displayed ORR activity and was driven by one-step four - electron
pathway with an electron transfer number of 3.6 — 4.0 in the potential range 0.4 — 0.8 V. Liao
et al.!*® synthesised N-doped graphene sheets (NG-C) using a two -step calcination strategy
using a — hydroxy acid (AHAS) (citric acid) and melamine as carbon and nitrogen precursors,
respectively exhibited excellent operational stability than the commercial Pt/C and assisted the
ORR via a four — electron kinetics. Recently, macroscopic assembled graphene from nanoscale
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building blocks has become an interesting research topic. In this context, three dimensionally
(3D) self - assembled graphene sheets to disperse nanoparticle has been extensively
investigated. 1611 Wuy et al.?? synthesised 3D assembled N- doped graphene sheets (aerogels)
with iron nanoparticles via chemical or hydrothermal reduction.'t’- 120-122 The synthesised
product showed excellent ORR activity in alkaline media via four - electron transfer

mechanism with high current density and lower H>O> yield.

In recent years the scientific community has shown considerable interest in carbon composite
and hybrid materials with different unique morphologies and used them as electro catalysts for
ORR.® Composite materials made from two different carbon materials have been reported in
the literature. For example, Li et al.*?® used two different carbon materials (rGO and carbon
black) and synthesised a Pt nanoparticles supported rGO/carbon black composites to enhance
the electro catalytic activity of the Pt catalysts. Here, the carbon black particles were used to
intercalate between the rGO sheets to prevent rGO sheets from stacking due to its © — &
interaction. This unique structure facilitated the diffusion of oxygen molecules to the active
site to increase ORR activity. Composite materials synthesised using carbon materials and
metal nanoparticles with unique morphology e.g. pea-pod like structure, core-shell structure
and yolk shell structures have been investigated and reported.?*?® A detailed description of the
electro chemical properties of the N-doped carbon and hybrid catalysts consisting carbon and

Fe is displayed in Table 1.
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Table 1. Description of the electrochemical properties of N-doped carbon and hybrid catalysts

for ORR. Adopted from Ge et al.1®

the adjacent carbon.

Catalysts Electr Onset Halfwav Number of Hydroge Current BET Factors contributed Reference
olyte potentia e electrons n density surfac | towards increased ORR
IV (RHE) | potentia | transferred peroxide (mA/cm?) e area activity
IV (RHE) (n) (%) (m?/g)
N-doped 0.10M 0.86 0.70 3.68at0.30 - 4.59 at 0.00 783.0 Pyridinic nitrogen 124
porous KOH V (RHE) V (RHE) species, porous
carbon structure and high
electrical conductivity.
N-doped 0.10M 0.91 0.73 3.74 at 0.50 - - 999.5 Proper combination of 125
carbon KOH V (RHE) graphitic and pyridinic
sheets N species with more
exposed edge sites.
N-doped 0.10M 0.95 0.80 3.96 at 0.80 Less 5.20 at 0.40 916.0 Rapid transport of ORR 126
carbon KOH V (RHE) than 10 V (RHE) species facilitated by
nanofiber the 3D nanofibrous
network.
N-doped 0.10M 0.96 0.85 3.67-3.94 4.30 - 5.45 at 0.00 589.0 Unique planner porous 127
carbon KOH at 0.05 - 16.50 V at (RHE) shells comprise of pore
nanosheets 0.75 V (RHE) from size of 22 nm which
0.05 - facilitated electrolyte/
0.75V reactant diffusion.
(RHE)
N-doped 0.10M 0.95 0.82 3.80 at 0.65 - - 565.1 Low N doping 128
graphene KOH V (RHE) concentrations (3.02
%), high degree of
graphitization,
enhanced conductivity,
high surface area and
pore volume.
N-doped 0.10M 0.91 0.71 =43t 0.00 - - - - High content of 129
graphene- KOH 0.55 V (RHE) pyridinic N (56 At %)
CNT and increased content
of quaternary N (15
At%). Quaternary N
increased the limiting
current.
N-doped 0.10 M - - 3.60-4.00 - - - Pyridic and pyrrolic N 112
graphene KOH from 0.40 — species facilitated
0.80 V (RHE) oxygen adsorption to
the adjacent carbon.
N-doped 0.10M 0.96 - 3.50 - - 1167.0 | High pyridinic N content 115
graphene KOH (average)
from 0.65 —
0.25 V (RHE)
3D Fe304/NG | 0.10 M - - 3.72-3.95 11.0at = 8.00 at - 3D macro porous 22
KOH from 0.75 to 0.55V 0.00 V (RHE) structures facilitated
-0.20 V (RHE) (RHE) mass transfer
Vertically 0.10M - - 3.90 at 0.65 - - - Pyridic and pyrrolic N 92
aligned N- KOH (RHE) species facilitated
doped CNT oxygen adsorption to
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Fe/FesC/N/C | 0.10 M 0.98 0.87 3.70-3.85 15 at 6.03 at 0.50 - Proper combination of 130
KOH from 0.20 — 0.50Vv V RHE pyridic and pyrrolic N
0.70 V (RHE) (RHE) species and porous
architecture of the
composite material
which facilitated mas
transport
Fe/Nx/C 0.10 M 1.05 0.87 = 3.90 from =45 =~ 6.30 at 1100.0 Fe-N-C active sites. 131
KOH 0.20-0.80V | from0.2 | 0.10V (RHE) Activity increased
(RHE) -0.80V according to Fe-Nas-C >
(RHE) Fea-N-C > N-C > Fes-C =
C
Fe/N/C 0.10 M 1.03 0.82 =~ 3.97 from - 8.31at0.30 326.0 Nature of the porous 132
KOH 0.55-0.73V V (RHE) molecular organic
(RHE) frame work (MOF) nano
structure, increased
conductivity and Fe and
N (pyridic and
quaternary) based
compounds.
Fe/N/C 0.10M 0.92 0.81 = 3.96 from Less 6.06 at 0.20 56.0 N binding iron species 133
KOH 0.10-1.10V | than4.0 V (RHE) (Fe-Nx) and abundant
(RHE) from Fe?* species.
0.10-
110V
(RHE)
Fe/Fe2sC/N/ | 0.10 M 0.90 0.72 =~ 3.85 from Less ~4.75at0.1 - Both pyridinic and 25
C NaOH 0.12-0.81V | than6.0 V (RHE) graphitic N species and
(RHE) from Fe2.sC confined in
0.12 - carbon layers.
0.81V
(RHE)
FesC/N/CNT | 0.10M 0.96 0.83 3.99 from Less = 6.00 at 151.2 High pyridic N content 134
KOH 0.30-0.90V | than7.7 | 0.00V (RHE) (33 At %)
(RHE) from
0.30-
0.90V
(RHE)
FexC/NGR 0.10 M 0.92 0.78 3.79-3.99 - =~ 3.80 at - Fe-N complexes with 135
KOH from 0.30 - 0.00 V (RHE) high content of
0.00 V (RHE) pyridinic N, synergetic
active site created by
both Fe and N species
and graphitised carbon
nanoshells due to high
degree of edge plane
exposure.
3D 0.10M 0.96 - 4.00 at 0.55 - 6.00 at-0.2 - Fe-N-C active sites, 136
FexN/NGA KOH V (RHE) V (RHE) dominant FeN phase in
the hybrid and small
FexV nanoparticles (5 -
20 nm)

Based on the literature survey on carbon nanoscale materials, their advantages and catalytic
performances, we deduced graphitic carbon composite materials could be further explored to
produce a low cost, easily synthesised, environmentally-friendly catalyst for the development

of sustainable and eco-friendly fuel cell technology as an alternative to depleting fossil fuels.
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In particular, most carbon-based catalysts discussed were synthesised using complicated
synthesis procedures using hazardous chemicals making them practically non-feasible
industrial catalysts. Here in this thesis, this problem is addressed by the synthesis of catalysts
using low cost, scalable and eco-friendly graphitic carbon composites materials using non-

hazardous materials for fuel cell technology.

1.2.2 Carbon materials for heavy metal adsorption

Carbon materials have emerged as an important class of materials due to their exceptional
chemical and physical properties.’*”13 Their ability to perform under strong acidic, basic
environments and at high temperature has made carbon materials ideal for a range of
applications.'®” Furthermore, they are cost effective and environmentally friendly, which make
them ideal material to be used as industrial scale absorbent, 37 140, 141

AC has been used as an adsorbent for removal of organic and inorganic pollutants from liquid
and gas phases for many years.*> AC possesses unique properties including well organised
micro porosity, high surface area (500 - 1500 m?g*) and addition of surface functional groups
which make them an ideal material for adsorption of pollutants.'*® These exceptional properties
can be modified to target specific organic, inorganic or metals present in water.**® Surface
treatments such as oxidation,'** 45 ammonification,'*® 147 sulphuration'*® 4® and addition of
ligands'®® 15! have been performed on the surface of the AC to increase their surface activity
towards adsorption of organic and inorganic contaminants. Activate carbon oxidised by
hydrogen peroxide (H202), nitric acid (HNOs), ammonium persulphate (NH4).S20> or ozone
(O3)¥5 152153 can increase the acidic oxygen groups on the activated carbon surface and
increase the polarity of the material. At reduced pH, it facilitates the electrostatic attraction
between the positively charged metal ions and negatively charged activated carbon surface.**®
With the discovery of carbon allotropes such as carbon nanotubes and graphene, new

generation of carbon materials have immerged as effective adsorbents for water remediation.
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Among them, mesoporous carbon, CNT and graphene has been widely employed for heavy
metal adsorption.'®% Since the unique properties of activated carbon effectively facilitated
the adsorption of heavy metals, synthetic approaches such as mesoporous carbon materials
were synthesised to obtain similar structure. Considerable efforts have been made to prepare
mesoporous adsorbents with large surface area and defined pore structures and the pore shape.
However, the MPC synthesised do not possess any surface properties to act as the binding sites
for heavy metal adsorption. Therefore, functional groups should be introduced to the MPC to
be effective adsorbents. Thiol'®" 158 and amine functionalised*>> >° MPC utilised for heavy
metal adsorption has been widely reported. Saha et al.*>" synthesised a sulphur functionalised
MPC material using soft template method. After functionalisation, the mesoporous carbon
behaves as a soft base while mercury, lead and cadmium in solution present as soft acids.
According Pearson’s hard soft acid base theory (HSAB), soft acids can favour coordination
with soft bases to perform adsorption. Li et al.*> prepared nitrogen functionalised mesoporous
carbon materials with high nitrogen content using ionic liquid (1-cyanomethyl-3-
methylimidazolium bromide) using colloidal silica template. The synthesised material showed
high adsorption capacity towards copper ions (Cu?*) via electrostatic interaction between
pyridinic nitrogen and Cu?*.

Pristine CNT surface lacks enough active site to adsorb heavy metal ions effectively, thus needs
surface modifications. Surface modifications of CNT have proven to show enhance adsorption
capacity for heavy metals. Abbas et al.'*® reviewed nearly 150 published journal articles on
adsorption of heavy metal such as Cr (1), Cr (VI), As (I11), As (V1), Hg (1), Cu (1), Zn (I1),
Ni (1), Cd (11), Pb (11) Co (I1) using CNT and disclosed that the adsorption capacity of the acid
modified carbon is higher than the pristine CNT. Authors further revealed that the adsorption
increased due to the electro static interaction between the divalent metal ions and the negatively

charged CNT after acid treatment.™® Acid treatment on CNT can be achieved using oxidising

19



CHAPTER 1: Introduction

agents such as KMnO4 % H,0,%* and strong acids including HNO3, H2SO4 and HCI62164
which introduces different oxygen containing functional groups on CNT surface and change

the surface chemistry of the CNT to facilitate metal ion adsorption (Scheme 1) .

o e Ion exchange
Oxidized CNT on CNT surface

Scheme 1. Schematic diagram of the major mechanism for sorption of divalent metal ions onto
CNT surface.!®
Even though the CNT has shown promising adsorption efficiencies, the use of CNT for heavy

metal adsorption is associated with some drawbacks:

1. Relatively expensive than the traditional adsorbents.®
2. Regeneration and reuse of these materials remain as a challenge because of its small
size.1%®

3. Release of these particles as suspended particulate (PM) mater in the work environment

caused inhalation hazards.t*

4. Release of chemically modification CNT to the environment can be an issue.*®®
Applications of graphene as an adsorbent has been widely reported in the past two decades.®
154, 167-169 Graphene synthesised via reduction of graphene oxide is often associated with a
residual carboxyl functional groups at the edge of its surface.’>* These surface charges of these
functional groups could change according to the pH of the medium. Graphene has an iso

electric point (IEP) around 3.8 and at pH < 3.8 graphene has a positive surface charge because
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of protonation reaction.> At this pH, it can act as an anion exchanger. At pH > 3.8 it possesses
a negative charge and can adsorb cations.'® Huang et al'® investigated the adsorption capacity
of thermally modified graphene sheets for Pb?" adsorption and revealed two possible
mechanisms; electro static interaction or Lewis acid - base interaction. The electrostatic
interaction is proceeded via positively charged Pb?" and m — electrons in the graphene.'®

170 and form a Lewis

Conversely, graphene which can donate electrons and act as a Lewis base
acid - base interaction forming a coordination bond with the electron deficient Pb?*.1°
However, use of graphene as an adsorbent is associated with some drawback such as its small
size, collection, reusability and aggregation.!”™ Furthermore, graphene synthesised by
reduction of graphene oxides requires strong acid, oxidising agents and reducing agents and
disposal of such materials can be an hazard.'"

To prevent aggregation and easy collection of graphene after remediation, metal nanoparticles
have been mixed with graphene.*’* 172 Magnetic nanoparticle embedded graphene can be easily
removed by an external magnet after remediation.*”® Furthermore, these nanoparticle act as
mutual spacers between the graphene sheets and prevent them from aggregation.!’* Nano
particles of metal and metal oxides with high surface area and specific adsorption capability
are another group of materials which are extensively used as an adsorbent for heavy metal
removal from water. Iron oxide,}” silver nanoparticle,'’® manganese oxide,'”® aluminium
oxide,*’ titanium dioxides,'”® cerium oxide!”” and magnesium oxide!’” have been tested as
possible adsorbents for heavy metal removal. These metal nanoparticles provides minimum
environmental damage and also does not cause any secondary pollutions.”® Out of the many
nanoparticles tested magnetic nanoparticles were more preferred because they can be easily
separated by an external magnet. However, magnetic nanoparticles have the tendency to

agglomerated due to their magnetic nature and therefore, should be properly dispersed in a

support material to reduce the agglomeration. Magnetic nanoparticles such as iron oxides can
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be dispersed in a 2D or 3D reduced graphene oxide architecture ** depending on the synthesis
conditions. These metal ions apart from preventing reduced graphene oxide sheets being
agglomerated, can contribute to the adsorption of heavy metals via electrostatic interaction.*®
Andjelkovic et al.*® synthesised 3D graphene aerogels decorated with goethite nanoparticles
and investigated its adsorption capacity towards arsenic species and reported that the arsenic
species are adsorbed by ligand interchange between arsenic species and oxyhydroxide
nanoparticles.

Agglomeration of ZVI1 particles due to its magnetic properties and is a major concern because
it reduces the effective active sites for the adsorption of arsenic species. To prevent the ZVI
particles from aggregating, inert materials has been used as carrier materials for ZV|I particles,
including readily available materials such as bentonite, 8 zeolite 82 and natural clays.'® Bio
char materials derived from rice hull*®* and pine!®® have also been used as a supporting material
for ZVI to reduce agglomeration. Graphene can be as a supporting material for metal
nanoparticles for the removal of heavy metals™® 186-188 and also can be used by itself to adsorb
heavy metals.!® The adsorption properties of graphene is dependent on the edge oxygen
functional groups present in graphene.*® Oxygen atoms present on these functional groups have
much higher affinity towards the metal ions. The oxygen containing functional groups on the
graphene have the ability to form interactions such as electrostatic and coordination with the
metal ions.'® Further, the m electrons on the graphene sheets act as a Lewis base and act as an
electron donor. The metal ions act as a Lewis acid and accept electron to form a complex
through Lewis base interaction.'® 1° Alternatively, graphene surface can be used to disperse the
metal nanoparticle to avoid agglomeration of nanoparticles.

ZV1 stabilised with organic compounds dispersed in different support materials been
extensively used for removal of As species as shown in Table 2. However, the efficiency of the

As species removal is not very effective because the ZV1 particles are not properly air stabilised
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or been agglomerated. Therefore, Chapter 6(a) was focussed on enhancing the As species
adsorption and discover organic materials that could contribute to enhanced air stability to ZV1
and effective supports to prevent them from being agglomerated.

Table 2. Different organic materials and support materials used for the to provide air stability

and prevent agglomeration of ZVI and their adsorption capacities towards AS adsorption.

. £ E s E .= Ads.orptlon o
< & r 5 | 22 B g S S| capacity (mg/g) 9
2 © o = =B 5 £ 2 -~ (7]
5 2 g E |25 3| £9 | 5% 5
3 B 3 o 8 E o» S 3 = < ‘@
© 0 - c o = > I
< o Y] oS <8 = =
(&) < Q 2 £
AVl - - Yes - 7 1 0.1 2 - 189
Chitosan
Stag{'/'f‘ed chitosan - Yes | - 7 120 | 50 | 94 119 190
Biochar-
nZVI - Biochar No - 4.1 0-400 2.0 - 125 191
nZVI /AC ; Activated ||\ 1| g5 2 1.0 18 12 192
carbon
nzvi/ )
Montmori ; Montmori |\ | . 7 5 10 | 55 46 193
. llonite
llonite
MWCNT- o1
_ T 194
AVl EDTA MWCNT | No 7 1200 2.5 111 166
ZVI-rG0 - rGO No - 7 1-10 0.4 35 29 195
Starch
Stag'\'/'lsed starch ; Yes | - 7 110 | 03 12 14 196
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2.0 Carbon materials for addressing significant problems in energy and environmental

crises

2.1 Depletion of fossil fuels and an alternative suggestion using graphitic carbon

composites

The world is progressing towards an energy crisis with the increasing of world population.®’
According to United Nations World Population Prospects (2015 Revision), the world
population is growing by 1.18 % and is expected to increase up to 9.7 billion by 2050. The
increasing population along with economic development has created a huge increase in energy
demand for global production and energy consumption. The International Energy Outlook
2016 (IEO 2016) has projected the energy consumption will rise by 48% form year 2012 -
2040. The energy demand is expected to increase from 549 quadrillion British thermal units
(Btu) in 2012 to 815 quadrillion Btu in 2040 (IEO 2016) as can be overviewed from the world

energy consumption in the period of 1990 to 2040 in Figure 9.

History Projections

2000 2012 NZD 2030 040

Year
DECD : Organization for Economic Coorpomtion and Development (OECD)

8

Quadrillion Btu

=]

Figure 9. World energy consumption from 1990 — 2040 obtained from IEO 2016.1%

Energy is supplied by fossil fuels that included petroleum liquids, coal and natural gas and
renewable energy sources such as solar, wind, hydropower, biomass, geothermal and fuel

cellst®-201 However, according to Nehring et al.,?%! fossil fuels have supplied approximately
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85 — 93% of the world total energy demand for the last five decades. The U.S. Energy
Information Administration (EIA) has predicted that this trend will continue for the next few
decades and fossils fuels will be used to supply almost 80% percent of the total enegy demand

in 2040 (EIA 2013).

The dependance on the fossil fuel for the supply of such a large portion of energy demand is
associated with two major drawbacks: finite availalability of fossil fuel reserves and the
enviromental pollutions associated with it. Fossil fuel resoures are limited and some forecasts
project that there may be as little as 150 years of reserves left.2%2 Furthermore, the combustion
of fossil fuels for energy production produces undesirable Green House Gases (GHG)
including carbon dioxide (CO.), nitrogen dioxide (NO2) and sulphur dioxide (502).2% Out of
all anthropogenic GHC emission derived from the energy sector in 2008, 62% of CO emission
was was from fossil fuels (EIA, 2010) (Figure 10). It was revealed that the overall CO- levels
in the environment has increased 31% in the past 200 years.*®® As a consequence, the global
mean surface temperature has risen by 0.4 — 0.8 °C above the base line value of 14 °C in the

last century which has risen the sea level of average annual rate of 1 — 2 meters. 9 204

Global GHG emissions for 2008 by type and source

N,O — Other, 2% OTther GHGs, 2%

N,O — agriculture, 4%
CH4 - Others, 3%

CH4 - agriculture, 7%

CH4 - energy, 6% -

CO, — fossil fuels, 62%

CO, — Others, 14%

Figure 10. Global anthropogenic GHG emissions by type and process obtained from EIA, 2010.
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If these major issues are not addressed, there will be devastating consequences for the world
economy, global climate and human well-being. Therefore, rapid and profound measures are
needed to minimise these devastating effects from uprising global energy demand and global
warming. To reduce conventional fossil fuel usage and CO, emissions, alternative energy
technologies should be introduced to generate new energies. In this context, two major
approaches can be adopted to minimise the conventional fossil fuel usage; the use of
Renewable Energy Sources (RES) to generate the alternative energy supply for the world’s
growing energy demand © %% 200 or g synthetic method of producing fuels. In 2001, RES
accounts for the supply approximately 14% of the total world energy demand which includes
solar, wind, hydropower, biomass, geothermal and fuel cells. The continued rise in global
energy demand, the depletion of the world’s non-renewable fossil fuel resources and global
pollution associated with fossil fuels has initiated a global push towards RES has the potential
to produce energy with zero or almost zero emissions of both air pollutants and greenhouse

gases 199, 200

Among the RES, fuel cells have captured the interest of the scientific community because its
ability to use atmospheric oxygen as fuel and operate with almost zero CO2 emission. Fuel cells
generate electricity by electrochemically combining a gaseous fuel (hydrogen) and an oxidant

gas (oxygen from the air) using electrodes in an ion conducting electrolyte.® This electro —

chemical process produces water as the by-product. One of the main features of the fuel cell is
its ability to convert chemical energy into electrical energy with two or three times higher
conversion efficiencies than present electricity generators.2 PEMFC which convert the
chemical energy stored in hydrogen fuel directly and efficiently to electrical energy by using
oxygen in air with no CO, emission having demonstrated to dominate the transportation fuel
market.*® The process offers a pollution-free environment since the generation of electricity
which does not produce any environmentally harmful by-products. When hydrogen obtained
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from natural gas is used as fuel, a reduction of two million kg of CO2 emission can be
achieved.® Thus, by reducing gases such as CO2, NO, and SO, it also eliminates nearly 20,000
kg/year of environmentally disruptive acid rain.®° These features of fuel cells stand up to be an
efficient and environmentally friendly alternative energy source for the conventional fossil fuel

energy.®

Although fuel cells are a promising alternative energy source for fossil fuels, the development
of this technology suffers from sluggish Kinetics of the ORR at the cathode.?% In a typical
PEM system, ORR at cathode contributes to the loss of more than half of the voltage loss
because of its slow reaction.?’® Thus, to increase reactivity at the cathode, new innovative
catalysts which are capable of increasing the reactivity at the cathode are required. Over the
decades, high performance of platinum (Pt) based catalysts have dominated the fuel cells
industry. However, the limited availability and the high cost of Pt, together with its
susceptibility to time-dependant drift and CO deactivation, have restricted their
commercialisation.®* Ever since these drawbacks of Pt catalysts were realised, efforts have
been made to find a suitable alternative to Pt based catalysts. In this context, carbon materials
which are abundantly available, stable under extremely corrosive conditions, provide good
electrical conductivity, show high activity and selectivity, have been considered as an
alternative to replace the Pt catalysts in the electro chemical reduction of oxygen in fuel cells.
99, 207, 208 1n this thesis, different carbon composite materials (doped and non-doped) with

different morphologies have been synthesised and characterised as oxygen reduction catalysts.
2.2 Contamination of drinking water and removal of heavy metal contaminates (arsenic)

All human beings need clean water to survive. Although the earth’ atmosphere is almost
covered with 70% of water, only a small percentage (0.14%) is available as consumable water

which should be purified before consumption.'” To increase the available consumable water
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for human beings, efforts have been made to convert sea water to drinking water via
desalination using techniques such as mechanical vapour compression, multiple effect
distillation, multi stage distillation, nano filtration, electro dialysis reversal reverse osmosis
(RO).2%° However, these bear high processing costs and currently only wealthy countries utilise
these technologies.?!® Where water desalination is not practical the scarcity of clean water has
become a major concern which can hinder economic developments, degrade environment,
devastate human health and form political instability.**” 222 With only small amount of water
is fresh and consumable, the world will encounter a major crisis in 2030, when one third of its
population will not have access to clean water.*3” The increasing economic and industrial
development further contribute to the contamination of water systems by the increase of
uncontrolled release of industrial, domestic and agricultural effluents to the environment.
Furthermore, when water flows through the rocks, additional pollution of water systems may
be introduced by dissolutions of heavy metals.?*" ' Heavy metals such as lead (Pb), mercury
(Hg), cadmium (Cd) and arsenic (As) can be released to the water. These toxic heavy metals
can enter human body when consumed without purification. Long term exposure of heavy
metals causes adverse health effects to human systems such as cardiovascular, neurological,
urinary and blood systems and effect body parts such as kidney, brain, lungs, heart and skin
and trigger cancer formation to these organs.?*® Therefore, to address this crisis, reduce further
pollution and provide clean drinking water, we need technology which will cheaply and

efficiently remove toxic heavy metals from water.

Several purification methods have been tested for water remediation in the past including
oxidation and precipitation processes,?** coagulation?® and electro-coagulation,?'® co-
precipitation,?*” jon exchange,?'® adsorption,?® filtration,?® reverse osmosis,??* biological
treatment??? and solvent extraction.??®> Among these methods, adsorption is widely favoured

because it is economical, eco-friendly and rapid.**” In the last few decades several materials
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have been dedicated to effectively adsorb and pollutants and contaminants from water, such as

225 228 231

bark,??* peanut skins,??® cotton,??® chitin,??’ biomass,??® chitosan,??® fly ash,?*® bentonite,

233 236

peat,®? polymers,?®® alumina,?®* 2*® metal organic frameworks.?*® and iron oxides coated
sand?¥” and zero valent irons (ZVI1).2%% 2° However, many of these materials have a high
capacity but suffer from other setbacks such as stability, cost and lack of scalability. Among
these catalysts, ZVI is favoured because its low cost, low toxicity, availability,
environmental compatibility and high reactivity.?*° However, its application as a potential
heavy metal adsorbent is hindered because it undergoes rapid oxidation if not stored in an
inert environment after preparation as after preparation the samples will aggregate due to their
magnetic property, which can subsequently change their chemistry and impede their usage for

the removal of pollutants.?4! 242 Therefore, for ZV1 to be used in the industrial scale, its surface

should be protected from atmospheric air oxidation and prevented from agglomeration.

To overcome these challenges and to provide stability to the ZV1, the surface charge of the
nanoparticle should be altered. Impartation of electro - static repulsion forces and steric
stabilization of the ZV|I surfaces can alter the surface chemistry of the ZVI and provide stability
to the ZV1.243-2%5 The materials used to coat the ZV1 should provide strong long range repulsive
forces preventing the attraction due to magnetic forces between them.?*3 24 Steric stabilisation
can be achieved by coating the nanoparticles with long chain hydrophilic polymers which
interact with the nanoparticles prevent agglomeration. The long hydrophilic chains of these

polymers extend in to the solution to provide stability.?4®

In this context, several materials with different functional groups have been employed to
stabilise ZV1 in the past. Feng and Zhao?*" applied a simple and green approach using starch
to form a cluster structure with mono and bimetallic Fe® nanoparticles for degradation of
organics under inert atmosphere. Wijesekara et al.?*® further compared the stability of nano-
ZV1 that had been exposed to starch and different mercapto acids. Using mercaptoacetic acid
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(MA), mercaptopropionic acid (MP) and mercaptosuccinic acid (MS) they found that, MA and
MS coated nano ZV1 were stable for 3 weeks, resulting in rapid oxidation when exposed to air

after this period. Other organic compounds, such as carboxymethyl cellulose,?*°

polyacrylic
acid,?® and cellulose acetate 25! have also been used to coat ZVI1 particles. However, long term
particle stability of ZV1 is rarely achieved. Moreover, the functional groups responsible to
provide long - term stability has not been properly investigated. Therefore, to address this gap,
five different organic chemicals were evaluated with four different functional groups (-SH, -
OH, -NH2 and -COOQH) for the air stabilising capabilities on ZVI. The synthesised materials
were exposed to air and the stability in atmospheric air is also evaluated. To reduce particle

agglomeration, the ZVI provided the long-term stability was entrapped on rGO and

investigated for adsorption of As species.
3.0 Aims and objectives

The broad aim of the work described in this thesis was to develop graphitic carbon based
composite materials with specific morphologies using low cost materials, less complicated and

environmentally friendly processes for applications in energy and environmental protection.

In this context, four different approaches (objective 1-3) were dedicated to synthesising
graphitic carbon composite materials for the benefit of the energy sector and one approach
(objective 4) was devoted to synthesising graphitic carbon composite materials for the
environmental sector. The first three approaches (objective 1-3) were to synthesise oxygen
reduction catalysts using graphitic carbon composite materials which can be used in the
automotive industry to provide a sustainable technology with clean and efficient energy
production at low cost and potentially replace the high cost Pt catalyst. The final approach
(objective 4) was to synthesise graphitic carbon composite material to adsorb As species from

drinking water to benefit water remediation and to prevent possible life-threatening illnesses.
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3.1 Objective 1

To investigate the unique synthesis procedure and electro-catalytic properties for ORR of a
unique hybrid structure consist of iron oxide embedded carbon nano spheres and N-doped CNT
using low cost bio sources (Chapter 3 (a) and naturally occurring apricot sap containing
galactose (Chapter 3 (b)).

3.2 Objective 2

To determine the effect of different nanoparticle phases of iron oxides dispersed in a 3D- rGO
synthesised at low temperature without using any nitrogen precursors and evaluate their
activity as electro catalyst for ORR (Chapter 4(a)).

3.3 Objective 3

To explore a synthesis procedure to synthesise non-conducting and scientifically under
explored sulphonated poly aniline with defined nano/micro structures using excess aniline
monomer (Chapter 5 (a)), investigate their ability to make composite materials with other
potential materials and convert the products into a value-added product for electro chemical
reaction including ORR (Chapter 5 (b)).

3.4 Objective 4

To determine efficiencies of different organic functional groups towards providing long term
air stability to ZVI and reduce particle agglomeration by dispersing them in rGO. Determine
the efficiency of air stable and less aggregated material for arsenic species adsorption (Chapter
6(a)).

4.0 Thesis structure

This thesis demonstrates three different approaches to synthesise carbon composite materials
and evaluated for their activities for; electro chemical activity as electro catalysts for ORR

reactions and adsorption for heavy metals (arsenic species).
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To synthesise electro catalysts using carbon material for ORR, we adopted three different
approaches. Firstly, we synthesised a unique catalyst with a hybrid structure containing both N
- doped carbon spheres and CNTSs using poly saccharides (galactose) and naturally occurring
tree sap (apricot sap). These materials were investigated as potential ORR electro catalysts in
basic media. Secondly, we described a unique synthesis procedure to synthesise SAO with
unique micro structures and produced macro porous graphitic carbon structures using
decomposed SO produced by the decomposition of sulphonated groups in SAO in the gas at
high temperature. Using this concept, we fabricated a unique N- doped macro porous graphitic
carbon material by pyrolysis of SAO at high temperature. The produced carbon composite
materials were tested as electro catalysts for ORR in alkaline media. Finally, we synthesised a
graphitic carbon composite material using different phases of iron oxides and dispersed in a 3
dimensionally aligned rGO aerogels at low temperature without the use of any N-dopants. The
3D rGO aerogels with different phases of iron oxide phases were explores for their electro
catalytic activity for oxygen reduction. The ultimate objective of this research is to make a
suitable carbon catalyst for the cathode of the fuel cell for use in vehicles as an alternative

energy source for fossil fuels with almost zero CO2 emission.

Finally, in the context of synthesising a suitable carbon composite to adsorb heavy metals, we
addressed the issues regarding air stability and aggregation of the ZVI, which over the years
has been prevented being utilised as a potential adsorbent. Here, we explored different organic
coating materials to coat ZVI and dispersed them on a rGO support. The organic materials
provided best air stability was evaluated as an adsorbent for adsorption of arsenic species as a

case study.

Chapter 1 covers three different subchapters: (a) a detailed literature survey on graphitic
carbon materials including graphite, diamond, AC, CB, Fullerenes, MPC, CNT, graphene, C-
dots and graphitic carbon composites (b) their applications as ORR catalysts and absorbent for
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heavy metals and (c) discussion regarding the research problem and research gap with proposal.
The understanding of the graphitic carbon materials described in the literature provided the
necessary background information towards targeting and synthesising the materials used for
this work. The literature reviewed on the research problem provided the information about the
necessary gaps in energy and environmental sector where graphitic carbon materials can be

efficiently used.

Chapter 2 demonstrates the detailed discussion on the concepts, experimental procedures and

the equations used to analyse the catalysts performance for ORR using RRDE techniques.

Chapter 3 consists of two sub Chapter 3(a) and Chapter 3(b). Firstly, a synthesis procedure to
produce a unique hybrid structure containing N-CMS spheres and CNTs using bio source
galactose was demonstrated Chapter 3(a). This work was published in Materials. Secondly, to
address the global need of green materials to replace hazardous materials for electro — chemical
applications, a galactose containing naturally occurring tree sap (Apricot sap) was also used to
synthesise a similar hydride structure containing both N-CMS and N-CNT. Both catalysts were
tested for oxygen reduction for PEMFC fuel cell in the alkaline medium (Chapter 3(b)). This

work was accepted to be published in Materials.

Chapter 4 explores the use of four different iron phases dispersed in a 3D rGO aerogels as
potential catalysts for ORR. Four different phases of iron oxides were synthesised and explored
separately, their capability to reduce oxygen in an electro chemical system, in the absence of
any nitrogen doping. The different phases of iron oxide synthesised were hydro thermally
deposited on the 3D rGO aerogels at low temperatures (80 °C) to eliminate any possibility of
phases during the reduction process. The influence of ORR, the electrochemical properties and

ability to reduce oxygen of the spinal structure, on magnetic nature and electrical conductivity
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of magnetite, maghemite, hematite and goethite were evaluated. This work was published in

the New Journal of Chemistry.

Chapter 5 contains two sub chapters Chapter 5(a) and Chapter 5(b). In the first sub chapter
(Chapter 5(a)), a unique synthesis procedure to synthesise SAO with defined micro structures
was demonstrated. The ideal aniline to APS ratio, pH and the solvent responsible to synthesise
sulphonated aniline with well-defined micro structures was established. This work was
submitted to the Journal of Material Science. The second sub chapter (Chapter 5(b)) explains
the synthesise procedure to convert SAO to macro porous structures using the SO2 produced
during the pyrolysis process of SAO. In order to make the synthesised macro porous material
catalytically active for ORR, SAO was pyrolysed with nitrogen precursors. The synthesis
procedures of N-doped composites materials of SAO with PF and rGO also examined. The
synthesised N-SAO, N-SAOPF and N-SAOrGO composite materials were evaluated as ORR

catalysts in alkaline medium. The second sub chapter is under preparation for submission.

Chapter 6 demonstrate the two major issues associated which hinders the efficiency of ZVI
performing as excellent adsorbents: air stability and agglomeration. To address this, four
different functional groups such as hydroxyl, thiol, carboxyl and amine groups were
investigated as potential functional groups responsible to provide air stability to ZVI. To reduce
agglomeration of the ZV1 particles, the ZV1 particles were modified with rGO and finally the
glycine coated ZVI-rGO composite was explored for As removal. This work was submitted to

the Chemical Engineering Journal.

Chapter 7 summarises the results of investigation carried out to advance the use of graphitic
carbon materials to benefit energy and environmental sectors to provide alternative energy

sources with low environmental impact and clean drinking water.
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2.0 EXPERIMENTAL

2.1 INTRODUCTION

The experimental details are given in each thesis chapter in the style of journal publications.
The aim of this chapter is to provide a detailed description of the experimental techniques used

for this study.
2.2 MATERIALS

Table 2.2.1 provided a list of chemicals and their purity used in this thesis.

Table 2.2.1: Specifications of chemicals used in this thesis.

Chemical name Formula Purity, Supplier
3-mercapto propionic acid HSCH.CH.COOH > 99%, Sigma Aldrich
Ammonia NH3 30%, analytical reagent

grade, Chem-Supply

Ammonium persulphate (NH4)2S20s 98%, Sigma Aldrich
Aniline CeHsNH: 99%, Sigma Aldrich
Carbon monoxide CO Industrial, BOC
Cobalt (I1) acetate (CHsCO0O0)2Co >99%, Sigma Aldrich
Cobalt sulphate heptahydrate C0S04.7H20 > 99%, Sigma Aldrich
Copper (I1) sulphate pentahydrate ~ CuSO4.5H>0 > 98%, Sigma Aldrich
D-(+)- Galactose CeH1206 > 98.5%, Sigma Aldrich
Dopamine hydrochloride (OH)2CsH3CH2CH2NH2.HCI 98%, Sigma Aldrich
Ethanol C2Hs0H 100%, undenatured,
Chem- Supply
Ethylene diamine NH2CH2CH2NH: > 99%, Sigma Aldrich
Glycerol HOCH2CH(OH)CH0OH >99%, Sigma Aldrich
Glycine NH2CH.COOH > 98.5. Signa Aldrich
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Hydrochloric acid

Hydrogen peroxide

Iron (11) chloride tetra hydrate
Iron (111) chloride hexahydrate

Iron sulphate heptahydrate

Melamine

Mercapto propyl tri methoxy silane

Nafion dispersion

Nitrogen
Para formaldehyde
Phenol

Phosphoric acid

Poly ethylene glycol

Polyvinyl pyrolidone

Potassium permanganate
Sodium acetate

Sodium arsenate dibasic
Sodium arsenite

Sodium borohydride
Sodium hydroxide

Sulphuric acid

Thiourea

HCI

H.0>

FeCl2.4H0
FeCls.6H20
FeS04.7H20
CsHeNe
HS(CH2)3sSi(OCHz)s
C7HF1305S.C2F4

N2
HO(CH20)nH
CeHsOH
H3PO4

H(OCH:CH2):OH

(CsHgNO)n

KMnOg4
CH3COONa
Na:HAsO4.7H20
Na2AsOs

NaBHa4

NaOH

H2S0O4

NH2CSNH2
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32%, analytical reagent
grade, Chem-Supply

30%, analytical reagent
grade, Chem-Supply

>99%, Sigma Aldrich
98%, Chem-Supply

> 98.5%, Sigma Aldrich
99%, Sigma Aldrich
95%, Sigma Aldrich

10%, Fuel Cell Stores,
USA

Gas - 99.999%, BOC
95%, Sigma Aldrich
> 99%, Sigma Aldrich

85%, analytical reagent
grade, Chem-Supply

Average My 1500,
Sigma Aldrich

Mw 40,000, Sigma
Aldrich

> 98.5%, Sigma Aldrich
99%, Sigma Aldrich

> 98%, Sigma Aldrich
> 98%, Sigma Aldrich
> 98%, Sigma Aldrich
> 97%, Sigma Aldrich
98%, analytical reagent
grade Chem-Supply
99%, Sigma Aldrich
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2.3 METHODS

The materials used in this this thesis were synthesised using mainly two methods: hydrothermal

treatment and pyrolysis.

2.3.1 Hydro thermal treatment

Hydro thermal treatment is used for crystallisation of suspensions (materials dispersed in
water) of materials at high temperature and pressure conditions. Hydro thermal treatment is
conducted using an autoclave. The autoclave consists of a Teflon liner and a stainless-steel
vessel (Fig. 1). The hydro thermal process is conducted by filling the suspension of the material
to 1/3 of the volume of the Teflon liner and aligning it within a stainless-steel vessel. The
stainless vessel is properly tightened to avoid any damages caused by the internal pressure built
within the autoclave. The autoclave filled with the suspension is heated in an oven at required
temperature for the required time and cooled to room temperature. The hydrothermally treated

sample is collected, centrifuged and washed to obtain the final product.

>

Teflonliner  Stainless steel vessel

Figure 1. Images of a teflon liner and the stainless-steel cover of the autoclave.
2.3.2 Pyrolysis

Pyrolysis is the thermochemical decomposition of organic materials exposed to high
temperature in the absence of any oxygen or in the presence of an inner gas environment.! In

our experiments, a tubular furnace was used to pyrolyse the hydro thermally treated carbon
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materials to synthesise graphitic carbon materials for oxygen reduction. A schematic diagram
of a tubular furnace used in this thesis is shown in Fig. 2. Initially, the quartz tube was cleaned
with ethanol and placed between the heating elements. Then the sample was weighted and
placed in a ceramic boat and carefully placed inside the glass tube and the two ends of the glass
tube were closed with stainless steel and rubber seals prevent any gas leakages. The stainless-
steel seals are made with small holes to enable Ar gas circulation. Ar gas inlet is connected to
one side of the stainless-steel seal and the other end is connected via a tube to the container
with water to monitor the gas flow. The gas pressure in the cylinder is regulated to 100kPa and
the inner gas flow to the tube was maintained below 200 sccm. Prior to the experiment, the
tube was saturated with argon gas for 15 min. Once the tube is saturated by Ar, the temperature
of the furnace was gradually increased at the rate of 10 °C/min up to 900 or 950 °C and
maintained at that temperature for the required time. The samples were collected once the

sample temperature approaches room temperature under Ar environment.

Rubber seal Heatmg element Sample

‘ .E Argon flow I].

¥ v
Stainless steel seal Ceramic sample holder Heating element

1
I
I
1

Water — — =

- — —» Argon cylinder

Figure 2. A schematic diagram of a tubular furnace.
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2.4 CHARACTERISATION

2.4.1 CHARACTERISATION OF MATERIALS

2.4.1.1 Electron microscopy

Transition electron microscopy (TEM) was used to determine the particle sizes of metal
nanoparticles and the morphology of the graphitic carbon materials. Scanning electron
microscopy (SEM) was used to analyse the morphology of the graphitic carbon composites and
the energy — dispersion X-ray spectroscopy (EDX) was used to investigate the distribution
elemental compositions throughout the samples. The details of these techniques are given in

the following sub sections.

2.4.1.1.1 Transition electron microscopy

Transition electron microscope operates using the same principles as of an optical microscope.
A filament (cathode) is used as a source to irradiate electron beam with uniform current density.
Commonly a hairpin shaped tungsten wire is used as the filament. The acceleration voltage of
100 — 250 kV is used to irradiate electrons. A series of condenser - lens system permits
variations to the illumination aperture and the illuminated area of the specimen. The electron
intensity is distributed on to a florescence screen behind the specimen and imaged with a lens
system. The image can be either recorded digitally via a florescence screen coupled by a fibre

— optics plate to a CCD camera.

In this thesis, a FEI Tecnai G2 spirit transition electron microscope equipped with a FEG LaB6
emitter and Bio Twin lens design located at Adelaide microscopy was used (Fig.3). The
imaging was obtained via an in- column Olympus — SIS veleta CCD camera. The acceleration
voltage of 120 kV is used to irradiate the electrons. The samples were ultrasonicated with

ethanol and drop casted on to a copper or holey grid. Copper grids were used to analyse samples
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containing metal nanoparticles while holey carbon grids were used to image samples

containing graphitic carbon materials.

Figure 3. FEI Tecnai G2 spirit transition electron microscope equipped with a FEG LaB6

emitter and Bio Twin lens.
2.4.1.1.2 Scanning electron microscope (SEM)

In SEM, the sample is scanned using an electron beam and the intensity of the lines scanned
are measured by an electron detector located above the sample. A tiny amount (few micro
grams) of samples was sprinkled on to the sample holder attached with a conductive double
sided adhesive carbon tape. The samples used in our studies were coated with a conductive
material platinum to prevent any charge build-up during irradiation with electron beam. In our
studies, SEM images were collected by using Quanta 450, FEI (USA) (Fig.4) at an accelerating

voltage of 10 keV.
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Sample holder

Vel
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Quanta FEG 450
Figure 4. Image of a sample holder and Quanta 450, FEI (USA).

2.4.1.2 Powder X-ray Diffraction

Powder X-ray Diffraction (XRD) is commonly used technique to characterise crystalline solids
and determine their crystal phases using a database. In this technique, a high energy radiation
source (X- rays) are reflected by atoms in the crystal lattice. The X-rays interacted by the atoms
are reflected by the electron shell and exit the sample in the same angle as they entered the
sample (Fig. 5). Since X-rays can penetrate several layers of atoms the distance travelled by
X-ray photons are different from one atom to the other. For example, the wave interact with N
must travel an additional distance of PN and NQ than the wave hitting M. The reflected beams
can be out of phase and extinguish each other (destructive interference) or in-phase which their
intensities can be add up (constructive interference). For instance, the distance of PN + NQ is
equal to a multiple of wave length, the waves are assumed to be in plane and high intensity
reflection is observed.? The intensity of the reflection is dependent on the incident angle 6. By
geometry, [PN] = [NQ] = d.sinf. This is summarised by the Bragg equation in equation 1,

where A is the wave length and n is an integer.’

2d.sinf = nA 1)
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In a typical power X-ray diffractometer, the sample is irradiated with X-ray while the sample
is tilted over angle 6. A detector measures the reflected intensity over an angle of 20. If
constructive interference occurs, a high intensity over 20 will be observed. The positions of
the constructive interference can be compared with the similar patterns of the known samples
in the data base. In our studies, XRD was performed by using a Miniflex 600, Rigaku apparatus
manufactured in Japan. The powder samples were compressed manually on to a 15 x 15 x 1
mm plastic sample holder and the XRD was analysed at 40 KV and 15 mA in the range of 20

= 10— 80° at a scan rate of 10°/min.

Figure 5. Illustration of a X-ray beam being reflected by two atom layers in a crystal lattice.

Adopted from Vogt et al .2
2.4.1.3 N2 adsorption

Nitrogen adsorption at low temperature is a common method used to determine the pore size
and surface area of samples in powder form. In a nitrogen adsorption experiment the samples
are weighed and loaded on to a glass sample holder which is connected to a gas sorption
analyser. The samples are initially degassed in a vacuum at elevated temperature to remove
any bound gases or moisture on the sample surface. The gas sorption analyser is equipped with
a manifold which can be either loaded with gases or evacuate gas. The degasses samples are
cooled in a liquid nitrogen bath at 77K. The N2 gas is introduced to the manifold and the

pressure is recorded when the sample holder is closed with a closed — valve. When the valve is
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opened the gas is expanded into the manifold lowering the pressure. When the sample start to
adsorb the gasses, it further reduces the pressure. The difference of this pressure is the base for

the calculation of the amount of gas adsorbed by the sample at specific pressure.

In our experiments, gas adsorption isotherms were measured using a Micrometric 3-Flex
analyser or ASAP 2020 analyser (Micromeritics Instrument Corporation, Norcross, GA, USA)
(Fig.6) at 77K utilising liquid nitrogen. Brunauer-Emmett-Teller (BET) surface area was
calculated using experimental points at a relative pressure of P/Po = 0.05 — 0.25. Pore size
distribution was analysed using N isotherms utilising DFT modelling software on a

Micromeritics 3-Flex analyser. For all analysis UHP grade (99.999%) N was used.

Figure 6. Image of a Micrometric 3-Flex analyser.

2.4.1.4 Raman spectroscopy

Raman spectroscopy is spectroscopic technique commonly used to identify vibrational,
rotational and other frequency modes in a system. A laser beam in the visible, near infrared or
near ultra violet range is used to excite and initiate these modes. The laser beam interacts with
the sample and the molecular vibrations, phonons or other excitations modes alters the energy

of the laser photons up and down. These specific shifts provide information regarding
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vibrational modes of the samples. Raman spectroscopy (LabRAM Evolution, Horiba Jvon

Yvon, Japan) was used to characterise the synthesised materials in our experiments.
2.4.1.5 X-ray Photo Electron Spectroscopy (XPS)

The electron characteristics of atoms of different chemical compounds differs according to the
binding energies of electrons in the core shells.? In XPS, a soft X-radiation higher than that of
the binding energy of the core electrons is given to remove the core electron out of the atoms.

The binding energy of the shell electron is calculated using the following equation.*
hy=Eg +Ex+W (2)

Where,

The incident energy = hy (plank constant times frequency)

Eg = Binding energy of core shell electrons

Ex = Kinetic energy of the electrons ejected

W = instrument specific work function

By measuring the Ek value using a detector the binding energy of the shell electrons can be
calculated. In our experiments X-ray photo electron spectroscopy (XPS) was conducted on a
SPECS instrument (Berlin Germany). All XPS measurements were performed using a non-
monochromatic Mg source operated at 200 W. High resolution XP spectra were collected using

a pass energy of 10 eV for C 1s and 20 eV for N1s.
2.4.1.6 Fourier — Transform Infrared Spectroscopy

In Fourier — Transform Infrared (FTIR) spectroscopy, the sample is irradiated with an infrared
radiation. When the radiation passes through the samples, some radiation is adsorbed by the

sample and the rest is transmitted through the sample. The transmission intensity at different
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wavelengths is detected representing a molecular ‘fingerprint’ of the sample. Different
chemical structures produce different spectral fingerprints. The principle of FTIR spectroscopy
is based on the vibration modes (stretching and bending) of molecules which are excited at
different wavelengths of IR radiations causing absorption of IR beam.® For our analysis, FTIR
analysis was conducted by using a spectrum 100, Perkin Elmer, (USA) in the wavelength of

400 — 4000 cm’™.
2.4.1.7 Solid state 3C Nuclear Magnetic Resonance (NMR) Spectroscopy

The solid state cross-polarisation *C NMR spectrums were obtained on a Bruker 200 Avance
spectrometer equipped with a 4.7 T wide-bore superconducting magnet operating at a
resonance frequency of 50.33 MHz. The sample was packed into a 7 mm diameter zirconia
rotor with Kel-F end caps and spun at 5 kHz. Chemical shift values were calibrated to the
methyl resonance of hexamethylbenzene at 17.36 ppm and a 50 Hz Lorentzian line broadening
was applied to the acquired spectrum. The cross-polarisation pulse sequence used a 3.2 ps,
195 w, 90° pulse, a contact time of 1 ms and a recycle delay of 1s and 50,000 scans were
collected. The absolute signal intensity obtained for the sample was corrected for that derived

from an empty rotor.
2.4.1.8 Thermometric -Mass Spectrometer Analysis

The thermometric-MS experiment was carried out using a custom-build high temperature
pulsed-gas sampling equipment coupled with a mass spectrometer (Fig.7) for real-time analysis
of the gaseous mixture.® A schematic overview of the system is displayed in Scheme 1. The
reaction cell is in direct contact with a copper block containing a 100 W heater cartridge
controlled by a proportional-integral-derivative (PID) temperature controller (CAL Controls,
Cal 3300) and K-type thermocouple attached to the side of the cell. The pressure in the reaction

cell is monitored by a piezo-resistive manometer (Keller, Leo Record series, 30 bar range). The
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cell is connected to a pulsed nozzle (Parker, Series 9 Pulse Valve) which is used to pulse
controlled amounts of gas from the reaction cell via a 1/16" stainless steel tube into the vacuum
system, comprised of a residual gas analyser (RGA) for sampling of the gas mixture (vide
infra). For our analysis, we loaded 10 mg of samples into the reaction cell for thermometric —

mass spectrometer analysis.

Mass
Spectroscopy.

To Mass
Spectrometer  Reaction cell

_____ lon gauge
Pulse
nozzle --Turbo pump
Jacuum <
- Pulse nozzle
Gasin..__ driver
- Temperature

| controller

\
Manometer

Figure 7. The setup of a custom-build high temperature pulsed-gas sampling equipment

coupled with a mass spectrometer.
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Scheme 1. Schematic representation of custom-build high temperature pulsed-gas sampling
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equipment.®
2.4.2 ADSORPTION CHARACTERISATION OF ARSENIC SPECIES
2.4.2.1 Sample preparation

Batch adsorption tests were carried out, individually for As(I1l) and As(V), to examine the
effect of contact time, pH and to determine the adsorption capacity of the adsorbent.
Experiments were performed in 200 mL plastic tubes with 5 mg of adsorbent and 100 mL of

arsenic solution in DI water at room temperature (22 °C + 1) at 600 rpm on a magnetic stirrer.

For kinetic experiments, 5 mg/L arsenic solutions at pH 7 were mixed for 5, 10, 15, 20, 30, 45,
60, 120 and 180 min. After the specified contact times the suspensions were immediately

filtered through a 0.22 um Teflon filter.

The effect of pH on arsenic adsorption was examined between pH 3 and 10. Initial pH of 5
mg/L arsenic solution was adjusted using diluted HCI or NaOH solution. After the addition of
sorbent, the solutions were mixed for 120 min then immediately filtered through a 0.22 pum

Teflon filter and analysed.
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Isotherm studies were carried out at pH 8 for As(V) and As(l11). Experiments were performed
by mixing concentrations of As(V) or As(l11) solutions with a constant dose of adsorbent (0.05

g/L) for 120 min. The concentrations of arsenic were in the range of 3 to 150 mg/L.

The arsenic concentrations were measured with Inductively Coupled Plasma-Mass

spectroscopy.

2.4.2.2 Inductively Coupled Plasma — Mass Spectroscopy

Inductively coupled plasma — mass spectroscopy (ICP — MS) involves ionisation of liquid using
hot argon plasma and subsequent detection by mass spectrum. The liquid samples to be
analysed are broken up into atoms and ionised by hot plasma produced by a plasma torch. The
sample is injected on to the plasma torch using a peristaltic pump and a nebuliser. The

elemental compositions are determined by mass spectrometer.

In our experiments, ICP-MS analysis was conducted to analyse the arsenic concentration on
the samples. The samples containing arsenic was diluted with nitric acid (2% v/v) to
measurable parts per billion (ppb) range. The elemental compositions of the samples were
determined after a calibration using a known concentration of standard liquids. To conduct
adsorption studies reported in this thesis, an Inductively Coupled Plasma-Mass spectroscopy.

(ICP-MS 7500cs Agilent Technologies, USA) was used.

243 ELECTRO CHEMICAL CHARACTERISATION

2.4.3.1 Rotating Disc Electrode Theory

Rotating disk electrode technique is a popular method used to determine the reactant
transportation and the electron transfer kinetics at the catalytic surface of the electrode. At
excess electrolyte environments, material transports occur via diffusion or convection. In the

absence of solution convections, the diffusion layer at the electrode becomes thicker and
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thicker with prolonged reaction time until non - steady state current density is achieved. In the
presence of a dynamic solution convection such as stirring and electrode rotating, a constant
diffusion layer can be achieved which leads to state of steady state current density. Here, the
diffusion controls the rate of transportation of reactants through the diffusion layer while
convention controls the thickness of the diffusion layer. RDE with a rotating electrode can
quantitatively control the diffusion layer thickness and very often used to analyse the electro

catalysts.’
2.4.3.2 Rotating Ring — Disc Electrode (RRDE) Technique

RRDE consist of a central disc electrode and a ring electrode separated by an insulated barrier.
When the working electrode rotates, it drags the electrolyte solution onto its surface and on the
same time flings the solution outwards in a radial direction because of the centrifugal force.
Because of this counter interacting forces the solution flows in a laminar manner across the
electrode surface. Therefore, with the electrode rotation speed the convection velocity increases
and as a result the diffusion layer near the disc / ring surface become thinner with the increasing
diffusion / convection rate due to electro — chemical reaction. Thus, the diffusion — convection
rate can be controlled by the rotation rate. The diffusion — convection process near the disc /
electrode surface can be calculated based on experimental conditions. The calculations can

reveal information on electrode potential against applied potential.
2.4.3.3 Rotating Disc Electrode apparatus

The working electrode of the RDE includes a conductive disc is placed within an insulating
material as shown in Fig.8. The conductive is made of glassy carbon. The shaft and the
insulating material (Teflon) should be properly sealed to prevent any electrolyte leakages. The
shaft is the directly connected to a motor by a chuck which can be rotated at a required rpm.

The rate of rotation can be controlled by a rate control box. The rate of rotation can be adjusted
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from 100 to 3000 rpm. During the rotation of the working electrode, the electrolyte solution
will be moved towards the electrode surface and thrown away. The disc and the ring tips
connects with the ring electrode. During the experiment, the disc and the ring current flows
through the middle of the shaft to the external circuit. In order to maintain a laminar flow
condition near the RRDE surface, the electrode rotation is controlled below 5000 rpm. A higher
rotation speed will cause turbulence flow which will lead to errors in measurements. A bi -
potentiostat is connected to four electrodes disc, ring, reference and counter electrode. It can
control and adjust the disc and ring potential with reference and counter electrodes. The disc

potential can be scanned linearly at a fixed ring electrode potential.

—— Insulator (Teflon)

;- Glassy carbon electrode
1

0
]
——— e
o
-~
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-+

]
i
]
i
Ring electrode Rin
]
]

Deposition of
Insulator (Teflon) ——— catalysts

Glassy carbon electrode Catalyst

Figure 8. Schematic diagram of a rotating — ring disc electrode.

A three — electrode cell RRDE — 3A apparatus used to determine the ORR activity is shown in
Fig. 9a. The working electrode is the electrode which is attached to the motor. This can rotate
at a given rpm. The working electrode is place in the middle of a cylinder type container to

avoid any interference form turbulent flow within the electrolyte solution. The working
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electrode should be immersed in to the electrolyte and should be free of air bubbles. The cell
consists of three electrodes the working, counter and reference electrodes. The working
electrode is glassy carbon, the counter electrode is the Pt foil and reference electrode is
Reversible Hydrogen Electrode (RHE). The electrolyte used is diluted KOH (0.1 M). The gas
inlet is connected with pure Oz (4.2 grade 99.98%) according to the requirement. When

conducting ORR, the electrolyte solution is purged with oxygen for 30 — 60 min prior to the

experiment and continue air flow during the measurement. A schematic representation of the

experimental process is shown in Fig. 9b.

(b) !
I- v—d Reference
electrode
Counter
electrode .:. Gas bubbling
(@)
Working @)
electrode @)

Catalysts layer _ SE—

I r—-—. KOH solution

Figure 9. (a) RRDE - 3A apparatus used conduct ORR analysis and (b) Schematic

representation of a process of ORR analysis.
2.4.3.4 Preparation of catalyst layer

The working electrode surface is polished with 1 um, 0.3 um and 0.05 um ¥ - Al2O3 to form a
mirror surface. The polished surface is then cleaned with acetone followed by deionised water

and ultrasonicated for 3 times and dried overnight. The catalyst is mixed with 1% (w/w) Nafion
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(1-2 mg catalysts in 2 mL of 1% w/w nafion solution) and ultrasonicated until uniformly
dispersed. Then a measured amount of catalysts suspension (10 pL) is drop casted on to the

catalyst surface and dried overnight.
2.4.3.5 Experimental procedure of RDE

The working electrode with the catalyst layer was immersed into the electrolyte (0.1 M KOH)
bubbling with oxygen for 30 min prior to the commencement of the experiment. Platinum coil
and RHE was used as the counter and reference electrode. Prior to collecting data, the electrode
is repeatedly cycled for 20 time between 0 and 1.2V at the scan rate of 100 mV/s to remove
any possible surface contamination. After completion of these repeated cycles and stable cyclic

voltammograms (CVs) are obtained, measurements are obtained.
2.4.3.6 Proposed ORR Mechanisms and their investigations based on the RRDE data

ORR is a complex mechanism and in general, it is proposed the oxygen is reduced through two
parallel pathways either by a direct four - electron pathway or a two - electron pathway. In the
four-electron pathway, the O is directly reduced to either H>O (in acidic solution) or OH" (in
basic solution). When the ORR is driven through a two - electron pathway, the O is initially
reduced to H>O; (acidic solution) or to HO>™ (basic solution) via a two - electrons pathway and
further reduced to H20: (in acidic medium) or OH" (in basic medium) through another two —

electron pathway. 810

ORR through a four — electron pathway in acidic medium
0, + 4e +4H* S 2H,0 (3)

ORR through a two — electron pathway in acidic medium

0, + 2e" + 2H* s H,0, 4)

0, + 2e” + 2H* s 2H,0 (5)
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ORR via a four — electron pathway in basic medium
0, + 2H,0 + 4e” S 40H" (6)
ORR via a two — electron pathway in basic medium
0, + H,0 + 2e” 5 HO, + OH" 7)
HO; + H,0 + 2e” S 30H" (8)

Since H20: formation in ORR determines the electron transfer pathway, detection of H.O>
produced during the ORR is important for the fundamental understandings of electro - chemical
mechanism. Rotating Disc Electrode Theory (RDE) analysis is considered as a well-known

technique to analyse the H>O; yield produced during ORR reaction.

During RRDE analysis, H>O> produced will be transported to the ring electrode by means of
forced convection. If the H20> produced at the electrode surface is chemically stable, the ORR

at the RRDE surface can be schematically represented as in Scheme 2.1

Diffusion +e’, k,
0, (Bulk) ——— 0, (disc surface)

+2e’, k,

+2e’, k, -
H,0, orHO,, ——— H,0 0orOH

w, +2¢’, ring surface

0,

Into Bulk
Scheme 2. Schematic of the process of oxygen reduction reaction on RRDE.!!
The k1, k2 and ks are the rate constants.
For convenience we express Oz as A and H.0; or HO as B.!

The diffusion - convention constants of O, can be expressed as
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Ba= 0.201D%/3y1/6 )

Da is the diffusion coefficient of oxygen and v is the kinetic viscosity.
The diffusion - convention constants of H>O2 or HO2™ can be expressed as
Bg = 0.201D%/*v1/6 (10)

Ds is the diffusion coefficient of H2O2 or HO2"

Assuming all reactions are steady state on the disc electrodes, O, mass balance can be expressed

as
Baw'?(CR- CR) = (ky + k,)C} (11)

C3 is the bulk concentration and C3 is the surface concentration of oxygen.
The mass balance of H20> is expressed as

k,C% = Bgw'/2C§ + k;C§ (12)

Where Cg, is the surface concentration of H2O2 or HO

Or

Ci _ Bgol/2+k

g ke (13)
The total current of the disc electrode can be expressed as

Iq = 4Fmr?k,C3 + 2Fmrik,C5 + 2FmriksCS (14)

Since there is no H2O. formation in solution at the beginning the concentration of H.O> can be

assumed as zero.

Therefore, the diffusion current for H.O> removal from the disc electrode can be expressed as
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Igp = 2FnriBgw!/2C§ (15)

The current at the ring electrode can be expressed as

I, = IqgN = 2Fnr?Bgw!/2CEN (16)

Where N is the collection efficiency.

The following equation can be derived combining the equations (11), (14) and (16)

= S (14 32)+ 22 (14 2) 012 (17)

2 BN k;

The equation (17) can be utilised to express different situations

According to Scheme 2, ks needs to have a higher value to reduce H>O> or HO," to H.O
or OH". If ks is too small the produced H202 or HO2™ cannot be further reduced to H.O
or OH". If we apply the very small value of ks to equation (11) the slope will approach
I

Id . Therefore, the pIotII—cl

zero revealing that the rotating rate (o) is independent to the
vs w /2 will give a parreral line to the w™/2 axis. However, the intercept is dependent
on the applied potential and different intercepts can be obtained for different

potentials.”!

If the plot Il—d vs w2 gives a straight line using the slope % (1 + %)and the intercept
r B 2

1 2ky 711
S (1 + o ) ki, k2 and ks can be calculated.

If the reaction is dominated via a two — electron transfer pathway where ko>>k; then

the obtained intercept using Il—dvs w1/2 plot will be close to a single value of% .

In the case of the reaction is carried out via a direct four - electron transfer pathway to

produce H>O or OH™ from O, where should be ki>>k,. In this case equation (17)
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became non — applicable because I, approaches zero. In this case the disc current can
be expressed as

Iga = 4FmriByw!/2CY (18)

It is assumed that all O transported form the bulk to the electrode surface is consumed for both

four — electron and two — electron transfer reduction.’

Baw/2(CR- CR) = (ks + k;)C3 (11)
Combining equation (18) and (11)

Iga = 4Fnr? (ky + k, + Baw/2)CY (19)
Combining equations (12), (16), (17) and (19) equation 20 can be obtained

ks Ba) | 2Ba 172
(1+22 - BB)+ _— (20)

Iga-la

The rate constant ko can be determined form the slope of 222 of plot 22— vs w!/2 using
2

I‘

equation (20). The values of I4and I. can be determined using equation (18) at different

electrode rotating rates. Substituting the obtained k> into the intercept% (1 + Zkl) obtained

from equation (17), ki1 can be calculated. ks can be obtained from the slope of— (1 + ) of

equation (17) if ki and k2 are known.’

2.4.3.7 Measurement of formed percentage of peroxide and the apparent electron —

transfer number by RRDE

The overall electron — transfer number for ORR is always less than four because it is carried
out with the production of intermediate H20- the electro — transfer of the ORR process is always

less than four. This electron — transfer number is commonly referred as apparent electron
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transfer number. RRDE is used to determine the apparent electron — transfer number along with

the percentage of H20> produced during ORR. The values are expressed as a function of both

ring and disc current. Using the Scheme 2 and equation (11) disc current can be expressed as

equation (21).’
1

I4 = nFrr?B,w2(C3- C3) = nFrr?(k; + k,)C3 (21)
“1q = 4FAk;C + 4FAk,C} (22)
According Scheme 2, the disc current can be also expressed as
I4 = 4Fmr?k,C3 + 2Fmr?k,Ci + 2Fmrik;Cj (23)
The limiting current at the ring electrode I, can be expressed as
I, = 2FnrBgw/2CEN (24)

C§ can be expressed as

1

s _ Ir
Cg = N 2FnriBgwl/2 (25)
Combining (11) and (25) equation (26) can be obtained
41 Ik
?d = lI4- BBwJZN + 2FAk,Ci (26)

According to equations (13) and (25) C3 can be expressed as

kz+ Bgwl/2 1, 1 k3+ Bgwl/2

Ci = Ci =&
A B k, N 2Fmr?Bg wl/2 k,

(27)
Substituting equation (27) in to (26) expression for apparent electron — transfer number of ORR

can be obtained.

_ 4IgN
T IgN+ I,

(28)
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When 1, is equal to zero, according to equation (28) the apparent number of electron is four.
In the case of ORR is a complete two — electron transfer process the I. = I N and the equation

(28) will give a value of two.’

Mass flow is used to calculate the H2O2 or HO2™ produced at the electrode.

total mole of peroxide produced

% H>02 =100

total mole of oxygen reacted

2Fmr? k, C3-2Fmri k3 CH
% Hy0 = 100 gL 2A= b8
o (nFrrik, C +nFririk, Cy)

(29)

Substituting (27), (28) and (29) equation (30) can be obtained.

% H,0, = 100 2 = 100 2k
2IgN IgN+ I

=100 =" (30)

Using equation (30) with the known N, disc current and ring current the apparent electron

transfer number and the % H.O, produced at the disc can be calculated.’
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CHAPTER 3: Investigation of the synthesis of ORR catalysts with unique 3-D hybrid structures comprise of N-CNT and N-
CMS using both synthetic and natural bio source.

3.1 Chapter overview

This chapter describes the synthesis procedure of a unique 3-D hybrid structure composed of
both N-CNT and N-CMS using bio source galactose and naturally occurring apricot sap and

the analysis of their electrocatalytic performance for ORR in an alkaline electrolyte.

The experimental investigation of this chapter has been discussed in two peer-reviewed articles

(Chapter (a) and Chapter (b)), which are enclosed in this chapter.

The first paper (Chapter 3(a)) investigated the synthesis procedure to produce a unique hybrid
structure containing N-CMS spheres and CNTs from galactose, as the bio source, using a two-
step process hydrothermal and pyrolysis. The formation of hybrid structures of N-CNT and N-
CMS was confirmed using TEM and SEM analysis. The performance of this unique catalyst
was tested as an ORR electrocatalyst in an alkaline medium and has revealed to drive the

reaction predominantly via a four-electron pathway.

The second paper (Chapter 3(b)) details the synthesis of similar hybrid catalysts using a freely
available natural source; apricot sap. This paper describes the synthesise of similar 3-D hybrid
structures comprised of both N-CNT and N-CMS using a three-step process: apricot resin
preparation, hydrothermal treatment and pyrolysis. The performance of this catalysis was
investigated for ORR in an alkaline medium and it was shown that this catalyst performs the
ORR with a predominant four-electron pathway. The stability of these catalysts was also

investigated.

In the following pages, the two articles together with the supporting information is detailed.
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Abstract: The synthesis and properties of an oxygen reduction catalyst based on a unique
3-dimensional (3D) nitrogen doped (N-doped) carbon composite are described. The composite
material is synthesised via a two-step hydrothermal and pyrolysis method using bio-source low-cost
materials of galactose and melamine. Firstly, the use of iron salts and galactose to hydrothermally
produceiron oxide (Fe;O3) magnetic nanoparticle clusters embedded carbon spheres. Secondly,
magnetic nanoparticles diffused out of the carbon sphere when pyrolysed in the presence of
melamine as nitrogen precursor. Interestingly, many of these nanoparticles, as catalyst-grown
carbon nanotubes (CINTs), resulted in the formation of N-doped CNTs and N-doped carbon spheres
under the decomposition of carbon and a nitrogen environment. The composite material consists of
integrated N-doped carbon microspheres and CNTs show high ORR activity through a predominantly
four-electron pathway.

Keywords: N-doped carbon spheres; N-doped carbon nanotubes; ORR; hybrid; catalysts

1. Introduction

Rising energy demands and the depletion of non-renewable fossil fuels have generated significant
interest in renewable energy sources such as solar, wind, and geothermal [1]. Among alternate energy
devices currently being considered, particularly for mobile applications, fuel cells have been widely
investigated due to their theoretically high efficiencies and low carbon footprint [2]. In a hydrogen
fuel cell O; and Hj; are converted into electricity and water. This process involves reducing O, at the
cathode, a reaction typically carried out by expensive platinum-based catalysts. Thus, the commercial
viability of hydrogen fuel cells requires the development of low-cost and efficient oxygen reduction
reaction (ORR) catalysts [3].

Recent research efforts have focused on the development of alternative catalysts that can be
synthesised from readily available starting materials while also overcoming the drawbacks of the
Pt catalysts [4]. Several materials, such as transition metals, spinel catalysts, perovskite catalysts,
metal carbon hybrid catalysts and non-metal doped catalysts, have been used as an alternative for Pt
catalysts [5]. Among the possible alternatives, doped carbon nanomaterials (i.e., graphitic carbons)
have been recognised as promising materials due to their high catalytic activity and low production
cost [6]. Gong et al. [7] first reported that non-metal N-doped carbon materials can show outstanding
ORR performance. Since then, doping graphitic carbons with heteroatoms (e.g., nitrogen, boron,
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sulphur, phosphorous) has been used to increase ORR catalytic activity [8]. Transition metals such as
iron and cobalt can facilitate both the incorporation of the heteroatoms and the formation of active
sites within the graphitic carbon structure [9]. The primary approach to synthesizing nitrogen-doped
(N-doped) mesoporous carbon materials with high ORR activity is via direct gas sources or pyrolysis
of nitrogen-containing compounds [10-13]. Among these N-doped mesoporous materials, carbon
nanospheres have shown high activity for ORR catalysis [14,15]. The reason has been attributed to
the increased surface area and hierarchical complexity of nanosphere morphologies [16]. However,
multiple processing steps and the requirement of hazardous chemicals for synthesis have hindered the
practical applications of these materials.

To address these synthetic issues, unique 3D N-doped carbon composites that combine both
spherical and nanotubular structures were synthesised in this work. These materials were produced
using a cost-effective, environmentally-friendly and scalable method from a readily available biosource
of monosaccharide (galactose) and melamine by using a two-step hydrothermal and pyrolysis method
(Scheme 1). Iron oxide (Fe;Os3) magnetic nanoparticle clusters (FeMNPCs) were introduced to
initiate the N-doping of the material [17]. In fact, transition metals such as Fe serve to facilitate
N incorporation into graphitic structures under pyrolysis [17]. The FeMNPCs (with sizes of 40-80 nm)
are encapsulated within carbon microspheres formed from the carbonisation of galactose-based
polysaccharide. The purified samples were subsequetly introduced to the pyrolysis of melamine
at 650 °C as an N precursor, forming a carbonised layer around the microspheres, in which ratios
of melamine to carbon were chosen based on previous research [18,19]. Finally, heating at 950 °C
causes decomposition of the microsphere, followed by diffusion of FeMNPCs out of the carbon
spheres to catalyse N-CNTs formation. Baker et al. [20] and Ozkan and co-workers [21] previously
reported that metal particles can catalyse the growth of carbon fibres. The ORR catalytic properties of
the as-prepared composite materials were evaluated by electrochemical characterisation, and their
structural and chemical composition, as well as on the basis of their reproducibility.

A o B FeMNPCs

on, " FeMNPs "

- . 180°C
" " > FeMNPCs embedded

on  om Hydrothermal treatment oo ¥ ____ -~ carbon micro spheres
Galactose

0 O=CHOH
o 9 "
Pyrolysis at 650 °C Pyrolysis at 950 °C
C Melamine D Melamine

Carbonised

melamine™7 - = N-CNT

N- doped carbon
. spheres

Carbonised melamine on
carbon micro spheres

3D N-doped carbon composite

Scheme 1. Schematic for the synthesis of the 3D N-doped carbon composites with combined
N-doped microspheres and N-CNT. (A) Galactose and FeMNPs dispersed in water; (B) carbon
microsphere formation with FeMNPC embedded (GAL-Fe-HT); (C) carbonised melamine associated
with microspheres at 650 °C; (D) carbon nanotubes are formed from the diffused FeMNPC catalysts,
forming the composite material (GAL-Fe-N).
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2. Materials and Methods

2.1. Materials

D-(+)-Galactose (Sigma Aldrich, purity > 98.5%), iron (II) chloride tetra hydrate (FeCl,-4H,0)
(Sigma Aldrich, St. Louis, MO, USA), iron (III) chloride hexahydrate (FeCl3-6H,0O) (Chem Supply,
Gillman, SA, Australia), hydrochloric acid (HCI) (Chem Supply, Gillman, SA, Australia), ammonia
(Chem Supply, Gillman, SA, Australia), melamine (Sigma Aldrich, St. Louis, MO, USA), and platinum
standard catalyst (20 wt.% Vulcan XC-72) were used as purchased.

2.2. Methods

2.2.1. Synthesis of Maghemite Nanoparticles

Maghemite nanoparticles were synthesised according to a previously reported method [22].
Briefly, FeCl,-4H,0 (39.76 g) and FeCl3-6H,0 (16.29 g) were mixed with 100 mL of HCI (1 M) under
stirring until all solids were dissolved. The pH of the mixture was adjusted to 9.8 using 2M ammonia
solution. Then the solution was further stirred for another 2 h, followed by washing several times with
DI water and ethanol with a centrifuge. Finally, the purified product was dried at 60 °C in a vacuum
oven until its weight was constant.

2.2.2. Synthesis of Iron Oxide Embedded Carbonaceous Spheres from Galactose

Maghemite nanoparticles (200 mg) were added to a suspension of 0.02 mole galactose in 40 mL
water and mixed stirring for 30 min. The mixture was transferred to a Teflon autoclave and heated
to 180 °C for 18 h. Then the product was collected, centrifuged repeatedly washed, six times with
deionised water and 4 times with 0.5 M H;SO4. The product was collected and freeze dried for 24 h
(referred to as GAL-Fe-HT). GAL-Fe-HT was then annealed at 950 °C under argon (Ar) for 3 h and
denoted as GAL-Fe-A.

2.2.3. Synthesis of N-do ped Carbon Spheres with Iron Oxide Nanoparticles

GAL-Fe-HT was mixed with melamine (1:10 w/w) and ground using a mortar and pestle, followed
by annealing under the same conditions (950 °C for 3 h under Ar) and denoted as GAL-Fe-N.

2.2.4. Synthesis of Carbon Spheres Without Iron Oxide Nanoparticles

A suspension of 0.02 mole galactose in 40 mL water was mixed and stirred for 30 min. The mixture
was transferred to a Teflon autoclave and heated to 180 °C for 18 h. Then the product was collected,
centrifuged, and washed six times with deionised water and 4 times with 0.5 M H;SO4. To dope the
product with nitrogen, GAL-HT was mixed with melamine (1:10 w/w) and ground using a mortar
and pestle, followed by annealing under the same conditions (950 °C for 3 h under Ar) and denoted
as GAL-N.

2.3. Preparation of Catalytic Inks

The catalytic ink was prepared by dispersing 2 mg of catalyst in a 1 mL of 10 v/v% nafion in
water. Then, 10 pL of the prepared ink was carefully deposited onto the 3 mm glassy carbon rotating
disc electrode (RDE) and dried in the air. For the rotating ring disc analysis, the ink was deposited on
a 4 mm glassy carbon rotating ring disc (RRDE) electrode. A similar procedure was followed for Pt/C
(20 wt.% Vulcan XC-72) catalyst as the standard catalyst.

2.4. Characterisation

Several analytical techniques were used to characterise the synthesised products. The morphology
and the structure of these samples were investigated by scanning electron microscopy (SEM) and
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transition electron microscopy (TEM). SEM images were collected using Quanta 450, FEI (USA) at an
accelerating voltage of 10 keV. TEM measurement was carried out by using a Technai G2 Spirit, FEI
(Hillsboro, OR, USA), operated at 120 keV. X-ray diffraction (XRD) was performed using a Miniflex
600, Rigaco (Tokyo, Japan) operated at 40 KV and 15 mA in the range of 20 = 10-70° at a scan rate
of 10° /min. Fourier transform infrared (FTIR) spectroscopy was conducted using a spectrum 100,
Perkin Elmer, (Shelton, CT, USA). Raman analysis was done using a LabRAM Evolution, Horiba Jvon
(Japan) with a laser excitation wavelength of 532 nm. Gas adsorption isotherms were conducted using
a Micromeritics 3-Flex or ASAP2020 analyser (Micro metrics Instruments Corporation, Norcross, GA,
USA). BrunauerEmmett—Teller (BET) surface area and pore size distribution were calculated using
software on the Micromeritics 3-Flex or ASAP 2020 analyser. X-ray photo electron spectroscopy (XPS)
was conducted on a SPECS instrument (Berlin, Germany). All XPS measurements were performed
using a non-monochromatic Mg source operated at 200 W. High resolution XP spectra were collected
using a pass energy of 10 eV for C 1s and 20 eV for N1s.

Electrochemical Characterisation

The ORR reactions were conducted using a rotating disc (RDE) and rotating ring disc electrode
(RRDE) apparatus connected to a bi potentiostat (CH 1760 C, CH Instruments Inc., (Bee Cave, TX, USA)
in a standard three-electrode cell with oxygen-saturated KOH (0.1 mol L™!) solution. The reaction was
scanned at a scan rate of 0.01 Vs ™! between 0 and 1.1 V. The glassy carbon electrode was used as the
working electrode, while platinum and reversible hydrogen electrodes (RHE) were used as the counter
and reference electrodes, respectively. RRDE voltammograms were obtained after several repeated
cycles were run between 0 and 1.1 V until stable voltammograms were obtained.

3. Discussion

The morphology of the prepared composite materials was investigated using SEM. Figure 1A
shows smooth carbon microspheres of hydrothermally reduced galactose with FeMNPCs (GAL-Fe-HT)
with sizes ranging from 1 to 6 pm. The presence of FeMNPs encapsulated within the sphere was
confirmed by TEM (Figure 1B). The FeMNPCs are encapsulated within the carbon sphere through
coulombic interactions formed between surface functional groups (i.e., OH, C=0) of galactose and
Fe;O3 [23]. N-doping was introduced by pyrolysing the GAL-Fe-HT with melamine at 950 °C. SEM
images were analysed at the intermediate stages of pyrolysis at 650 and 950 °C. At the intermediate
stage, the microspheres undergo a significant shift in surface chemistry as the melamine becomes
carbonised and attaches to the spheres (Figure 1C). Close inspection of the TEM image (Figure 1D)
shows that subsequent heating from 650 to 950 °C causes the carbonised melamine surrounding the
spheres to decompose causing surface damage to the carbon sphere allowing the FeMNPCs contained
within the spheres to be released. Energy dispersive X-ray (EDX) analysis conducted on these particles
(Figure 1D) revealed an iron content of 7.52 wt.%, confirming the presence of the iron oxide particles
(Supplementary Information (SI)). We note that a novel morphological change occurred as the FeMNPs
were released. Figure 1E shows that the C and N precursors from pyrolysed melamine formed N-CNT
along with N-doped carbon spheres, giving rise to a unique 3D architecture. EDX analysis conducted
on the carbon microspheres and CNT showed 2.55 and 2.77 At.% (atomic percentage) of N, confirming
diffusion of N precursors into both carbon spheres and CNT. To verify this hypothesis, GAL-Fe-HT
was pyrolysed without melamine at 950 °C (GAL-Fe-A). Separately, galactose carbon spheres (GAL)
were synthesised without iron oxide nanoparticles and pyrolysed at 950 °C with melamine (GAL-N).
The SEM of the GAL-Fe-A or GAL-N (SI) displayed only carbon spheres. This confirms that the
formation of the N-CNT resulted from the iron oxide particles.
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Figure 1. (A) SEM image of GAL-Fe-HT prepared using the hydrothermal process combining galactose
and FeMNPCs; (B) TEM image confirming interior spheres were embedded with FeMNPs; (C) SEM
image of GAL-Fe-HT pyrolysed at 650 °C with melamine; (D) TEM image of diffusion of FeMNPs from
the sphere pyrolysed at 950 °C with melamine (red arrow FeMNPC); (E) SEM image of final composite
material (GAL-Fe-N) with integrated N-doped carbon microspheres and N-CNT; and (F) TEM image
of CNT forming from the FeMNPC within the sphere.

The CNT structure was analysed further using SEM and TEM. SEM of the CNTs (Figure 2A)
shows both capped and uncapped CNTs. Interestingly, EDX analysis of the capped CNT reveals a
high percentage (31.86 At.%) of Fe at the tip, indicating the presence of FeMNPCs. Furthermore, the
TEM images (Figure 2B,C) confirm that the FeMNPCs are located at the tips of the CNTs and possess a
hollow corrugated structure containing an irregular compartmentalised morphology. When melamine
is pyrolysed, the decomposition product carbon is exposed on the surface of the reduced metallic Fe
particle [24]. Then, the carbon diffuses through the Fe particles and precipitates on the other side,
which is relatively cooler than the exposed surface [25]. The resultant products form a thin-walled,
hollow and aligned CNT with a corrugated morphology [25]. Terrones et al. [26] synthesised similar
carbon nano fibers (CNF) and reported that the nitrogen precursor from the decomposed melamine is
bonded to C in sp? pyridine like and sp® bridge-head nitrogen type in CNF. Authors postulated that
the formation of a rough corrugated morphology occurs when the nitrogen content of the material
is increased as a replacement of C with N during doping. Also, the curvature of CNF occurs due to
the carbon vacancies formed within the predominantly hexagonal graphene network of CNF [26].
A detailed analysis of the Raman spectrum, XRD diffraction peaks, BET surface area analysis and
FTIR spectrum of GAL-Fe-N are presented in the SI. XRD analysis conducted on the maghemite
nanoparticles is also presented in SI.

The surface of the GAL-N and GAL-Fe-N composite materials was probed by XPS and the data
presented in Figure 3. Figure 3A,B shows that the carbon spectra include peaks at C-C (284.79 eV),
C-N (285.75 eV) and C-O (287.76 eV) for GAL-N and GAL-Fe-N, respectively [27]. While the N1s
XPS spectra shows three distinct peaks attributed to: pyridine-N (398.8 eV), graphitic-N (401.09 eV)
and quaternary amine-N (402.42 eV) (Figure 3C,D) for both catalysts [28], pyrrolic nitrogen was not
detected on these samples because at high pyrolysis temperatures (e.g., 800 °C), the pyrrolic nitrogen
atom in the five-sided ring is thermally unstable and is converted into a graphitic nitrogen atom in the
graphitic carbon frame-work [29]. The pyridinic N (27.80 At.%) present in GAL-N and (37.37 At.%)
in GAL-Fe-N provides essential Lewis basicity to the adjacent carbon atoms, which is vital to initial
oxygen uptake and for ORR catalysis [30]. However, the presence of Fe was not detected by XPS. This
confirms Fe-Nx species are not present in the catalyst, which could also act as an active site [31].
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Figure 2. SEM image of (A) carbon nanofibers; the inset red and green outlines are the FeMNPCs
attached to the tip of the tube and the cross section of a hollow nanotube, respectively; TEM image of
(B) formation of a CNT from a FeMNPC, red arrow shows the utilised area of carbon precursors and

(C) hollow corrugated CNT.
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Figure 3. (A,B) are the XPS spectra of the deconvoluted C1s region; and (C,D) are the deconvoluted
N1s region of GAL-N and GAL-Fe-N, respectively.

Figure 4A,B shows the ring and the disc current of the GAL-N, GAL-Fe-A, GAL-Fe-N and Pt/C
catalysts with 2000 rpm recorded at scan rate of 10 mVs~!, respectively Table 1 shows that the onset
overpotential for GAL-Fe-N (0.29 V) is less by 160 mV and 40 mV than those of GAL-Fe-A (0.45 V)
and GAL-N (0.33 V), respectively. The greater onset overpotential of GAL-Fe-A reveals that the
magnetic nanoparticles present in the micro spheres did not provide enough active sites to efficiently
initiate the ORR reaction. Conversely, both N-doped catalysts (GAL-N and GAL-Fe-N) provided
greater catalytic activity than GAL-Fe-A catalysts and showed a lower onset overpotential when
compared with GAL-Fe-A. The 40 mV lower overpotential for GAL-Fe-N when compared to GAL-N
indicates that GAL-Fe-N provided more active sites for oxygen reduction than the N-doped carbon
spheres in GAL-N. The half wave potential of GAL-Fe-N shifted negatively when compared to Pt/C,
indicating that the reaction is carried out by mixed kinetic and diffusion mechanisms where the current
is controlled by both mass transport and kinetics electron transfer [32].

The % HO,~ yield and the overall electron transfer number for the ORR reaction was calcuated
using RRDE values and is shown in Figure 4C,D, respectively. The results presented in Table 1
reveal that amongst all the catalysts, GAL-Fe-N performed effectively by driving the reaction via a
predominantly four-electron pathway in the potential range of 0.10-0.70 V. Within this potential range,
the electron transfer number changed from 3.55 to 3.64, with a HO, ™ yield of 22.44-16.96%, showing
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excellent ORR performance. Previous work suggests two different active sites for ORR reaction for
M-N/C catalysts; M-Nx species, and N-atom-doped carbon materials [33]. Catalysts comprised of
M-Nx species as active sites showed enhanced catalytic activity with lower HO, ™ yield (less than
4) and a higher electron transfer number of 3.96 [33]. Furthermore, previous reports suggest that
the ORR catalytic activity of the N-C catalysts is lower than that of Fe-N-C catalysts [31]. Since no
Fe was detected by the XPS in GAL-Fe-N, the activity of GAL-Fe-N can be ascribed to the nitrogen
species doped in the carbon matrix (N-C). Liu et al. [31] reported that the halfwave potential of the
catalysts with N-C active sites shifts more negatively than that of Fe-N-C catalysts. The negative shift
of the half wave potential and relatively high HO, ~ yield confirms the active site of GAL-Fe-N is N-C.
However, when compared to GAL-Fe-N, GAL-N showed lower electron transfer numbers of 2.97 to
3.33, and a significanly higher HO, ™ (52.11-42.09%). The high electron transfer number and low HO, ~
yield clearly demonstrated that the hybrid materials present in GAL-Fe-N (N-CNT and N-carbon
spheres) provided more active sites for oxygen reduction than the N- carbon spheres present in GAL-N.
Furthermore, the non-doped catalyst (GAL-Fe-A) provided different electron transfer activity from the
N-doped GAL-Fe-N and GAL-N, showing a decrease in electron transfer number.
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Figure 4. Rotating ring disc voltammograms recorded with GAL-N, GALFe-A, GALFe-N and Pt/C
electrodes. (A) Ring current; (B) disc current; (C) HO, ™~ peroxide produced (%) against applied
potential; and (D) number of total electrons transfers against applied potential.

Table 1. Electrochemical properties of catalysts.

. Number of Electrons (n) % HO,~
Catalyst Onset Overpotential (V) RHE (0.1-0.7 V) RHE (0.1-0.7 V) RHE
GAL-N 0.33 2.97-3.33 52.11-42.09
GAL-Fe-A 0.45 3.66-2.75 16.39-62.31
GAL-Fe-N 0.29 3.55-3.64 22.44-16.96
Pt/C 0.26 3.71-3.97 11.67-9.59

The enhanced catalytic activity on GAL-Fe-N can be attributed to the doped nitrogen in the
graphitic framework, which altered the electro-neutrality of nanocarbons in both N-CNT and N-carbon
spheres [34]. This significantly improved the catalytic activity for the ORR reaction by creating
favourable charged sites for oxygen adsorption [8]. The pyridinic nitrogen structures (N is bound
to the 2 nearest carbon atoms) with their strong Lewis basicity and electronic affinity in the N-CNT
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and N-carbon microspheres, induced a high positive charge density on the adjacent carbon atoms.
As a result, the electron donor properties of nitrogen-doped (N-doped) GAL-Fe-N, triggered a
favourable diatomic O-O adsorption weakening the O-O bond strength to facilitate ORR activity [35].
The recyclability of GAL-Fe-N was assessed by cycling the catalysts between 0.00 V and 1.15 V at
100 mV S~ in an O, saturated 0.1M KOH solution (SI). The result shows that after 6000 cycles the
onset overpotential had increased 30 mV, showing only a slight deterioration of the catalysts.

The electron transfer kinetics of ORR using RRDE were evaluated using the model proposed by
Damjanovic et al. (SI.4) [36]. The materials’ rate constants were assessed within a range of 0.10-0.60 V
and the results are displayed in Figure 5. For GAL-Fe-A, the k; /k; ratio declined from 6.20 to 0.78,
suggesting a two-electron transfer kinetic pathway as the potential increases. In contrast, the N-doped
GAL-Fe-N (Figure 5D) is predominantly driven through four-electron kinetics, as the dissociation
barrier of O, on the carbon atoms adjacent to the N-doped material is reduced [37]. Although GAL-N
showed k; /k; > 1, the reaction produced a higher yield of HO,. A comparison of the performance
with the state-of-the-art catalysts (Table S1 in Supplementary Materials) shows that GAL-Fe-N is similar
in activity. N-doped CNTs were not compared, as they could not be isolated from the hybridised
material or synthesised independently using this method.

- ] -
A 0z —kK|| B o4 i
K.
E 020l R 2 E’ - K
; +K3 P - K3
2
€ 0.154 c
© 8 02
% 7]
2 0104 £
8 o
o 0.05 9 -\‘\g
ol & 0.0
x 0.00‘ T T T T T T
0.1 0.2 03 04 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6
C Potential (V) vs RHE D Potential (V) vs RHE
'-,T 6] —a —=— GAL-Fo-A
v =r=Ki ke —e—GAL-Fe-N
g 0.2 K 5. - —+—GAL-N
b ——Ky al ~—o——\\/
s X N
B 01 > 3 N
8 = ETT—. W
o 24
o %
& )
= 0.0 -
01 02 03 04 05 06 %01 02 03 04 05 06
Potential (V) vs RHE Potential (V) vs RHE

Figure 5. The rate constants for (A) GAL-N; (B) GAL-Fe-A; (C) GAL-Fe-Nis in the potential range of
0.1V to 0.6 V; and (D) Comparison of k; /k, ratio for GAL-N, GAL-Fe-A and GAL-Fe-N.

4. Conclusions

In summary, we have reported a new two-step process for the preparation of low-cost and
environmentally friendly 3D N-doped carbon composite materials with integrated microsphere and
nanotube morphologies. The use of melamine as a source of nitrogen and carbon for the formation
of N-doped CNTs through the disruption of the surface on the carbon microspheres results from
the release of FeMNPCs. The unique N-doped 3D composite prepared contains both N-doped
microspheres and nanotubular structures, and functions as an ORR catalyst through a predominant
four-electron transfer pathway.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1944/10/8/921/s1,
Figure S1: EDX analysis on FeNP diffused out of sphere on GAL-Fe-N, Figure S2: SEM image of carbon sphere (A)
GAL-Fe-A and (B) GAL-N, Figure S3: (A) Raman and (B) XRD spectra of GAL-Fe-A and GAL-Fe-N, Figure S4:
(A) N adsorption/ desorption isotherm curve of (A) GAL-Fe-A and GAL-Fe-N and (B) pore size distribution
of (B) GAL-Fe-A and (C) GAL-Fe-N, Figure S5: FTIR spectrum of (a) GAL-Fe-HT and (b) GAL-Fe-N, Figure Sé:
RDE polrarisation curves GAL-Fe-N with a scan rate of 10 mVs~! before and after 6000 potential cycles in 0.1 M
Oxygen saturated KOH, Figure S7: (A) XRD pattern of maghemite nanoparticles, Table S1: Comparison of the
performance of GAL-Fe-N towards ORR with other similar carbon-based electro catalysts.

92



CHAPTER 3(a): R. Karunagaran, T. T. Tung, C. Shearer, D. Tran, C. Coghlan, C. Doonan, D. Losic “A unique 3D nitrogen -
doped carbon composite as high performance oxygen reduction catalysts” Materials, 2017, 10, 921.(Published)

Materials 2017, 10,921 9 of 10

Acknowledgments: The authors thank the support of Australian Research Council (IH 150100003), Australian
Research Council Research Hub for Graphene Enabled Industry Transformation, The Australian Solar Thermal
Research Initiative (ASTRI), and The University of Adelaide, School of Chemical Engineering and, School of
Chemistry. The technical support provided by Adelaide Microscopy and the Micro Analysis Research Facility at
Flinders Microscopy (Flinders University) was great appreciated.

Author Contributions: Ramesh Karunagaran prepared the catalysts, analysed sample characterisation and wrote
the manuscript. Cameron Shearer conducted the XPS analysis. Tran Thanh Tung, Diana Tran, Campbell Coghlan,
Christian Doonan and Dusan Losic assisted in manuscript preparation.

Conflicts of Interest: The authors declare no conflict of interest

References

1. Balat, M. Global Bio-Fuel Processing and Production Trends. Energy Explor. Exploit. 2007, 25, 1-25. [CrossRef]
Dodds, P.E,; Staffell, I.; Hawkes, A.D.; Li, F,; Griinewald, P.; McDowall, W.; Ekins, P. Hydrogen and fuel cell
technologies for heating: A review. Int. ]. Hydrogen Energy 2015, 40, 2065-2083. [CrossRef]

3. Nie, Y;; Li, L.; Wei, Z. Recent advancements in Pt and Pt-free catalysts for oxygen reduction reaction.
Chem. Soc. Rev. 2015, 44, 2168-2201. [CrossRef] [PubMed]

4. Liu,J; Li, E.; Ruan, M,; Song, P.; Xu, W. Recent progress on Fe/N/C electrocatalysts for the oxygen reduction
reaction in fuel cells. Catalysts 2015, 5, 1167-1192. [CrossRef]

5. Ge, X.; Sumboja, A.; Wuu, D.; An, T,; Li, B.; Goh, ET.; Hor, T.A.; Zong, Y.; Liu, Z. Oxygen reduction in alkaline
media: From mechanics to recent advances of catalysts. ACS Catal. 2015, 5, 4643—4667. [CrossRef]

6. Byon, H.R,; Suntivich, J.; Shao-Horn, Y. Graphene-based non-noble-metal catalysts for oxygen reduction
reaction in acid. Chem. Mater. 2011, 23, 3421-3428. [CrossRef]

7. Gong, K; Du, F; Xia, Z; Durstock, M.; Dai, L. Nitrogen-doped carbon nanotube arrays with
highelectrocatalytic activity for oxygen reduction. Science 2009, 323, 760-764. [CrossRef] [PubMed]

8. Wang, D.W.; Su, D. Heterogeneous nanocarbon materials for oxygen reduction reaction. Energy Eviron. Sci.
2014, 7, 576-591. [CrossRef]

9. Liu, G; Li, X.; Ganesan, F.; Popov, B.N. Development of non-precious metal oxygen-reduction catalysts for
PEM fuel cells based on N-doped ordered porous carbon. Appl. Catal. B 2009, 93, 156-165. [CrossRef]

10. Li, Y,; Li, T; Yao, M.; Liu, S. Metal-free nitrogen-doped hollow carbon spheres synthesized by thermal
treatment of poly (O-phenylenediamine) for oxygen reduction reaction in direct methanol fuel cell
applications. . Mater. Chem. 2012, 22, 10911-10917. [CrossRef]

11.  Zhou, X,; Yang, Z.; Nie, H.; Yao, Z.; Zhang, L. Catalyst-free growth of large scale nitrogen-doped carbon
spheres as efficient electrocatalysts for oxygen reduction in alkaline medium. |. Power Sources 2011, 196,
9970-9974. [CrossRef]

12. Rybarczyk, M.K; Lieder, M.; Jablonska, M. N-doped mesoporous carbon nanosheets obtained by pyrolysis
of a chitosan-melamine mixture for the oxygen reduction reaction in alkaline media. RSC Adwv. 2015, 5,
44969-44977. [CrossRef]

13. Feng, L.; Yang, L.; Huang, Z.; Luo, ].; Li, M.; Wang, D.; Chen, Y. Enhancing electrocatalytic oxygen reduction
on nitrogen-doped graphene by active sites implantation. Sci. Rep. 2013, 3, 3306. [CrossRef] [PubMed]

14.  Liu, Y.L,; Shi, C.X,; Xu, X.Y.; Sun, P.C.; Chen, T.H. Nitrogen-doped hierarchically porous carbon spheres as
efficient metal-free electrocatalysts for an oxygen reduction reaction. J. Power Sources 2015, 283, 389-396.
[CrossRef]

15.  Yang, T; Liu, J; Zhou, R,; Chen, Z.; Xu, H,; Qiao, S.Z.; Monteiro, M.]. N-doped mesoporous carbon spheres
as the oxygen reduction reaction catalysts. J. Mater. Chem. A 2014, 2, 18139-18146. [CrossRef]

16. He, Y,; Han, X;; Du, Y.; Song, B.; Xu, P; Zhang, B. Bifunctional Nitrogen-Doped Microporous Carbon
Microspheres Derived from Poly(O-methylaniline) for Oxygen Reduction and Supercapacitors. ACS Appl.
Mater. Interfaces. 2016, 6, 3601-3608. [CrossRef] [PubMed]

17. Nallathambi, V.; Lee, ] W.; Kumaraguru, S.P.; Wu, G.; Popov, B.N. Development of high performance
carbon composites catalyst for oxygen reduction reaction in PEM Proton Exchange Membrane Fuel Cell.
J. Power Sources. 2008, 183, 34—42. [CrossRef]

18. Sheng, Z.H.; Shao, L.; Chen, ].].; Bao, W.-].; Wang, EB.; Xia, X.H. Catalyst-free synthesis of nitrogen-doped
graphene via thermal annealing graphite oxide with melamine and its excellent electrocatalysis. ACS Nano
2011, 5, 4350-4358. [CrossRef] [PubMed]

93



CHAPTER 3(a): R. Karunagaran, T. T. Tung, C. Shearer, D. Tran, C. Coghlan, C. Doonan, D. Losic “A unique 3D nitrogen -
doped carbon composite as high performance oxygen reduction catalysts” Materials, 2017, 10, 921.(Published)

Materials 2017, 10, 921 10 of 10

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

Xing, T.; Zheng, Y.; Li, L.H.; Cowie, B.C.; Gunzelmann, D.; Qiao, S.Z.; Huang, S.; Chen, Y. Observation of
Active Sites for Oxygen Reduction Reaction on Nitrogen-Doped Multilayer Graphene. ACS Nano 2014, 8,
6856-6862. [CrossRef] [PubMed]

Baker, R.T.K,; Harris, PS; Terry, S. Unique form of filamentous carbon. Nature 1975, 253, 37-39. [CrossRef]
Matter, PH.; Ozkan, U.S. Non-metal catalysts for dioxygen reduction in an acidic electrolyte. Catal. Lett.
2006, 109, 15-123. [CrossRef]

Darezereshki, E. Synthesis of maghemite (y-Fe;O3) nanoparticles by wet chemical method at room
temperature. Mater. Lett. 2010, 64, 1471-1472. [CrossRef]

Yu, G; Sun, B.; Pei, Y.; Xie, S.; Yan, S.; Qiao, M.; Fan, K.; Zhang, X.; Zong, B. Fe,O,@C spheres as an excellent
catalyst for Fischer— Tropsch synthesis. ]. Am. Chem. Soc. 2009, 3, 935-937. [CrossRef] [PubMed]

Wirth, C.T;; Bayer, B.C.; Gamalski, A.D.; Esconjauregui, S.; Weatherup, R.S.; Ducati, C.; Baehtz, C;
Robertson, J.; Hofmann, S. The phase of iron catalyst nanoparticles during carbon nanotube growth.
Chem. Mater. 2012, 24, 4633-4640. [CrossRef]

Terrones, M.; Hsu, WK.; Kroto, HW.; Walton, D.R. Nanotubes: A revolution in materials science and
electronics. In Fullerenes and Related Structures; Springer: Berlin, Germany, 1999; Volume 199, pp. 189-234.
Terrones, M.; Terrones, H.; Grobert, N.; Hsu, W.; Zhu, Y.; Hare, ].; Kroto, H.; Walton, D.; Kohler-Redlich, P.;
Riihle, M. Efficient route to large arrays of CNy nanofibers by pyrolysis of ferrocene/melamine mixtures.
Appl. Phys. Lett. 1999, 75, 3932-3934. [CrossRef]

Cheng, J.; Li, Y,; Huang, X.; Wang, Q.; Mei, A.; Shen, PK. Highly stable electrocatalysts supported on
nitrogen-self-doped three-dimensional graphene-like networks with hierarchical porous structures. J. Mater.
Chem. A 2015, 3, 1492-1497. [CrossRef]

Wu, Z.5,; Yang, S.; Sun, Y,; Parvez, K.; Feng, X.; Miillen, K. 3D Nitrogen-Doped Graphene Aerogel-Supported
Fe304 Nanoparticles as Efficient Electrocatalysts for the Oxygen Reduction Reaction. |. Am. Chem. Soc. 2012,
134, 9082-9085. [CrossRef] [PubMed]

Wu, G.; Santandreu, A.; Kellogg, W.; Gupta, S.; Ogoke, O.; Zhang, H.; Wang, H.-L.; Dai, L. Carbon
nanocomposite catalysts for oxygen reduction and evolution reactions: From nitrogen doping to
transition-metal addition. Nano Energy 2016, 29, 83-110. [CrossRef]

Peng, H.; Mo, Z.; Liao, S.; Liang, H.; Yang, L.; Luo, F; Song, H.; Zhong, Y.; Zhang, B. High Performance
Fe- and N- Doped Carbon Catalyst with Graphene Structure for Oxygen Reduction. Sci. Rep. 2013, 3, 1765.
[CrossRef]

Liu, Y.L.; Xu, X.Y,; Shi, C.X.; Ye, XW,; Sun, P.C.; Chen, T.H. Iron- nitrogen co doped hieratchjcally mesoporous
carbon spheres as highly efficient electrocatalysts for oxugen reduction reaction. RSC Adv. 2017, 7, 8879-8885.
[CrossRef]

Narayanamoorthy, B.; Datta, K.; Balaji, S. Kinetics and mechanism of electrochemical oxygen reduction using
Platinum/clay /Nafion catalyst layer for polymer electrolyte membrane fuel cells. J. Colloid Interface Sci. 2012,
387, 213-220. [CrossRef] [PubMed]

Lin, L.; Zhu, Q.; Xu, A.W. Noble-metal-free Fe-N/C catalysts for Highly Efficient Oxygen Reduction Reaction
under both Alkaline and Acidic Conditions. |. Am. Chem. Soc. 2014, 136, 11027-11033. [CrossRef] [PubMed]
Liang, Y.; Li, Y.; Wang, H.; Zhou, J.; Wang, ].; Regier, T.; Dai, H. Co3O4 nanocrystals on graphene as a
synergistic catalyst for oxygen reduction reaction. Nat. Mater. 2011, 10, 780-786. [CrossRef] [PubMed]
Subramanian, N.P; Li, X.; Nallathambi, V.; Kumaraguru, S.P,; Colon-Mercado, H.; Wu, G.; Lee, JW.;
Popov, B.N. Nitrogen-modified carbon-based catalysts for oxygen reduction reaction in polymer electrolyte
membrane fuel cells. |. Power Sources 2009, 188, 38—44. [CrossRef]

Damjanovic, A.; Genshaw, M.A.; Bockris, ].O. Distinction between Intermediates Produced in Main and Side
Electrodic Reactions. J. Chem. Phys. 1966, 45, 4057-4059. [CrossRef]

Su, D.S.; Perathoner, S.; Centi, G. Nanocarbons for the development of advanced catalysts. Chem. Rev. 2013,
113, 5782-5816. [CrossRef] [PubMed]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

94



CHAPTER 3(a): R. Karunagaran, T. T. Tung, C. Shearer, D. Tran, C. Coghlan, C. Doonan, D. Losic “A unique 3D nitrogen -
doped carbon composite as high performance oxygen reduction catalysts” Materials, 2017, 10, 921.(Published)

Materials 2017, 10, 921; doi:10.3390/ma10080921 S1 of S6

Supplementary Materials: A Unique 3D Nitrogen-
Doped Carbon Composite as High-performance
Oxygen Reduction Catalyst

Ramesh Karunagaran, Tran Thanh Tung, Cameron Shearer, Diana Tran, Campbell Coghlan,
Christian Doonan?, Dusan Losic

Figure S2 : SEM image of carbon sphere (A) GAL-Fe-A and (B) GAL-N
1. Raman and XRD characterisation

Raman spectroscopy performed on GAL-Fe-A and GAL-Fe-N (Figure S3A) showed characteristic
peaks at 1338 cm™ (D band) and 1585 cm! (G band) corresponds to the amorphous disordered carbon
associated with the defects in the edges and vibrational bands of the highly ordered graphitic carbon
domains, respectively [1,2]. The broad peak at 2684 cm! corresponding to the 2D peak indicates a few
layers of the graphitic carbon structure [3-4]. The Ip/Icratio calculated to find the disorder associated
with these samples showed 1.05 and 1.27 for GAL-Fe-A and GAL-Fe-N, respectively. Most notably
the intensity ratio of the N-doped samples in the presence of iron (GAL-Fe-N), was higher than GAL-
Fe-A. This can be ascribed to the incorporation of N and Fe in the graphene lattice which are
distorting the hexagonally bonded carbon atoms in the graphitic framework and creating defects [5-
6]. To determine the crystal structure of the prepared composites, XRD was performed on GAL-Fe-A
and GAL-Fe-N and is shown in Figure S3B. The graph showed three characteristic peaks at 25.85,
42.21, 44.36 °C corresponding to (002), (110), and (101) facets, respectively for the amorphous
graphitic carbon [7-8].
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Figure S3: (A) Raman and (B) XRD spectra of GAL-Fe-A and GAL-Fe-N.
2. Surface area analysis of GAL-Fe-A and GAL-Fe-N

The nitrogen sorption isotherm and pore size distribution of GAL-Fe-A and GAL-Fe-N is shown in
Fig. S4. The characteristic type IV isotherm and H4 hysteresis loop shows the presence of mesoporous
slip-like pores [9]. The Barret-Joyner-Halenda (BJH) analysis measured a surface area of 311.03 and
101.76 m?/g for GAL-Fe-A and GAL-Fe-N, respectively. Pore size distribution curves for GAL-Fe-A
(Figure S4B) were calculated from the adsorption branch of the isotherm shows three different pores
with mean pore sizes of 5.36 A, 8.04 A and 12.68 A. The results show that the pores associated on the
surface of the carbon microspheres contributed to the high surface area in GAL-Fe-A. However, the
N-doping process disrupted the surface and interfered with the pores responsible for the higher
adsorption and exposed the larger pores, therefore reducing the adsorption in GAL-Fe-N.
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Figure S4: (A) Nz adsorption/ desorption isotherm curve of (A) GAL-Fe-A and GAL-Fe-N and (B)
pore size distribution of (B) GAL-Fe-A and (C) GAL-Fe-N.

3. FTIR analysis of GAL-Fe-HT and GAL-Fe-A.

FTIR analysis was conducted to analyse the functional groups present in the hydrothermally treated
GAL-Fe-HT and N-doped GAL-Fe-N as presented in Fig. S5. The results show that GAL-Fe-HT had
characteristic peaks at 1213, 1590, 1706 and 3390 cm [10-12] which can be attributed to C-O and C-
H stretching, stretching vibration of C=0, carbonyl vibrations and stretching vibration of O-H,
respectively. The reduction of the intensities of these peaks in GAL-Fe-N (Figure S5b) can be
attributed to the reduction of oxygen functional groups due to dehydration during the annealing
process.
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Figure 56: RDE polrarisation curves GAL-Fe-N with a scan rate of 10 mVs before and after 6000
potential cycles in 0.1 M Oxygen saturated KOH.

4. Kinetics of electron transfer reaction of ORR.

Equation 1 and 2 were employed to further elaborate the dependance of number of electrons (n)and
percentage of H202 with the applied potential.

4Ip

= 1
n ip +’WR ( )
21
O/DHZOZ = 100 ﬁ (2)

where Ip and Iz are the disc and ring currents, respectively and N is the collection efficiency [13].

To further study the kinetics of the ORR using RRDE voltammetry, Scheme 2 developed by
Damjanovic et al. and Hsueh et al. was used for this study [14-15]. Damjanovic et al. [14] suggested
that the mechanism of ORR should follow one of the two different pathways or a combination of both
of them [14]. In other words, the reduction mechanism could follow a direct four electron pathway
via ki kinetics and directly reduce oxygen to water or it could be driven through a two-electron
parhway via k2 kinetics producing peroxide intermediates and then be further reduced to water
through another two-electron pathway through ks kinetics.
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Scheme 2: Proposed model for electrochemical reduction of oxygen proposed by Damjanovic et al.
and Hsueh et al.

A series of Equations (3, 4 and 5) suggested by Hsueh et al. [15] was used to calculate the rate
constants ki, k2 and ks. where 1d, Ir, IdL and w are the disc current, ring current, limiting disc current
and the rotation speed, respectively. Dy,. Dy, 0, and v are the diffusion coefficient of oxygen, diffusion
co efficient of HxO: and kinematic viscosity, respectively. N is the collection efficiency.

1N-1
ky = 8,7, I1N+1 (3)
287
27 LN+ (4)
__ NS1Z,
37 LN+l ©)

Where S:and I1 are the slope and intercept corresponding to Ia / Ir vs w -2 plots and S:is the slope of
Lae / Tae — La vs @ 2 plot. Zi=0.62Dg, 23 v -6, Z2=0.62Dy,0,2% v -6, Dg,is 1.4 x 10-° cm? s, Dy, g, is

6.8 x 10 cm? st and v is 0.01 cm?s! [16].

. 311

220 H 440

WM MM

20 30 40 50 60 70 80

2 Theta (degree)

Intensity (a.u)

Figure S7: (A) XRD pattern of maghemite nanoparticles.
5. Mechanism of carbon sphere formation.

The water-soluble galactose can be attributed to the hydrophilicity of the resin solution due to the
presence of oxygen containing functional groups formed from the sugars present in apricot sap.
FeMNPs has the affinity to electrostatically bind to the negatively charged oxygen functional groups
carbonaceous colloids [17]. During the polymerisation and carbonisation process of galactose, metal
oxide nanoparticles can electrostatically attach to the oxygen functional groups and scattered as metal
nanoparticles or metal clusters within the spheres. By collectively analysing the FTIR and Raman
results of the annealed products, we can conclude the presence of hydrophilic oxygen groups and
hydrophobic graphitic carbons present in the same product. It can be assumed that the mechanism
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follows a similar pattern suggested by Sun et.al [18] using LaMer model [19] where the spheres were
constructed with a hydrophilic shell and a hydrophobic core as shown in Schemel.

Table S1: Comparison of the performance of GAL-Fe-N towards ORR with other similar carbon-
based electro catalysts.

Material Process Sphere Onset (n)/ Reference
dimension over Potential
potential (V) RHE
V)
N-doped mesoporous  Self- 200 nm 0.37 3.40/0.575 (20)
carbon spheres polymerisation
N-doped hollow Pyrolysis 400-700 nm 0.43 3.82/0.575 (21)
carbon spheres
N-doped carbon Spray 130-500nm - 3.86/ 0.625 (22)
spheres pyrolysis
N-CNT Pyrolysis - 0.35 3.70 - 3.90/ (23)
Integrated 3-d pyrolysis 1-6 um 0.31 0.600-0.700  This study
N-doped carbon 3.55/0.600
sphere with CNT
(GAL-Fe-N)
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Abstract: Rapid depletion of fossil fuel and increased energy demand has initiated a need for
an alternative energy source to cater for the growing energy demand. Fuel cells are an enabling
technology for the conversion of sustainable energy carriers (e.g., renewable hydrogen or bio-gas)
into electrical power and heat. However, the hazardous raw materials and complicated experimental
procedures used to produce electro-catalysts for the oxygen reduction reaction (ORR) in fuel cells
has been a concern for the effective implementation of these catalysts. Therefore, environmentally
friendly and low-cost oxygen reduction electro-catalysts synthesised from natural products are
considered as an attractive alternative to currently used synthetic materials involving hazardous
chemicals and waste. Herein, we describe a unique integrated oxygen reduction three-dimensional
composite catalyst containing both nitrogen-doped carbon fibers (N-CF) and carbon microspheres
(N-CMS) synthesised from apricot sap from an apricot tree. The synthesis was carried out via
three-step process, including apricot sap resin preparation, hydrothermal treatment, and pyrolysis
with a nitrogen precursor. The nitrogen-doped electro-catalysts synthesised were characterised by
SEM, TEM, XRD, Raman, and BET techniques followed by electro-chemical testing for ORR catalysis
activity. The obtained catalyst material shows high catalytic activity for ORR in the basic medium by
facilitating the reaction via a four-electron transfer mechanism.

Keywords: oxygen reduction reaction (ORR); catalysis; carbon nanotubes; carbo microsphere;
N-doped carbon

1. Introduction

The continued rise in global energy demand and the depletion of the world’s non-renewable
resources has initiated a global push towards renewable energy sources. Among the most promising
methods for producing renewable energy are fuel cells, which have emerged as a promising avenue
of research due to their ability to generate high power density [1]. Fuel cells are devices that
electrochemically combine gaseous fuel (e.g., hydrogen) and an oxidant gas (e.g., oxygen) to produce
electricity and heat by an oxygen reduction reaction (ORR) [1]. The efficiency of fuel cells and their
practical applicability is dependent on the ORR catalyst present in the cell [2]. However, slow kinetics
have hindered fuel cells from being utilised outside of a laboratory environment [3]. Currently,
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platinum (Pt) catalysts have outperformed all other catalysts in areas such as activity, stability,
and selectivity [4] and have dominated the fuel cell industry as the preferred ORR catalysts [5-7].
However, these catalysts have been overlooked for industrial scale-up due to their high cost and low
availability [8]. To overcome this problem, non-precious transition metals (Fe, Co, Ni) in addition to
hetero atoms have been trialed to enhance the ORR activity [9-13]. The transition metals have the
ability to significantly increase ORR catalytic activity by facilitating the incorporation of hetero atoms,
such as nitrogen, in the carbon matrix during pyrolysis [14-17]. The incorporation of electro-negative
nitrogen into a graphitic carbon framework has shown to induce high positive charge density on
adjacent carbon atoms [18]. The electron donor properties of nitrogen-doped adjacent carbon atoms
trigger a favourable diatomic Oy adsorption and ultimately weaken the O, bond strength to facilitate
ORR activity [15,18-21].

The high electrical conductivity of the mesoporous carbon materials [22] and their metal oxide
hybrids has been utilised in applications such as lithium-ion batteries [23,24], super capacitors [25,26],
and catalysts [27-29] in recent years. Various chemical approaches have been developed to
synthesise nitrogen-doped carbon materials for ORR catalysis utilising materials such as graphene [30]
and carbon nanotubes (CNTs) [31]. Carbon materials doped with nitrogen precursors, such as
melamine (C3HgNg) [32,33], ethylene diamine (CaH4(NH3)2) [34], o-phenylenediamine (CgHgN3) [11],
and ammonia (NHj3) [35], have shown high ORR activity. Mesoporous N-doped carbon spheres
synthesised using multiple different methods, such as the one-pot soft template method [22], spray
pyrolysis [36,37], and self-polymerisation [38], each show outstanding catalytic potential for ORR
catalysis. However, high cost, hazardous chemical usage and waste has limited their translation into
scale-up industrial applications [22,36-38].

To address this problem, green chemistry approaches using low-cost natural materials to
synthesise mesoporous carbon (e.g., plant Typha orientalis [39], catkin [40], lignin [41], and soya
chunks [42]) have been successfully demonstrated as efficient ORR catalysts. Apricot trees
(Prunus armeniaca L.) are widely cultivated in areas where a scarcity of water remains the main
obstacle for cultivation [43]. In many regions, apricot trees suffer from gummosis, a bark disease [44]
resulting in the formation of sap which oozes out from the wounds caused from factors including
weather, infection, insects, or mechanical damage. The sap commonly appears as an amber-coloured
material, which contains various sugar components, such as xylose, arabinose, thamnose, glucose,
mannose, and galactose [45]. Analysis performed by Lluveras et al. [45] revealed that apricot sap
consists of polysaccharides, primarily arabinose and galactose. Polysaccharides, such as galactose,
glucose, sucrose, and starch, have been shown to undergo dehydration and subsequent aromatisation
when hydrothermally treated at 160-200 °C, resulting in their conversion to char material with nano-
or micrometer-size smooth carbon spheres [27,46].

Carbon microspheres (CMS) have recently attracted attention due to their unique applications,
high density, and high strength in carbon product fabrication [47]. Carbon-spheres synthesised using
polysaccharides have successfully been implemented in the application of catalysis for synthetic
fuel [27], Li-ion batteries [48], and electrochemical capacitors [49]. Previously, hybrid CMS containing
transition metals have been synthesised using polysaccharides [27,46]. The ability of the iron oxides to
bind with the oxygen functional groups in the sugar molecules through coulombic and/or electrostatic
interactions has resulted in the formation of iron oxide encapsulated carbon spheres [27]. Similar
hybrid materials can be synthesised using the polysaccharides present in apricot sap, which have not
been used for any catalytic application in the past.

This work explores the use of apricot sap containing sugar molecules as a natural source
and method for the generation of a new type of three-dimensional (3D) hybrid N-doped ORR
electro-catalysts composed of microspherical and nanotubular structures. These catalysts were
synthesised through a three-step process as shown in Scheme 1. Firstly, an apricot sap resin suspension
containing polysaccharides of arabinose and galactose was prepared. Secondly, the apricot resin
solution was hydrothermally treated with iron oxide nanoparticle or cobalt precursors to obtain a char

106



CHAPTER 3(b): R. Karunagaran, C. Coghlan, C. Shearer, D. Tran, Karan Kulati, T. T. Tung, C. Doonan, D. Losic “Green Synthesis
of three-dimensional hybrid N-doped ORR electro catalysts composed of nitrogen doped micro-spherical and nanotubular
structures using Apricot Sap” Materials, 2018, 11, 205. (Published)

Materials 2018, 11, 205 3o0f16

material with carbon microspheres embedded with magnetic nanoparticles. Finally, the char material
was pyrolysed (950 °C) with a nitrogen precursor of melamine to dope the graphitic carbons with
nitrogen. The pyrolysed composite material forms an integrated composite material with both carbon
fibers (CFs) and CMS. A similar integrated structure was reported in our previous paper, where we
hypothesised that the decomposition of melamine during pyrolysis causes disruption to the iron oxide
magnetic nanoparticle clusters” (FeMNPC) surface that is embedded in the carbon sphere to diffuse
FeMNPC particles out of the sphere to catalyse the formation of N-doped carbon fibers (N-CFs) [50].
This hybrid carbon catalyst contains N-CFs and N-doped carbon microspheres (N-CMS) with magnetic
nanoparticles, forming a unique 3D intergrated morphology.

Water

70°C ~_ Apricotsap resin

suspension

N-doped carbon

micro spheres Melamine

——
950°C

FeMNP embedded

3D N-doped carbon composites Carbon sphere

Scheme 1. Schematic procedure of three-dimensional (3D)-integrated N-doped carbon microspheres
(CMS) and N-doped carbon fibers N-CFs catalysts from apricot sap. (A) Apricot sap collected from the
apricot tree; (B) apricot sap dissolved in water (apricot resin suspension); (C) apricot resin suspension
containing FeMNP, hydrothermally treated to produce magnetic insoluble char material (carbonised
resin) with FeMNP embedded CMS structures (HT-APG-Fe); and (D) HT-APG-Fe pyrolised with
melamine to form N-doped integrated structures containing N-CFs and N-CMS (N-APG-Fe). FeMNP:
iron oxide magnetic nanoparticle.

The structural and chemical composition of the prepared N-doped 3D integrated catalyst with
FeMNPs (N-APG-Fe) and cobalt nanoparticle clusters (CoMNPs) (N-APG-Co) were characterized with
SEM, TEM, XRD, Raman, and BET followed by testing their electrochemical catalytic properties and
ORR activity. The conversion process of the naturally occurring waste and apricot sap material into
an effective electro-catalyst for ORR reaction is also described.

2. Results and Discussion

2.1. Formation of Integrated Morphology of N-CFs and N-CMS

The steps involved in the synthesis of N-APG-Fe are shown in Scheme 1. In the first step, apricot
sap (Scheme 1A) was dissolved in water (70 °C) to make a translucent light-orange colour resin
suspension (Scheme 1B). In the second step, the resin suspension was hydrothermally treated in
the presence of FeMNPs. During this process, the oxygen functional groups (i.e., OH and C=0)
bind to the iron oxide particles through Coulombic interactions to form a hybrid material [27].
During the hydrothermal process (Scheme 1(Ca)), sugar molecules polymerise (Scheme 1(Cb)) to
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form intermolecular crosslinks between linear or branched oligosaccharides due to dehydration [46].
As a result of dehydration and polymerisation, oxygen functional groups associated with the sugar
molecules were reduced along with their negative charges to make the polymerised material more
water-insoluble. Subsequently, the insoluble material (char) settles as FeMNPs-embedded spheres
with a hydrophobic core and hydrophilic shell [46,51,52] (Scheme 1(Cc)). In the final process,
the hydrothermally obtained char is pyrolysed in the presence of melamine at 950 °C to introduce N
atoms into the carbon framework. The pyrolysed composite material forms an integrated composite
material with both N-CF and N-microspheres (Scheme 1D). During pyrolysis, the decomposition of
melamine caused disruption to the spheres’ surface and caused the FeMNPCs embedded within the
sphere to diffuse out [50], which catalysed the formation of N-CF [53]. The synthesised hybrid material,
which consists of both N-CF and N-CMS, formed a unique 3D integrated morphology.

2.2. Structual and Chemical Characterisation of Prepared 3D N-Doped Carbon Composites

The morphology of the hydrothermally induced char material (HT-APG-Fe) was determined
using SEM (Figure 1), which shows the formation of carbon microspheres (1-6 um). The image of
a broken sphere (Figure 14, inset) shows FeMNPCs embedded within the microspheres. EDX analysis
conducted on the particles (Figure S1 in supporting information (SI)) indicated that an average of
57% (wt %) of the material consisted of Fe, confirming the presence of FeMNPCs in the carbon sphere.
The magnetic property of the material was confirmed by applying an external magnet to the sample.

Figure 1. SEM images of (A) carbon microspheres formed from char material of hydrothermally treated
apricot resin (HT-APG-Fe), (B) integrated structure composed of CMS and CFs of HT-APG-Fe pyrolysed
with melamine at 950 °C (N-APG-Fe) (inset shows the presence of micro spheres and CFs), (C) carbon
micro spheres of HT-APG-Fe pyrolysed without melamine at 950 °C (APG-Fe), (D) formation of CFs
from FeMNPC from the sphere interior of N-APG-Fe (red arrow shows FeMNPC diffused out of the
sphere after pyrolysis with melamine), (E) formation of CF from FeMNPC diffused out of the sphere in
N-APG-Fe (red arrow shows the CF forming from the tip of FeMNPC), and (F) TEM image of FeMNPC
diffused out of the sphere in N-APG-Fe.

In order to make HT-APG-Fe catalytically active, it was pyrolysed with a N precursor (melamine)
(N-APG-Fe) at 950 °C to introduce N atoms into the carbon framework and improve catalytic properties
(Figure 1B). The nitrogen doping eliminates the electro-neutrality of the carbon framework and
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generates favourable charged sites for oxygen adsorption [19,54]. Similarly, to compare the catalytic
activity of the N-doped and non N-doped catalysts, HT-APG-Fe was pyrolysed without melamine
(APG-Fe) at 950 °C and the SEM image is presented in Figure 1C. The SEM revealed that APG-Fe
formed interconnected smooth microspheres in the range of 1-6 pm. Interestingly, in contrast to
the smooth CMS formed in APG-Fe (Figure 1C), the catalysts pyrolysed with melamine (N-APG-Fe)
(Figure 1B) formed an integrated composite material with both CF and CMSs. EDX analysis was
performed to determine the N-doping on CMS and CF and revealed an average of 2.55 and 2.04 (At %)
of N presented in the CMS and the CF, respectively. During pyrolysis, the decomposition of melamine
causes disruption to the FeMNPC'’s surface that is embedded in the carbon sphere for the FeMNPC
particles to diffuse out of the sphere and form N-CFs (Figure 1D,F).

To demonstrate if this synthetic procedure is generic for the formation of 3D integrated N-CMS
and N-CF structures, we repeated the procedure using cobalt precursors, which is commonly used
as an alternate transition metal to fabricate ORR catalysts. The SEM images of the hydrothermally
produced structures (Figure S2A), pyrolysed with and without melamine (Figure S2B,C), respectively,
revealed that integrated structures with carbon spheres and CFs, similar to N-APG-Fe, were produced
when the hydrothermally reduced char materials containing cobalt oxide nanoparticles were pyrolyzed
with melamine. The hydrothermally produced char material without any nanoparticles (HT-APG,
Figure S3A), when pyrolysed with melamine (Figure S3B), did not produce any integrated products
of CMS and CFs. As the integrated structures were only seen on the catalysts with transition metals
(Figures 1B and S2B in SI), we deduce that both a transition metal oxide and a nitrogen precursor are
needed for the synthesis of the integrated structure comprised of both N-CMS and N-CFs. Previously,
we reported a 3D integrated structure of N-CMS and N-CFs using sugar galactose (N-GAL-Fe) [50].
A similar morphology was observed in N-APG-Fe, which demonstrates that the presence of galactose
in the apricot sap also contributes significantly to the formation of the integrated structure.

The morphologies of N-CF in N-APG-Fe and N-APG-Co (Figure 2A,B) were further investigated
with TEM. The images clearly illustrate that the N-CFs originate from the tip of the MNPC. An EDX
analysis was conducted on the particles at the tip of the CF (Figure 2A,B) and revealed 59.20% and
18.50% (wt.%) of Fe and Co, respectively, suggesting that the CFs are formed by a metal-induced
mechanism [53]. The TEM images of CF from N-APG-Fe (Figure 2C) and N-APG-Co (Figure 2D) show
that the CFs possess an irregular corrugated morphology with a width of approximately 150-500 nm,
similar to those reported by M. Terrones et al. [55]. To investigate the presence of N-doping on these
CFs (which facilitate ORR) [31], an EDX elemental analysis was performed on CFs grown from Fe
(Fe-CF) and Co (Co-CF). The N-content was found to be 2.04 and 6.32 At. % for Fe-CF and Co-CF,
respectively, compared to 0% in the non-doped sample, confirming nitrogen doping on CFE. This reveals
that C and N precursors from pyrolysed melamine had diffused into the metal clusters to form the
CF [53,56].

The XRD analysis conducted on N-APG, APGFe-N, and APGCo-N is shown in Figure 3A.
The diffraction peaks seen at 25.78°, 42.66°, and 44.83° for APGFe-N and APGCo-N correspond
to diffraction facets (002), (110), and (101), respectively, assigned to the presence of graphitic
carbon [57-59]. Similarly, N-APG showed peaks at 23.96°, 42.53°, and 44.67° for diffraction facets
(002), (110), and (101), respectively. The positive shift of the (002) peak of N-APG from 23.96° to 25.78°
in N-APG-Fe and N-APG-Co can be assigned to the formation of the graphitic crystalline structure
induced by the reduction of the oxygen functional group containing sugar molecules with a metal
MNPC [60].
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Figure 2. SEM images of N-CF obtained from (A) N-APG-Fe and (B) N-APG-Co. TEM image of
(C) N-APG-Fe and (D) N-APG-Co.
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Figure 3. (A) XRD spectrum of N-APG, N-APG-Fe, and N-APG-Co, (B) Raman spectrum of N-APG,
N-APG-Fe, and N-APG-Co, (C) N; adsorption/desorption isotherm of APG-Fe, N-APG-Fe, N-APG-Co,
and N-APG-Co, (D) FTIR spectrum of HT-APG-Fe, APG-Fe, and N-APG-Fe.

The Raman spectrum performed on N-APG, N-APG-Fe, and N-APG-Co is shown in Figure 3B.
N-APG-Fe and N-APG-Co show three characteristic peaks at 1342, 1581, and 2684 cm™! for the D, G,
and 2D bands, respectively, while N-APG showed only the D and the G band at 1338 and 1583 cm L,
respectively. The additional 2D band indicates the presence of crystalline graphitic carbon material
formed during the annealing process. This was facilitated by the reduction of oxygen groups in the
sugar molecules by the addition of FeMNPC [61,62]. The Ip/Ig of N-APG (1.07), N-APG-Fe (1.16),
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and N-APG-Co (1.13) shows the disruption of sp? bonds and the formation of sp® defect sites [63,64],
which are associated with the N-doping on the carbon framework. The higher Ip /I for N-APG-Fe
and N-APG-Co compared to N-APG revealed that the transition metal particles have facilitated
the incorporation of N atoms to the carbon framework to distort the graphitic framework [15,65].
This shows that the addition of transition metals formed greater positive sites on the adjacent carbon
atoms to adsorb oxygen, thus enhancing the ORR activity.

The N, sorption isotherms of non-doped APG-Fe and APG-Co differ from the doped N-APG-Fe
and N-APG-Co (Figure 3C). The characteristic type IV isotherm and H4 hysteresis loop for APG-Fe and
APG-Co shows the presence of mesoporous slip-like pores [62,66,67] with mean pore size distributions
of 4.64,5.62,7.68, and 13.84 A (Figure S4). The surface area of the prepared catalysts was measured
using Brunauer-Emmett-Teller (BET) and is shown in Table 1. The surface area measured for the doped
catalysts was much lower than that of the non-doped catalysts. We hypothesise that the mesopores on
the surface of the carbon microspheres on the non-doped catalysts contributed to the higher surface
area. The significant reduction in the surface area of the doped sample can be assigned to the disruption
of these mesopores or blocked pores due to the decomposition of melamine during pyrolysis.

Table 1. Surface area of doped and non-doped apricot catalysts with Fe and Co.

Catalyst Surface Area (m?/g)

APG-Fe 235.38
N-APG-Fe 7315

APG-Co 375.62
N-APG-Co 39.86

The presence of any carbonyl groups was analysed by FTIR, which can form condensation
products with melamine. The FTIR spectra of hydrothermally treated (HT-APG-Fe), pyrolysed without
melamine (APG-Fe), and N-doped (N-APG-Fe) materials are presented in Figure 3D. HT-APG-Fe
showed characteristic peaks at 1213, 1590, 1706, and 3390 cm ™! [68-70], which can be attributed to
C-O and C-H stretching, the stretching vibration of C=0, carbonyl vibrations, and the stretching
vibration of O-H, respectively. The presence of oxygen functional groups suggests that the carbon
spheres were formed with a hydrophilic shell containing oxygen groups as suggested by Sun et al. [46]
and Mer et al. [54]. When the peaks corresponding to the carbonyl groups of doped N-APG-Fe and
non-doped APG-Fe were compared, a reduction of the intensity of the N-APG-Fe was observed.
Since carbonyl groups can interact with the amine group of melamine [71], we hypothesised that the
melamine was attached to the carbon spheres before undergoing complete decomposition. It is likely
that these condensation products caused surface disruption of the microspheres and studies need to be
undertaken to confirm this hypothesis.

XPS measurements were performed to determine the nitrogen species present in the N-APG-Fe
catalyst. The high-resolution XPS C 1s spectrum (Figure S5) showed a variety of carbon bonds,
including C-C (285.04 eV), C-N (286.03 eV), and O-C=0 (290.03 eV) [72-74]. The high-resolution N 1s
XPS spectra displayed in Figure S5B showed three distinct peaks, including pyridine-N (398.38 eV),
graphitic-N (401.35 eV), and nitrogen oxide-N (403.12 eV) [75,76]. The high percentage (45.57 At. %)
of pyridinic N (in the N1s analysis) along with 63.03 At. % of C-N (in the C1s analysis) in N-APG-Fe
clearly demonstrates efficient N-doping on the carbon framework to facilitate O, adsorption. Similar
peaks for C 1s and N 1s were observed for N-APG-Co (Figure S6). The N-doping on the graphitic
carbon framework altered the electro-neutrality of the nano-carbon material. The pyridinic nitrogen
with its strong electronic affinity induced high positive charge density on the adjacent carbon atoms.
Thus, the electron donor properties of the N-doped adjacent carbon atoms are favourable for weakening
the strength of the O-O bond to facilitate ORR activity [2,19,77]. However, the XPS analysis did not
show any presence of Fe or Co. This showed that Fe-N-C sites were not formed and only N-C carbon
has been formed.
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2.3. Electrochemical Characterisation of Catalytic Performance

The electrochemical activity of N-doped (N-APG, N-APG-Fe, and N-APG-Co) catalysts were
examined by cyclic voltammetry (CV) (Figure S7). The voltammograms between 0 and 1.2 V show
well-defined cathodic peaks centered at 0.55, 0.67, and 0.74 V, respectively. The voltammograms of
N-APG-Fe and N-APG-Co showed a higher positive overpotential shift, 120 and 190 mV, respectively,
compared N-APG. These results indicate that the hybrid structures of N-CF and N-CMS formed by the
introduction of Fe and Co have aided to increase ORR activity and O; uptake. Since the XPS did not
detect any Fe-N-C active sites, these enhancements of ORR activity can be attributed to N-C catalytic
sites merely in both the N-CF and N-CMS in the hybrid structure in N-APG-Fe and N-APG-Co.

To understand the reaction kinetics of N-APG, N-APGFe and N-APGCo, Rotating Ring Disc
Electrode(RRDE) was employed to quantify the overall electron transfer number (n) and percentage of
hydrogen peroxide (% HO; ™). To explore the dependence on galactose sugar in the electron transfer
kinetics, N-GAL-Fe was contrasted against these catalysts in the potential range between 0.10-1.15 V
and the ring (Figure 4A) and disc (Figure 4B) currents. The onset potential measured for these catalysts
(Table 2) showed a positive shift for N-APG-Fe (0.88 V) and N-APG-Co (0.86 V) compared to N-APG
(0.84 V), revealing that the hybrid structures have initiated the ORR faster. However, the half-wave
potential (E; /7) of all of these catalysts shifted negatively compared to the standard Pt/C. The negative
shift in the E;/; is due to the absence of any M-N-C catalytic active sites present in the catalysts.
Liu et al. [78] described that M-N-C active sites perform the ORR reaction with a more positive E; /»
compared to N-C active sites in the catalysts.
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Figure 4. Rotating ring disc voltammograms of (A) ring current, (B) disc current of N-APG, N-APG-Co,
N-APG-Fe, N-GAL-Fe, and Pt/C electrodes in oxygen-saturated 0.10 M KOH at 2000 rpm at a scan
rate of 10 mV/s. (C) Percentage HO,- and (D) number of electrons of N-APG, N-APG-Fe, N-APG-Co,
and Pt/C electrodes at various potential calculated according to RRDE data. RHE: reversible
hydrogen electrode
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Table 2. Surface area of doped and non-doped apricot catalysts with Fe and Co.

Product Current density Onset Potential Number of Electrons (n) % HOz ™~
(mA/cm?) at 0 V (RHE) (RHE) (V) (0.10-0.70 V) (RHE) (0.10-0.70 V) (RHE)
N-APG 3.05 0.84 2.96-3.34 51.64-32.77
N-APG-Co 4.03 0.86 3.59-3.67 20.16-16.08
N-APG-Fe 491 0.88 3.48-3.87 25.99-6.19
N-GAL-Fe 5.81 0.96 3.54-3.65 22.54-17.25
Pt/C 6.70 1.04 3.69-3.95 15.20-2.15

The number of electrons transferred using N-APG, N-APG-Co, N-APG-Fe, and N-GAL-Fe
catalyst electrodes within the potential region 0.10-0.70 V is shown in Table 2. The electron transfer
number towards four of these catalysts reveals that the ORR reaction is carried out predominantly via
a four-electron transfer mechanism. The catalytically analysed values and comparison chart of n and
% HO;, ™ at 0.40 V (Figure S8) shows that both of the N-doped apricot and galactose catalysts follow
a similar trend, showing the significance of galactose in the electron transfer mechanism. Unlike the
doped catalysts, the non-doped catalysts did not perform effectively (Figure S9). The electro-chemical
properties summarised in Table S1 in the SI of these catalysts showed a negative onset potential and
lower electron transfer numbers than the doped catalysts. This shows that the doping of nitrogen has
created more catalytically active sites for ORR. The stability of the N-APG-Co and N-APG-Fe was
determined by cycling the catalysts between 0.00 V and 1.15 V at 100 mVS~1inan oxygen-saturated
0.1 M KOH solution (Figure S10 in the SI). The results show that after 6000 cycles the onset overpotential
had increased by 30 mV and 40 mV for N-APG-Co and N-APG-Fe, respectively, indicating only a slight
deterioration of the catalysts.

The kinetics of electron transfer using the details obtained from RRDE and the scheme suggested
by Damjanovic et al. [79] are described in the SI. The rate constants were calculated based on these
equations for the N-APG, N-APG-Co, N-APG-Fe, and N-GAL-Fe in the potential region of 0.10-0.65 V
(Figure 511 in SI). The calculated rate constants showed that N-APG-Co, N-APG-Fe, and N-GAL-Fe
were predominantly driven by a four-electron k; kinetics, while in N-APG, the ORR was carried out
via both the k; and k; pathways. The calculated value of the ratio of k; /k; presented in Table S2
in the SI and Figure 5 showed k; /ky >1 for all catalysts. The higher values of k; /k; for N-APG-Co,
N-APG-Fe, and N-GAL-Fe compared to N-APG showed a dominant four-electron kj electron transfer
pathway for these catalysts that demonstrates that the presence of the hybrid structure of N-CF and
N-CMS significantly contributes to the generation of the active sites for oxygen adsorption.
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Figure 5. The ratio of rate constant k1/k2 for, N-APG, N-APG-Fe, N-APG-CO and N-GAL-Fe in the
potential range of 0.10-0.65V.
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In order to compare the efficiency of the N-doped apricot catalysts and galactose catalysts, the
materials were contrasted against similar catalysts, and the comparison is presented in Table S3 in
the SI. The comparison revealed that these catalysts had similar levels of activity compared with
other synthetic material presented in the literature. While the performance of these materials is lower
than the highest-performing Pt catalysts, the advantages of this approach are the scalable, stable,
low-cost, and natural non-hazardous starting materials and the ease of their synthesis. However,
the use of apricot sap in industrial large-scale production may be limited by its low yield. Our previous
paper demonstrated the synthesis of a similar hydride structure comprising N-CF and N-CMS to
fabricate C-N electrodes for ORR using galactose as the source. This approach has the potential
to be implemented to synthesise C-N electrodes with similar integrated hybrid structures using
natural and synthetic feedstocks containing polysaccharides. Furthermore, the production of efficient
ORR catalysts at a lower cost to current catalysts, using natural resources and environment-friendly
processes, may provide a step forward for natural products.

3. Materials and Methods

3.1. Materials

Apricot sap from an Apricot Moorpark tree (Prunus armeniaca) (South Australia) was collected
from a local garden. Iron (II) chloride tetra hydrate (FeCl,-4H,O) (Sigma Aldrich, St Louis, MO,
USA), iron (III) chloride hexa hydrate (FeCl3-6H,0) (Chem Supply, Gillman, Australia), hydrochloric
acid (HCI) (Chem Supply, Gillman, Australia), ammonia (Chem Supply, Gillman, Australia), cobalt
(IT) acetate (Sigma Aldrich, St Louis, MO, USA), melamine (Sigma Aldrich, St Louis, MO, USA),
and platinum standard catalyst (20 w% Vulcan XC-72) were used as purchased.

3.2. Methods

3.2.1. Synthesis of Carbonaceous Spheres from Apricot Sap (HT-APG)

The apricot sap (cca 100 g) was cut by a knife from a tree. The sap was washed with fresh water
and dried in open air for 12 h. The sap (25 g) was dissolved in water (100 mL) and heated to 70 °C
with manual stirring. The resin suspension was sealed and left for 24 h in an open environment.
The obtained transparent light orange suspension was then filtered to obtain a contaminant-free resin
suspension. The resin suspension (50 mL) was transferred in to an autoclave and heated at 180 °C for
18 h. The char was centrifuged and washed with distilled water (6 x 35 mL). The washed char was
then freeze dried for 24 h. The final product weighed 1.62 g.

3.2.2. Synthesis of Cobalt Embedded Carbonaceous Spheres (HT-APG-Co)

Cobalt (IT) acetate (150 mg) was dissolved with 50 mL of filtered resin suspension and stirred for
30 min. The product was then transferred to an autoclave and heated for 18 h at 180 °C. The product
was cooled to room temperature and transferred in to a centrifuge tube and centrifuged with repeated
washing with distilled water for six times (6 x 35 mL) and four times with 0.5 M HSOj,. The washed
char was then freeze-dried for 24 h.

3.2.3. Synthesis of Maghemite Nanoparticles

Maghemite nanoparticles were synthesised according to the previously established method [80].
Briefly, FeCl,-4H,0O (39.76 g) and FeCl3-6H,O (16.29 g) were dissolved in 1 M HCI (100 mL).
The solution was stirred for 2 h and the pH adjusted to 9.8 using 2 M ammonia solution. Finally,
the product was centrifuged and washed three times with distilled water (35 mL) and once with
ethanol (35 mL) and dried for 6 h at 60-70 °C.
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3.2.4. Synthesis of Fe-Embedded Carbonaceous Spheres (HT-APG-Fe)

Maghemite nanoparticles (200 mg) were suspended in the filtered resin suspension (50 mL) and
stirred for 30 min, transferred to an autoclave, and heated for 18 h at 180 °C. The product was collected
and centrifuged by washing with distilled water (6 x 35 mL) and four times with 0.5 M H;SO.
The product was then freeze-dried for 24 h and denoted as HT-APG-Fe.

3.2.5. Synthesis of Fe-Embedded Carbonaceous Spheres with Galactose (HT-GAL-Fe)

Maghemite nanoparticles (200 mg) were added into a suspension of 0.02 mole galactose in 40 mL
water and mixed with stirring for 30 min. The mixture was transferred in to a Teflon autoclave and
heated up to 180 °C for 18 h. Then, the product was collected, centrifuged, and repeatedly washed,
six times with deionised water and four times with 0.5 M H,5S0O,. The product was collected and
freeze-dried for 24 h (referred to as HT-GAL-Fe).

3.2.6. Pyrolysis of Carbonaceous Spheres with N-Precursor (N-Doped Carbon Spheres)

Each of the hydrothermally treated samples HT-APG, HT-APG-Fe, HT-APG-Co, and HT-GAL-Fe
were ground together with melamine (1:10 w/w) using a mortar and a pestle. The mixture was placed
in a tubular furnace and pyrolysed at 950 °C for 3 h under Ar at the rate of 10 °C/min. The N-doped
products are referred to as N-APG, N-APG-Fe, N-APG-Co, and N-GAL-Fe, respectively.

3.2.7. Pyrolysis of Carbonaceous Spheres without N-Precursor

Hydrothermally synthesised HT-APG, HT-APG-Fe, HT-APG-Co, and HT-GAL-Fe were
individually pyrolysed at 950 °C for 3 h under Ar at the rate of 10 °C/min in the tubular furnace.
The pyrolysed products are referred to as APG, APG-Fe, APG-Co, and GAL-Fe, respectively.

3.2.8. Preparation of Catalytic Inks

Catalytic ink was prepared by ultra-sonication of each catalyst (2 mg) and suspended in Nafion
suspension (1 mL of 1%). The prepared ink (10 uL) was carefully deposited on a glassy carbon rotating
disc electrode (3 mm) and a rotating ring disc electrode (4 mm). The sample was then allowed to dry
in air for 12 h.

3.3. Characterization

Scanning electron microscopy (SEM) images and energy-dispersive X-ray spectroscopy (EDX)
were obtained using a Quanta 450 (FEI, Hillsboro, OR, USA) at an accelerating voltage of 10 kV.
For EDX, three readings were obtained and the average was recorded. Transition electron microscopy
(TEM) investigation was carried out using a Tecnai G2 Spirit (FEI, Hillsboro, OR, USA) operated at
120 kV. X-ray diffraction (XRD) was performed at 40 kV and 15 mA in the range of 20 = 10-70° ata speed
of 10°/min using a Miniflex 600 (Rigaku, Akishima, Tokyo, Japan). Gas adsorption isotherms were
conducted using a Micromeritics 3-Flex or ASAP2020 analyser (Micro metrics Instruments Corporation,
Norcross, GA, USA). The Brunauer-Emment-Teller (BET) surface area and pore size distribution
were calculated using software on the Micromeritics 3-Flex or ASAP 2020 analyser (Beckman Coulter,
Indianapolis, IN, USA). Fourier transform infrared (FTIR) spectroscopy was conducted using Spectrum
100 (Perkin Elmer, Waltham, MA, USA). Raman analysis was conducted using a LabRAM Evolution
(Horiba Yvon, Kyoto, Japan) using a 532 nm wavelength. XPS was conducted on a custom-built
SPECS instrument (Berlin, Germany). All XPS (X-ray photo electron spectroscopy) measurements
were performed on sample prepared by drop-casting onto Si using a non-monochromatic Mg source
operating at 120 kV and 200 W. High resolution XPS spectra were collected using a pass energy of
10 eV with an energy step of 0.1 eV.
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Electrochemical Characterization

The ORR reactions were conducted utilising a Rotating Ring Disc Electrode (RRDE) apparatus
connected to a bi potentiostat (CH 1760 C, CH Instruments Inc., Austin, TX, USA) in a standard
three-electrode cell with an oxygen-saturated KOH (0.1 mol/L) solution. The glassy carbon electrode,
platinum, and reversible hydrogen electrode (RHE) were used as the working, counter, and reference
electrodes, respectively. The scan rate of the reaction was 0.01 Vs~ in the range of 0 and 1.1 V. The cycle
was repeated until stable voltammograms were obtained before the RRDE readings were derived at
different speeds from 400 to 2400 rpm.

The reaction kinetics of the catalysts were examined by employing RRDE to quantify the overall
electron transfer number (1) and percentage of hydrogen peroxide (% HO, ™) at rotation speeds from
400 to 2400 rpm in an oxygen-saturated 0.1 M KOH solution. To elucidate the overall number of
electrons (1) and % HO, ™~ produced in the ring against the applied potential, Equations (1) and (2)
were employed [10,81].

4]
n= —I N Tn (1)
Dt N
5 _ 2Ig
JoH>0Oy = 100 IoN + In (2)

where Ip and I are the disc and ring currents, respectively, and N is the collection efficiency.

4. Conclusions

The phenomenon of converting a naturally occurring apricot sap from an apricot tree into a 3D
hybrid ORR electro-catalyst composed of N-CF and N-CMS is reported and verified by SEM and TEM.
The MNPs initially embedded within the CMS diffused out of the CMS to catalyse for the formation
of corrugated hollow N-CF due to the surface destruction caused by the decomposition of melamine
during pyrolysis. The 3D integrated N-CMSs and N-CF ORR electro-catalysts prepared using FeNP
(N-APG-Fe) or CoNP (N-APG-Co) showed a predominant four-electron transfer pathway for the ORR
within the potential region of 0.10-0.70 V. The spherical morphology obtained from non-hazardous
apricot sap can be employed in a wide range of areas, such as catalysis applications, absorption studies,
and drug delivery.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: EDX
analysis of FeMNPC, Figure S2: SEM images of (A) hydrothermally treated apricot sap resin and cobalt
acetate (HT-APG-Co), (B) pyrolysed HT-APG-Co at 950 °C with the presence of nitrogen precursor melamine
(N-APG-Co), and (C) pyrolysed HT-APG-Co at 950 °C without melamine (APG-Co), Figure S3: SEM images of
(A) hydrothermally treated apricot sap resin (HT-APG), (B) pyrolysed HT-APG at 950 °C with the presence of
nitrogen precursor melamine (N-APG), and (C) pyrolysed HT-APG at 950 °C without melamine (APG), Figure S4:
Pore size distribution of (A) APG-Fe and (B) APG-Co, Figure S5: XPS core level spectra of N-APG-Fe for (A) Cls
and (B) N1s, Figure S6: XPS core level spectra of N-APG-Co for (A) Cls and (B) N1s, Figure S7: Cyclic Voltammetry
of (A) N-APG, (B) N-APG-Fe, and (C) N-APG-Co at a scan rate of 10 mVS-1 in oxygen-saturated 0.1M KOH
solution, Figure S8: (A) Comparison of number of electrons and (B) % HO, ™ of N-APG, N-APG-Co, N-APG-Fe,
N-GAL-Fe, and Pt/C catalysts electrodes at 0.4 V applied potential in oxygen-saturated 0.10 M KOH electrolyte
at 2000 rpm at a scan rate of 10 mV/s, Figure S9: Rotating ring disc voltammograms of (A) ring current and
(B) disc current of catalysts electrodes APG, APG-Co, APG-Fe, GAL-Fe, and Pt/C, pyrolysed without the presence
of melamine in oxygen saturated 0.1 M KOH at 2000 rpm at a scan rate of 10 mV/s. (C) Percentage peroxide,
and (D) number of electrons of APG, APG-Fe, APG-Co, and Pt/C electrodes at various potential calculated
according to RRDE data, Figure S10: RDE polarisation curves of (A) N-APG-Co and (B) N-APG-Fe with a scan
rate of 100 mVS~! before and after 6000 potential cycles in an oxygen saturated KOH solution, Figure S11: Rate
constants of (A) N-APG, (B) N-APG-Co, (C) N-APG-Fe, and (D) N-GAL-Fe, Table S1: Electro chemical properties
of non-doped apricot sap and galactose catalysts, Table S2: Comparison of performance of N-APG-Fe, N-APG-Co,
and N-GAL-Fe with other similar carbon-based catalysts.
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Figure S1. EDX analysis of FeMNPC embedded in the CMS.

Figure S2. SEM images of (A) hydrothermally treated apricot sap resin and cobalt acetate (HT-APG-

Co), (B) pyrolysed HT-APG-Co at 950°C with the presence of nitrogen precursor melamine (N-APG-
Co), and (C) pyrolysed HT-APG-Co at 950°C without melamine (APG-Co)
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Figure S3. SEM images of (A) hydrothermally treated apricot sap resin (HT-APG), (B) pyrolysed HT-
APG at 950°C with the presence of nitrogen precursor melamine (N-APG), and (C) pyrolysed HT-APG
at 950°C without melamine (APG)
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Figure S4. Pore size distribution of (A) APG-Fe and (B) APG-Co.
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Figure S5. XPS core level spectra of N-APG-Fe for (A) Cls and (B) N1s.
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Figure S6. XPS core level spectra of N-APG-Co for (A) Cls and (B) N1s.
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Figure S7. Cyclic Voltammetry of (A) N-APG, (B) N-APG-Fe and (C) N-APG-Co at a scan rate of
100 mVS-1 in oxygen saturated 0.1M KOH solution.
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Figure S8. (A) Comparison of number of electrons and (B) % HO:- of N-APG, N-APG-Co, N-APG-Fe,
N-GAL-Fe and Pt/C catalysts electrodes at 0.4V applied potential in oxygen saturated 0.10 M KOH
electrolyte at 2000 rpm at a scan rate of 10 mV/s.
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Figure S9. Rotating ring disc voltammograms of (A) ring current and (B) disc current of catalysts
electrodes APG, APG-Co, APG-Fe, GAL-Fe and Pt/C, pyrolysed without the presence of melamine in
oxygen saturated 0.1M KOH at 2000 rpm at a scan rate of 10mV/s. (C) Percentage peroxide, and (D)
number of electrons of APG, APG-Fe, APG-Co and Pt/C electrodes at various potential calculated
according to RRDE data.

Table S1. Electro chemical properties of non-doped apricot sap and galactose catalysts.

f el
Product Current density | Onset potential (V) NMFpER :)n)e ERIEIES % HOz
2 -
(mA/cm?) at 0V (RHE) (0.1-0.7 V) (0.1-0.7V)
APG 4.98 0.78 3.02-2.95 48.70-52.41
APG-Fe 5.33 0.80 3.78-2.79 10.90-60.21
APG-Co 4.05 0.80 2.92-3.38 53.81-30.91
GAL-Fe 4.72 0.82 3.66-2.75 16.60-62.10
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Table S2. comparison of k1/k2 of N-doped apricot and galactose catalysts

ki/kz
Potential 0.1V Potential 0.65V
(RHE) (RHE)
N-APG 1.32 2.18
N-APG-Co 4.90 6.97
N-APG-Fe 3.40 14.14
N-GAL-Fe 4.30 6.40

Table S3. comparison of performance of N-APG-Fe, N-APG-Co and N-GAL-Fe with other similar
carbon-based catalysts.

Material Onset potential Number of electrons (n) / Reference
W) Potential (V) (RHE)
Soya -derived heteroatom 0.96 3.70/0.625V [1]
doped carbon
N-doped mesoporous carbon 0.86 3.40/0575V [2]
spheres
N-doped hollow carbon 0.80 3.82/0575V [3]
spheres
Co-N-C hybrid using soya 0.80 3.70/0.675V [4]
milk
3D-Integrated
0.96 3.55/0.600 V 8
N-doped carbon sphere with / (8]
N-CNT (N-GAL-Fe)
3D-Integrated ;
0.86 3.63/0.600 V This stud
N-doped carbon sphere with / 5 Sy
N-CF (N-APG-Co)
3D-Integrated N-doped .
0.88 3.73/0.600 V This stud
carbon sphere with N-CF (N- f e
APG-Fe)
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Electron transfer kinetics

The electron transfer kinetic of the ORR was identified using RRDE voltametry (Scheme S1) [5, 6].
According to Damjanovic et al. [5] the electron transfer mechanism follows a direct four-electron
pathway via ki kinetics (Scheme S1), in which oxygen is diectly reduced to hydroxide anion (OH") or
could be driven through a two-electron pathway via kz kinetics producing peroxide intermediates (HO>
), followed by reduction to hydroxide anion (OH-) through another two electron pathway through Ks

kinetics.

Diffusion . +de', K,
0, (bulk) ——— O, (disc surface)
+2e, K,
+2e, K,
HO,” ———— HO"
HO, (bulk)

Scheme S1. Proposed model for electrochemical reduction of oxygen proposed by Damjanovic et al.
and Hsueh et al.

Hsueh et al.[6] suggested a series of equations (3, 4 and 5) to calculate the rate constants Ki, Kz and K,
where Id, Ir, IdL and w are the disc current, ring current, limiting disc current and the rotation speed,
respectively.

LN-1

ky = 5,2, LN+1 (3)
_ 2532

ko = IN+1 )
NS 17y

37T N+l ®)

Where Siand I1 are the slope and intercept correspond to the I:/ I vs w -2 plots and S:and is the slope
of lu/ la.—Tavs w 2 plot. Zi=0.62Dy,* V16, Za=0.62Dy,,?? V16, Dy, 0,is 6.8 x 106 cm? s and N is the

collection efficiency [7].
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4.1 Chapter overview

Iron oxides are cheap materials compared to the relatively expensive Pt catalysts commonly
used for ORR. Even though it is well known that iron oxide has low catalytic performance for
ORR, their contributions as individual phases towards oxygen reduction have been not properly
investigated. A synthesis procedure of four different phases of iron oxide nanoparticles
(magnetite, maghemite, hematite and goethite) without using any nitrogen precursors is
described in this chapter. The synthesised nanoparticles were dispersed on a 3-D graphene
aerogel at low temperature (80 °C). This chapter investigates the influence of magnetite,
maghemite, hematite and goethite iron oxide nanoparticles towards oxygen reduction. The
exploration of this chapter has been discussed in a peer reviewed article (Chapter 4(a)), which

is enclosed in the following pages with the supporting information.

All phases of synthesised iron oxide nanoparticles were confirmed based on the positions of
the diffraction peaks determined by the XRD analysis. The different iron oxide nanoparticles
synthesised were carefully embedded onto the 3-D graphene aerogel at low temperature (80°C)
to avoid any possible phase changes due the thermal treatment. The investigation revealed that
the iron oxide phases did not contribute effectively towards the reduction of oxygen. However,
magnetite and maghemite with inverse spinal structures performed more efficiently than
hematite and goethite with rhombohedral and orthorhombic crystal structures respectively. The
influence of magnetism and electrical conductivity on ORR was also investigated and

presented.
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The chapter is based on the following peer-reviewed article:

R. Karunagaran, C. Coghlan, T. T. Tung, S.kabiri, D. Tran, C. Doonan, D. Losic “Study of
iron oxide nanoparticle phases in graphene aerogels for oxygen reduction reaction” New

Journal of Chemistry, 2017, 41, 15180 - 15186. (Published)
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Iron oxide nanoparticles have been extensively used for energy production in fuel cells; however, the
different phases of iron oxide have not been adequately investigated for their effect on the oxygen
reduction reaction (ORR). The low temperature synthesis of four kinds of iron oxide nanoparticles with
different phases was incorporated inside 3D reduced graphene oxide (rGO) aerogels and their
electrochemical, catalytic and electron transfer properties were determined for ORR. The results showed
that, at low potentials (0.20 V), rGO composites containing magnetite, maghemite and goethite catalyse
ORR via four-electron transfer kinetics while hematite facilitated two-electron transfer kinetics. At higher
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1. Introduction

Global energy demand is on the rise and these requirements
are predominantly provided by non-renewable fossil fuels.'
Energy production using fossil fuels is associated with a
number of environmental concerns in addition to their finite
nature.” These factors have forced a shift towards efficient and
renewable energy sources to meet the current demand.'™ These
renewable sources include solar, wind, water and geothermal
heat, which have all been used as alternative energy sources;
however, these methods do not provide a consistent source of
power.® Fuel cells have emerged as a reliable and clean power
generation source that can provide power more consistently
than many other sources.* Fuel cells electrochemically combine
gaseous fuel (hydrogen) and an oxidant gas (typically oxygen
from air) to produce electricity and heat through an oxygen
reduction reaction (ORR)." The efficiency of this process is
controlled by the ORR catalyst and current generation catalysts
have slow kinetics, are of high cost or are not environmentally
friendly. These factors have combined to limit the development
from the laboratory to industrial scale.”

While numerous catalysts have been developed, those
containing platinum (Pt) have shown the best performance
for ORR catalysis.”® However, these catalysts have drawbacks
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potentials (0.70 V), all four catalysts proceeded via a two-electron pathway.

including high cost, scarcity,” crossover effects and carbon
monoxide poisoning.'’ Different chemical approaches have been
implemented to develop low-cost catalysts without the use of
precious metals (i.e. Pt). Among them, hetero atom (N, B, P
and S) doped carbon materials,'*™** non-precious metal/hetero-
atomic polymer composites,® transition metal Ny-macrocycles such
as porphyrin®® and transition metal oxides'’ have all shown to be
effective catalysts for ORR. Transition iron oxides have been widely
employed in ORR catalysis."™'® The most common crystal phases
of ferrous and ferric iron oxides are magnetite (Fe;0,), maghemite
(y-Fe,0;), hematite (2-Fe,O;) and goethite (-FeOOH). Fe;0, and
v-Fe,0; both possess an inverse spinel structure and show
ferrimagnetic properties at room temperature.*®*! In contrast,
o-Fe,0; and v-FeOOH have rhombohedral®? and orthorhombic*
crystal structures, respectively, and display anti-ferromagnetic
properties.*>** The existence of these iron oxides phases, which
are unique in crystal structure and magnetic and electrical
properties has allowed these materials to be tested for various
applications such as magnetically guided drug delivery,*® water
remediation,””** cell separation,”® magnetic resonance imaging,*
dye removal,®" solar water splitting,’* cathodes in lithium
batteries®* and adsorbents for heavy metals.****

Carbon supports such as carbon nanotubes and graphene
are used to facilitate active site distribution, increase mass
transportation and increase electrical conductivity.*® Graphene
oxide (GO), in contrast with graphene, is a hydrophilic material
with poor electron conductivity. By reducing the functional
groups (OH, COOH and epoxy) of GO to form rGO the electrical
conductivity of the material is increased, which provides excellent
support for the catalyst.’” Liu et al*® recently compared the
different phases of iron oxides/GO for their ORR activity by
generating the iron oxides in situ by hydrothermal synthesis or

31
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at a high annealing temperature (800 °C) doped with a nitrogen
(N) precursor. The electron donor properties of N-doped adja-
cent carbon atoms trigger favourable diatomic O, adsorption by
weakening the O, bond strength to facilitate ORR activity.>*™**
However, the samples used two distinct methods—hydrothermal
(no N-doping) and thermal annealing (resulting in N-doping)—
which meant that the results do not reflect only the catalytic
activity of the iron oxides. Therefore, to compare the contribution
of different iron oxide nanoparticle phases towards ORR activity,
these nanoparticles should be synthesised separately and
attached to a graphene carbon support at low temperatures
without using any nitrogen precursors.

In this study, four different phases of iron oxide were pre-
synthesised and incorporated into a 3D-rGO aerogel without the
use of any nitrogen precursors (Scheme 1). The effect of different
iron oxide phases as ORR catalysts for oxygen reduction was
investigated. Currently, there is no comprehensive study evaluating
the different phases of iron oxide nanoparticles in graphene
aerogels as ORR catalysts. Knowledge of the chemical and
structural composition of the prepared composites along with
their electrochemical catalytic properties for ORR activity will
aid in the design of new iron oxide catalysts.

2. Experimental
2.1 Materials and methods

Natural graphite rock (Uley, Eyre Peninsula, SA) was milled into
a fine powder using a bench top ring mill (Rocklabs). Iron(u)
sulphate heptahydrate (FeSO,-7H,0), polyethylene glycol (PEG),
sodium hydroxide (NaOH), hydrogen peroxide (H,0,), iron(i)
chloride hexahydrate (FeCl;-6H,0), iron(u) chloride tetra hydrate
(FeCl,-4H,0), hydrochloric acid (HCI), potassium permanganate
(KMnO,), sulphuric acid (H,SO,), phosphoric acid (H;PO,),
ethylene diamine, thiourea, sodium acetate, r-ascorbic acid
and polyvinylpyrolidone (PVP) were purchased from Sigma-
Aldrich and Chem-Supply. A commercially available Pt/C
(20% wjw) was used as the standard catalyst. The Nafion
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dispersion (D1021-10% water base) was purchased from Fuel
Cell Stores, USA.

2.2 Preparation of graphene oxide (GO)

Graphene oxide was synthesised using the improved Hummer’s
method.*® A mixture of concentrated acids, H,SO,/H;PO, (9: 1),
was added to a mixture of graphite flakes (3.0 g) and KMnO,
(18.0 g). The reaction was then heated to 50 °C and stirred for
12 h. The solution was cooled and poured onto ice (400 mL)
containing H,0, (3 mL). The mixture was centrifuged (4000 rpm)
for 2 h and the supernatant was removed. The precipitate was
then washed in succession of water (2 x 200 mL), 30% HCI
(2 x 200 mL) and ethanol (2 x 200 mL). The final product was
collected and vacuum dried overnight at room temperature.

2.3 Synthesis of iron oxide nanoparticles

Fe;04," yFe, 05" 0-Fe,0, and o-FeOOH' nanoparticles were
synthesised using previously established methods as outlined below.

2.3.1 Synthesis of Fe;0; nanoparticles. Iron(u) sulphate
heptahydrate (FeSO4-7H,0) (7.56 g) was dissolved in DI water
(90 mL) at 30 °C. Polyethylene glycol (PEG-2000, 30 mL) was
slowly added and stirred until it was dissolved. The pH was
adjusted to 9.8 using 0.1 M NaOH solution. After adding 800 pL
of H,0, (30%) the solution was stirred for a further 20 min.
Finally, the solution was transferred into an autoclave and
heated for 5 h at 160 “C. The product was then washed 5 times
with water and ethanol (5 x 40 mL) and dried at 70 °C.

2.3.2 Synthesis of y-Fe,O; nanoparticles. FeCl,-4H,0
(39.76 g) and FeCl;-6H,0 (16.29 g) were dissolved in 1 M HCI
(100 mL). The pH of the solution was adjusted to 9.8 using
0.1 M NaOH solution and stirred for another 2 h. Finally,
the product was centrifuged, washed 3 times with 40 mL DI
water (3 x 40 mL) and once with ethanol, and dried for 6 h
at 60-70 "C.

2.3.3 Synthesis of o-Fe,O; nanoparticles. FeCl;-6H,0
(4 mmol), sodium acetate (40 mmol) and PVP (1.0 g) were
dissolved in DI water (30 mL) and stirred for 2 h at 40 °C. The
solution was transferred into an autoclave and heated for 18 h
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at 200 °C. Finally, the product was washed 3 times with 40 mL
DI water and 3 times with 40 mL ethanol, respectively, and
dried at 70 °C for 10 h.

2.3.4 Synthesis of a-FeOOH nanorods. Ethylene diamine
(15 mmol), FeCl;-6H,0 (11 mmol) and thiourea (13 mmol) were
dissolved in DI water (40 mL) and the solution was stirred for
10 min. Then, the solution was transferred to an autoclave and
heated for 5 h at 130 “C. The final product was obtained by
centrifuging the product, washed with ethanol and water (1: 1)
(3 x 40 mL), and dried at 70 °C for 5 h.

2.4 Preparation of iron oxide nanoparticle/graphene aerogels

GO solution was prepared by ultrasonicating 15 mg of GO in DI
water (10 mL) for 2 h. The iron oxide suspension was prepared
by dispersing the iron oxide nanoparticles (40 mg) with DI
water (5 mL) and sonicated for 30 min. Then, both GO and
iron oxide suspensions were transferred into glass test tubes
(20 x 150 mm) and stirred using a magnetic stirrer for 10 min
at room temperature. This was followed by the addition of
-ascorbic acid (0.15 g) to the suspension and further stirring
for another 10 min. The pH of the suspension was adjusted
accordingly to retain the relevant iron oxide phases in the
anticipated rGO/iron oxide aerogels. For the preparation of
the rGO/Fe;0,4 and rGO/y-Fe,0; aerogels, the pH was adjusted
to pH 10, while for the preparation of rGO/u-Fe,0; the suspen-
sion was neutralised to pH 7 using 0.1 M NaOH solution.
No adjustment for pH was made for the preparation of rGO/
o-FeOOH, for which the as-prepared suspension showed a pH
value of 3.2. After adjusting the pH, the as-prepared rGO/iron
oxide suspensions were then heated for 5 h at 80 °C in an oil
bath without stirring or any disturbances until black coloured
hydrogels were formed. The obtained hydrogels were then
cooled to room temperature and the liquid phase was carefully
drained using a plastic pipette. The glass tubes containing the
hydrogels were freeze dried for 24 h to obtain the rGO/iron
oxide aerogel. These aerogels synthesised using Fe;0,, y-Fe, 03,
o-Fe,0; and «-FeOOH are referred to as rGO/Fe;0, rGO/
v-Fe, 03, 1GO/o-Fe,0; and rGO/a-FeOOH, respectively, in this
study. The reduced GO aerogel was produced as the reference
material without the addition of any iron oxide nanoparticles
and is referred to as rGO.

2.5 Preparation of catalytic ink

Catalytic ink was prepared by ultrasonicating each catalyst
(1 mg) in a 1% Nafion suspension (1 mL). The prepared ink
(10 pL) was carefully deposited on both a glassy carbon rotating
disc electrode (3 mm) and a rotating ring disc electrode (4 mm).
The sample was allowed to dry in air for 12 h. A commercially
available Pt/C catalyst (20 wt%) was prepared in a similar way
and used as the standard catalyst.

2.6 Characterisation

2.6.1 Structural and chemical composition. The synthe-
sised rGO/iron oxide aerogels were characterised using several
analytical techniques; namely, scanning electron microscopy
(SEM, Quanta 450, FEI, USA), transition electron microscopy

15182 | New J. Chem., 2017, 41, 15180-15186

137

View Article Online

Paper

(TEM, Technai G2 Spirit, FEI, USA), Raman spectroscopy
(LabRAM Evolution, Horiba JvonYvon, Japan) and X-ray diffrac-
tion (XRD, Miniflex 600, Rigaku, Japan). TEM samples were
ultrasonicated in ethanol for 10 min, then drop casted onto
copper grids and measured at an accelerating voltage of 120 kV.
XRD measurements were performed at 40 kV and 15 mA in the
range 20 = 20-75° at a scan speed of 10 °C min '. Raman
analysis was carried out using a 532 nm laser using an integra-
tion time of 10 s for 3 accumulations with a retention time of
1 s. The laser power was kept at 10% to prevent any preheating
of the sample, and a confocal size of 300 pm was used.

2.6.2 Electrochemical. The ORR reactions were conducted
utilising a Rotating Ring Disc Electrode (RRDE) apparatus
connected to a bi-potentiostat (CH 1760 C, CH Instruments Inc.,
USA) in a standard three-electrode cell with oxygen saturated KOH
(0.1 mol L") solution. The glassy carbon electrode, platinum
electrode and reversible hydrogen electrode (RHE) were used as
the working, counter and reference electrodes, respectively. The
scan rate of the reaction was 0.10V s~ ' in the range 0-1.1 V. The
cycle was repeated until stable voltammograms were obtained
before the RRDE readings were derived at different speeds from
400 to 2400 rpm.

The reaction kinetics of the aerogels was examined by
employing RRDE to quantify the overall electron transfer number
(n) and percentage of hydrogen peroxide (%HO, ), at rotation
speeds from 400 to 2400 rpm in an oxygen-saturated 0.1 M KOH
solution. To elucidate the overall number of electrons (n) and
%HO, produced in the ring against the applied potential,
eqn (1) and (2) were employed.***

4l

n= i3 (1)
Ip+—
N
%HO, = IOOL (2)
= IpN + I

where I, and Iy are the disc and ring currents, respectively, and
N is the collection efficiency.

3. Results and discussion
3.1 Characterisation of synthesised materials

The typical morphology of the synthesised nanoparticles (Fe;0,,
v-Fe,0;, v-Fe,0; and -FeOOH) is shown in Fig. 1. The TEM
images show well-defined nanoparticles for Fe;0, (30-60 nm),
v-Fe;0; (20-30 nm) and o-Fe,03 (40-60 nm), and nanorods for
o-FeOOH (150-200 nm).

These nanoparticles (NPs) were used to prepare rGO/iron
oxide aerogels. Iron oxide nanoparticles were electrostatically
bound to GO sheets through the carboxylic acid groups on the
surface.’” The protonation of the reducing agent (1-AA) further
reduced the hydrophilicity of the GO sheets®' resulting in the
formation of the 3D rGO/iron oxide aerogels. The morphology
of the rGO/iron oxide aerogels was determined by SEM and is
presented in Fig. 2. The SEM images of the aerogels show that
the rGO sheets and iron oxide NPs formed porous 3D networks.
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Fig.1 TEM images of the (A) FesO,, (B) y-Fe,Os and (C) «-Fe,Os nano-
particles and (D) «-FeOOH nanorods.

Fig. 2 SEM images of (A) rGO/FezO,, (B) rGO/y-Fe,Os, (C) rGO/a-Fe O3
and (D) the rGO/x-FeOOH aerogel.

The TEM images of the iron oxide composites are also shown in
Fig. S1 (ESIY).

The EDX analysis clearly shows the three major elements
(C, O and Fe) in the composites (Fig. S2, ESI{). The loading
capacity of iron nanoparticles in the different composites is
detailed in Table S1 (ESIf).

The aerogels were exposed to an external magnet to examine
their magnetic properties (Fig. S3, ESIT). The images show that
rGO/Fe;0, (Fig. S3A, ESIf) and rGO/y-Fe,O; (Fig. S3B, ESIf)
containing ferromagnetic iron oxides displayed magnetic prop-
erties and were attracted to the external magnet. In contrast,
rGO/u-Fe,0; (Fig. S3C, ESIT) and rGO/o-FeOOH (Fig. S3D, ESIY),
which are anti ferromagnetic, did not show any attraction to the
external magnet.

The XRD analysis presented in Fig. 3 confirmed the crystal
phases of the magnetic and non-magnetic iron oxide NPs.
Crystalline inverse spinel structures of Fe;O, (JCPDS 65-3107)**
and y-Fe,O; (JCPDS NO 39-1346 15 were measured, whereas
the rhombohedral phase of -Fe,0; (JCPDS 84-0307)*® and pure
orthorhombic phase of %-FeOOH (JCPDC 29-0713) were detected.*’
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Fig. 3 XRD patterns of (A) FesO.,, (B) y-Fe,Os, (C) v-Fe,Os and (D) a-
FeOOH iron oxide nanoparticles (black) and the rGO/iron oxide aerogel
(red), respectively.

The XRD pattern of rGO/iron oxide aerogels confirmed that the
NPs were attached to the rGO sheets. The well-defined char-
acteristic peaks of the iron nanoparticles in the composite
materials confirm that there are no phase changes during the
synthetic process, which is critical to individually analysing
their electrocatalytic performances. The XRD image of GO
is shown in the ESIf (Fig. S4). The disappearance of the peak
at 20 = 10.3°, which corresponds to the (002) plane of GO in the
rGO/iron oxide aerogels, indicates the reduction of oxygenate
groups.®>*® This diffraction peak, however, is not noticeable
due to the low crystallinity of the structure compared with
metal oxide materials.

Further changes in the structures were measured by Raman.
For all aerogels, two characteristic peaks were present in the
Raman spectra at 1350 and 1583 cm™ ', which were assigned to
the D and G bands for the graphene structures, respectively.”* The
G band relates to the formation of sp” carbons (C-C) while the
D band illustrates the structural defects induced in the graphitic
structure (sp* bonded carbon), such as layer distortion, rotation
and oxygen invasion.”® The higher intensity ratio of I,/I; observed
in the aerogels compared with GO was due to the presence of
the iron oxide NPs within the rGO sheets causing an increase in
the disorder of the D band (Fig. S5, ESIT).

3.2 Voltammetry characterisation using the rotating ring disc
electrode technique

The catalytic ORR potential of the prepared FeNPs aerogels
composites was confirmed by cyclic voltammetry (CV) (Fig. S6,
ESIF). The voltammograms showed oxygen reduction cathodic
peaks for rGO/Fe;0, (0.57 V), IGO/y-Fe,0; (0.56 V), rGO/o-Fe,03
(0.55 V), rGO/x-FeOOH (0.57 V) and rGO (0.52 V). The cathodic
peaks of all catalysts slightly shifted (positively) showing more
ORR activity compared with rGO. The ORR electron transfer
pathway was determined using the RRDE technique, which
measures the electron transfer number and %hydroperoxyl anion
(%HO, ) evolved at the disc electrode. Comparative studies for
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Table 1 Electrochemical properties of graphene/iron oxide aerogels
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—2

Current density (mA cm™?)

Onset potential

Number of electrons (n) % (HO,™)

at 0 V (RHE) (RHE) (V) 0.20-0.70 V (RHE) 0.20-0.70 V (RHE)
1GO/Fe;0, 4.20 0.80 3.63-3.03 18.22-48.43
1GO/y-Fe,0, 4.22 0.81 3.74-3.09 12.62-45.04
1GO/u-Fe,0, 3.58 0.78 3.10-2.41 44.58-79.26
1GO/o-FeOOH 3.96 0.79 3.60-2.68 19.73-65.61
GO 2.69 0.78 3.22-2.30 38.60-81.73
Pt/C 5.62 0.98 3.76-3.95 11.52-2.15

the ring and disc currents (Fig. S7, ESI{) of the aerogels, rGO
and Pt/C catalyst (141 pg cm > catalysts) have shown the
measured onset potential and current densities (Table 1). The
comparison of the linear sweep voltammetry (LSV) of the bare
glassy carbon electrode with rGO and rGO/Fe;0,4, rGO/y-Fe,0;,
rGO/o-Fe,0; and rGO/x-FeOOH (Fig. S8, ESIF) shows that the
onset potential of the rGO/iron oxide catalysts and rGO has
shifted more positively compared with the onset potential of
the bare glassy carbon electrode (0.68 V) showing ORR activity.

The linear sweep voltammetry (LSV) (Fig. S8, ESIT) of the
catalysts revealed that the ORR is carried out through mixed
kinetic and diffusion controlled mechanisms releasing HO, .
In contrast, the LSV of the standard Pt/C catalysts showed a
mixed kinetic and diffusion region at a high over potential
(0.94-0.82 V) that eventually approached the current limiting value
below 0.82 V.*® The negative onset potential of the aerogels when
contrasted against the standard Pt/C (0.98 V) indicated that the
oxygen coverage and diffusion on the surface of the aerogels were
less efficient. However, 1GO/y-Fe,O; showed the highest onset
potential of 0.81 V. The standard rGO material had the lowest
current density and onset potential, indicating that the presence of
iron oxides on the aerogels initiated the catalytic activity for ORR.

The number of electrons transferred (Fig. 4) for the ORR
reaction and the %HO, generated at the ring electrode were
determined using eqn (1) and (2) (detailed in the experimental
section) and the data are shown in Table 1. The highest
percentage of the unwanted intermediate material, HO, , was
found in o-Fe,0; and 1GO. The three other aerogels had less than
half the %HO,  of rGO, indicating that a significant increase in
efficiency had been achieved. All of the aerogel electron transfer
numbers descended, which is in contrast with the standard

A as

P{/C catalysts, which ascended when the potential was increased
from 0.20 to 0.70 V (Fig. 4). Both ferromagnetic aerogels
(rGO/Fe;0, and rGO/y-Fe,03) contributed more effectively than
the antiferromagnetic rGO/x-Fe,0; and rGO/a-FeOOH for ORR,
which confirms the findings of Zeng et al.*” and Wang et al.*®
who reported that magnetic catalytic activity was enhanced for
ORR by improving mass transport of oxygen at the electrode-
electrolyte interface. The antiferromagnetic aerogels showed
lower ORR catalytic activity; however, rGO/o-FeOOH showed
greater activity than rGO/o-Fe,0;. Cheng et al.*® investigated
the influence of spinel structures on the reactivity of ORR using
Density Functional Theory (DFT) to fit the experimental data. It
was reported that the spinel structures are able to provide an
increased number of active sites for M-O, adsorption and drive
the ORR reaction towards a four-electron pathway. Wu et al.*
reported that the inverse spinel structures could adsorb O, with
an elongated O-O bond compared with the normal spinal
structure, which facilitated O-O bond cleavage to increase
ORR activity. In contrast, rhombohedral®" or orthorhombic®
phases that have been tested with different metals did not show
high activities towards ORR. Higher activities were only present
when these iron oxides were converted to cubic structures.®>*
Fe;0, possesses an inverse spinel crystal structure with alter-
nating octahedral and octahedral-tetrahedral layers with some
Fe'? cations that are occupied in tetrahedral positions, and the
remaining Fe®" and the Fe*' are placed in the octahedral sites.
v-Fe,0; also has an inverse spinel structure similar to Fe;0,
where the Fe®' ions are placed in both the tetrahedral and
octahedral sites with vacancies in the cation sublattice.®**
The enhanced catalytic activity of Fe;O, and y-Fe,O; can be
attributed to the greater number of oxygen adsorption active sites
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Fig. 4 Comparison of (A) the electron transfer number and (B) the %HO,~ of rGO/Fez0,, rGO/y-Fe,Ox, rGO/a-Fe;0s, rGO/x-FeOOH, rGO and the Pt/C

=21

electrodes at potential 0.40 V in oxygen-saturated 0.1 M KOH at 1600 rpm at a scan rate of 10 mV s™.
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Fig. 5 The potential dependence of ki /k; values of rGO/Fe;O,, rtGO/y-Fe,0Os,
rGO/x-Fe,O5 and rGO/«-FeOOH in the potential range of 0.20-0.70 V.

and easy O, cleavage provided by the inverse spinel structures of
both Fe;0, and y-Fe,0;.

Electrical conductivity for ORR catalysts to transport electrons
is also important for catalytic activity.®® The conductivity of the
aerogels was measured (ESIf Section 1, Table S2) and it was
found to be consistent with the exception of rGO/u-Fe,O;, which
had a conductivity that was an order of magnitude lower than
that of the other aerogels. This is consistent with the lower
catalytic activity of rGO/u-Fe,O; due the reduction in electron
transport efficiency for ORR catalysis.

The electron transfer kinetics was determined using equations
proposed by Hsueh et al.*® based on the model by Damjanovic
et al.” (ESI} Section 2). The ratios of k,/k, were plotted for each
aerogel from their individual kinetics (Fig. S9, ESI{) to analyse the
dependence of k; and k, kinetics and are presented in (Fig. 5).
At 0.20 V, the ky/k, ratio for the materials is >5 with the
exception of rGO/u-Fe,0;, which has a k,/k, ratio of <1. This
indicates that, with the exception of rGO/v-Fe,0;, the reaction
proceeds via a four-electron transfer pathway at lower poten-
tials, indicating that oxygen is being reduced to OH  without
the formation of the intermediate hydroperoxyl ion.

4. Conclusions

Four different iron oxide phases (Fe;O,, y-Fe,03, o-Fe,0; and
o-FeOOH) were successfully synthesised and bound to rGO sheets
forming 3D-rGO/iron oxide aerogels at low temperatures. Their
phase structures remained unchanged after binding, which is
critical for analysing the individual properties of each material. An
electrochemical study showed that the ferromagnetic aerogels
(rGO/Fe;0,4 and rGO/y-Fe,0;) have the highest activity in terms
of onset potential and electron transfer number due to their
inverse spinal structure, magnetic properties and electrical
conductivity. All of the aerogels, with the exception of u-Fe,O;,
proceeded via a four-electron transfer pathway at lower potential
regions. At a high potential (0.70 V), all of the aerogels were
driven through the two-electron pathway producing HO,  as an
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intermediate. The activity of the catalysts can be attributed to a
combination of factors, such as crystal structure, oxidation
state, carbon support, electrical conductivity and magnetism.
This study reveals that the four different iron phases (Fe;0,,
v-Fe,03, o-Fe,0; and o-FeOOH) tested show different catalytic
activity and, in particular, the different phases strongly adjust the
level of HO,  generation in the process. However, further studies
on the effect of particle size and shape, electron conductivity and
magnetism on catalytic reactivity should also be performed to
understand the influence of iron oxide in the graphene structure.
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Fig. S1 TEM images of (A) rGO/Fe30a4, (B) rGO/y-Fe203, (C) rGO/a-Fe,03and (D) rGO/a-FeOOH

aerogel.

>

o

Intensity (a.u)

@)

Intensity (a.u)

400 600 800 1000

400 600 800 1000

B It

»;: 110

< ]

z

m -

=

= .4 Fe
=

= -

0 0 400 600 800 1000
Eev

I

=

L)

z1°

w

= 4

Y

-

=

—

0

Fe
Fe
200 400 600 800 1000

Eev

Fig. S2 EDX analysis of (A) rGO/Fe304, (B) rGO/y-Fe203, (C) rGO/a-Fe,0s3and (D) rGO/a-

FeOOH aerogel
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Table S1 Atomic % of C, O and Fe present in (A) rGO/Fes0s, (B) rGO/y-Fe,03, (C)
rGO/a-Fe;03and (D) rGO/a-FeOOH aerogel determined by EDX analysis.

Catalyst Atomic %
C (0] Fe
rGO/Fe30a 18.87 56.36 24.77
rGO/y-Fe;03 17.60 52.96 29.44
rGO/a-Fe;03 42.60 33.18 2422
rGO/a-FeOOH 26.73 46.89 26.36

S

Fig. S3 Photographic image of (A) rGO/Fe30s and (a) Fe30s nanoparticle, (B) rGO/y-Fe,03 and
(b) y-Fe203 nanoparticle, (C) rGO/ a-Fe;03 and (c) a-Fe;03 nanoparticles and (D) rGO/ a-

FeOOH and (d) a-FeOOH nanoparticle exposed to an external magnet.
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Fig. S4 XRD pattern of GO.
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Fig. S6 CV curves of (A) rGO/Fes04 (B) rGO/y-Fe;0s3 (C) rGO/a-FeOOH, (D) rGO/a-FeOOH and
(E) rGO at a scan rate of 100 mVS in oxygen saturated 0.1 M KOH solution.
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Fig. 57 RRDE voltammograms of (A) ring current, (B) disc current of rGO/Fes0y, rG0/y-Fe:0z,
rGO/ a-Fe;05, rGO/a-FeDOH, rGO and PL/C electrodes in oxygen saturated 0.1M KOH at 1600
rpm at a scan rate of 10 mV/s. (C) Percentage peroxide and (D) number of electrons of
rG0/Fes0s, rGOfy-Fe:0s rGO a-Fe:0:rGO/a-Fe00H, rG0 and Pt/C electrodes at warious

potential calculated according to RRDE data.
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Fig. 58 Comparison of the L5V of the catalysts with the glassy carbon electrode in oxygen
saturated 0.1M KOH at 1600 rpm at a scan rate of 10 mV/s.

51 Conductivity measurements
The electrical conductivity of the rGofiron oxide catalysts were conducted using the following
equation 51[1].

{
o=— (51
ra &Y

Where o, [, R and A are the conductivity (S/m), length (m), electrical resistance () and cross
sectional area (m?) respectively. Samples for the measurement of conductivity was prepared
by pressing (50 PSI) them in to a 10 mm diameter cylinder of 1mm thickness. To measure the
conductivity, the as-prepared catalysts samples were placed in between two gold plated glass
electrodes and connected to a two-probe digital multi meter (Fluke -87V) to measure the
resistance. The conductivity was measured by using the resistance, length and area in to

equation 51.
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Table $2. Conductivity measurements of GN/Fe30s, GN/y-Fe:03, GN/a-Fe 03 and GN/a-
FeOOH catalysts.

Graphene/iron oxide aerogel Conductivity (S/m)
GN/ Fe304 3.54 x 10*
GN/ y-Fe;03 2.75x10*
GN/ a-Fe;03 2.58x 107
GN/ a-FeOOH 2.97 x10*

$2 Electron transfer kinetics
The reaction pathway sugested by Damjanovic et al [2] for oxygen reduction is shown in

Scheme S1.

Diffusion +4e, ky
O; (Bulk) » 0, (disc surface) > OH

+2e°, kz +2e°, k3

HO; (near disc surface)

In to bulk(Bulk)
Scheme S1. Schematic representation of electrochemical reduction of oxygen in basic
medium [2, 3].

Here, K: represents the direct reduction of oxygen to OH- ion without the formation of any
intermidiate, which is desorbed and detected by the ring of the rortating ring disc electrode

and K; is the overall formation of the adsorbed peroxide and K3z is the rate constant for the
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reduction of peroxides. It can be assumed that the HO; ion maintains an adsorbtion

desorption equillibrium depending on the applied potential [4].

Hsueh et al.[3] used a series of equations to calculate the rate constants Kj, Kz and K3 using
the values of the intersept and the slope of plots of 14/ I-vs w -2 and lg / (la-lg) vs w -2,
where Id, Ir, IdL and w are the disc current, ring current, limiting disc current and the rotation
speed respectively. The limiting disc current for these calculated was derived as the current
at 0.0 V potential at 2400 rpm.The following equations (S2, S3 and S4) were used to calcutate
the rate constants [3, 5].

I,N-1
ILN+1

K =87 (S2)

252

27 LN+1 ($3)

_ N5;Z,
I1N+1

K (S4)

Where S;and /;are the slope and intercept correspond to the ls/ I, vs w /2 plots and S;is the
slope of la / s — la vs w V2 plot. Z; = 0.62D,,%° VY8, Z,= 0.62D,20,7> V V¢, D is 6.8 x 10°®

cm? 5! and N is the collection efficiency [5].
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Fig. S9 Comparison of individual rate constants (K:K>, K3) of (A) rGO/Fe30a (B) rGO/y-Fe203 (C)

rGO/a-Fe;0; and (D) rGO/a-FeOOH.
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5.1 Chapter overview

This chapter describes a detailed investigation on the synthesis of an SAO with defined
microstructures and its conversion to a 3-D macroporous graphitic carbon structure utilising
SO gas formed as a decomposition product when heated above 266 °C. The composite
materials synthesised individually using PF and rGO along with SAO also showed similar
pattern. Macropouros graphitic carbon structures synthesised by pyrolysis of these composites
using nitrogen precursors enhanced the ORR capability facilitating high mass transport of

reactants and products and performed the ORR via a predominant four-electron pathway.
This chapter contains two papers with supplementary information:

The first paper (Chapter 5(a)) describes the investigation of SAO with defined micro structures
using high aniline: oxidant mole ratio (10:1) and selected pH (above 4.6). The analysis of the
morphology of these materials using TEM and SEM has revealed the presence of two different
microstructures; micro flakes and micro rods. This chapter also identified the sulphonated
aniline oligomers bound as phenazine structures initially formed micro sheets and stack
together via n-m interaction or / and H-bonds reduce its surface energy to form micro flakes or
rods. The stacking of multiple layers of micro sheets produced micro flakes and the stacking
of few layers of micro sheets eventually were rolled to produce micro rods. FTIR and EDX

analysis were conducted to determine and confirm the presence of sulphonic group.

The second paper (Chapter 5(b)) details the synthesis procedure of different composites
materials of SAO using PF and rGO. A high temperature pulsed — gas sampling equipment
coupled with a mass spectrometer used to analyse the decomposition gases of SAO at high
temperature detected the release of SO> gas above 266 °C. Based on the hypothesis that the gas
produced could be utilised to synthesise porous graphitic carbon materials , SAO and its
composites (SAOPF and SAOrGO) were pyrolysed at high temperature (900 °C) in the

152



CHAPTER 5: Investigation of a synthesis procedure of a unique 3-D microporous ORR electrocatalysts using sulphonated
aniline oligomers and its PF and rGO composites

presence of nitrogen precursors. The N-SAOPF with higher concentration of pyridinic nitrogen
species performed the ORR in an alkaline medium via a predominant four-electron transfer
with an onset potential of 0.98 V (RHE) and N-SAOrGO with higher concentration of graphitic
nitrogen species showed higher current density (7.89 mAcm™). The macrospores facilitated
the mass transport of reactions and products to enhance the catalytic activity. The catalysts
stability was also tested at 6000 repeated cycles at a scan rate of 100 mVs™. The results of the

investigation have been presented and discussed in details as below.
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CHAPTER 5(a)

A facile synthesis procedure for

sulphonated aniline oligomers with

distinct microstructures

Ramesh Karunagaran

School of Chemical Engineering, University of Adelaide, South Australia 5005, Australia

The chapter is based on the following peer-reviewed article:

R. Karunagaran, C. Coghlan,, D. Tran, T. T. Tung, Alexandre Burgen, C. Doonan, D.
Losic “A facile synthesis procedure for sulphonated aniline oligomers with distinct

microstructures, Journal of Material Science, 2018. (Submitted)
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Abstract

Well-defined sulphonated aniline oligomer (SAO) microstructures with rods and flakes
morphologies were successfully synthesized using an aniline and oxidant with mole ratio of
10:1 in ethanol and acidic conditions (pH 4.8). The synthetized oligomers showed excellent
dispersibility and assembled as well-defined structures in contrast to the shapeless aggregated
material produced in a water medium. The synergistic effects between the monomer
concentration, oxidant concentration, pH and reaction medium are shown to be controlling
parameters to generate SAO microstructures with distinct morphologies, either micro sheets or

micro rods.

Introduction

Polyaniline (PANI) has emerged as the first conducting polymer whose electronic properties
can be altered by protonation and charge-transfer doping [1-2]. Although PANI was initially
synthesized in the 19™ century, extensive research began after Epstein et al. [3] reported that
the protonation of emeraldine form of PANI can be transferred into a synthetic metal. Since
this discovery, PANI has been widely used for many applications including corrosion
protection of metals [4], rechargeable battery [5], super capacitors [6], organic field transistors

[7], polymer light diodes [8], solar cells [9] and energy storage and conversion [2].

PANI is synthesized by the chemical oxidation process of aniline using a strong oxidizing agent

such as ammonium persulfate (APS) in an acidic aqueous medium (e.g. 1 M hydrochloric acid
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(HCI)) [10]. The properties and the molecular structures of PANI can be controlled using
different synthetic routes. These changes are associated with the monomer, oxidant and dopant
concentrations, nature of the dopant, molar ratio of aniline to oxidant and dopant, reaction
temperature and medium, or pH [11, 12]. In a typical PANI synthesis both oligomeric and
polymeric structures are formed, each releasing protons when the aniline molecules bind to
each other, and resulted in a decrease of the solution pH [13]. The micro structures of PANI
form a variety of structures including sheets, flakes, tubes, rods, tower-like rods, spheres and
granules [10-11]. Since aniline and its polymerisation products are organic bases, the pH of the
medium alters the surface chemistry and the reaction kinetics to enable its polymerisation

products to align as diverse structures [10].

Aniline is a weak base with a protonation constant (pKa) of 4.5, it exists as neutral and
protonated aniline depending on the acidity of the reaction medium. According to Stejskal et
al. [14] both neutral aniline and anilinium cations coexist equally at pH 4.6. At higher pH
values neutral aniline dominates in the reaction medium and under strong acidic conditions
anilinium cations excessively prevail. These two species have different oxidation potentials
and oxidize at different rates. For example, neutral aniline has a lower oxidation potential than
the anilinium cation [14]. A typical PANI synthesis using aniline and APS proceeds via three
oxidation phases in a mildly acidic media. Initially, the oxidation of the neutral aniline
molecule occurs at pH > 3.5 with a fast and exothermic reaction to produce aniline oligomers.
At pHs lower than 3.5 the material proceeds through an induction period of polymerisation of
aniline. Finally, at pH < 2.5 fast exothermic polymerisation of anilinium cations occurs by
releasing large number of protons to produce PANI. The highly conjugated conductive PANI
synthesized at low pH has been widely used in optical [15], catalytic and electrical [16]
applications. However, the multidimensional structures produced by PANI disperse poorly in
water due to their large size and obtaining microstructures with good dispersibility and

processability remains a challenge [17].

To overcome its poor dispersibility required for many of these applications Yue et al. [ 1] further
modified the chemical structure of PANI by inserting a sulfonic group (SO3H) into PANI and
reported the first self-doped high molecular weight sulphonic acid ring substituted conductive
polyaniline in 1990. The SO3H groups in the PANI chain altered the properties of the parent
material and provided unique properties such as self-doping, increase solubility in aqueous and

organic solvents, environmental stability, thermal stability, easy processability, chemical,
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electro chemical and optical properties different to those of the PANI [18-21]. However, the
structural property of PANI or sulphonated PANI has not been fully investigated because the
synthesized products consist of larger and less ordered domains, entanglement of chains,
polydispersity and coils, and interacts with solvents in the reaction media. Therefore, defined
molecular structures such as oligomers with flexible side groups could provide a model to
understand molecular arrangements, provide attractive properties and be tuned for use in

different applications.

The self-assembly of aniline oligomers and their structures have been investigated and reported
in the past [22-25]. Several investigations have been carried out to identify the formation of
aniline oligomers and the reported evidence suggests that they are formed at pH > 3.5 where
reactive neutral aniline is freely present [10-14, 26-27] At this pH, neutral aniline is easily
oxidised to form ortho or para coupled aniline molecules by the reduction of APS, yielding
phenazine-like structures [11] Zujovic et al. [27] investigated the morphology of micro
structures formed at higher pH and reported the formation of thin nanosheets formed by an
inter chain ordering of oligomer products with lamellar structures via intermolecular hydrogen
bonding and 7-7 stacking interaction. These hydrophobic nanosheets have high surface area
and stack to form layered sheets with lamellar structures, or curl as nanotubes to reduce their
surface energy [13]. However, synthesis of these nanostructures becomes unfeasible because
the polymerisation reaction proceeds through a “falling pH” process to produce granular PANI
structures at low pH values (pH < 2). As the reaction proceeds, the acidity of the media
increases following the release of two hydrogen atoms when the aniline polymer chain is
formed resulting in the formation of sulfuric acid [13]. Therefore, to obtain oligomeric
nanostructures the reaction should be conducted in a slightly acidic media (pH > 3.5) without
undergoing the “falling pH” effect. Huang et al. [12] synthesized well dispersed PANI
nanotubes in methanol which suppressed the agglomeration of the nano structures produced.
The methanol molecules also formed strong intermolecular H-bonding with PANI [28] and
pushed the polymer chains apart by forming hydrogen bonds perpendicular to the PANI chains.
[29] The ethanol molecules allowed the PANI particles to be well dispersed molecular
structures with defined morphology [30]. Therefore, ethanol was used as the medium in the
polymerisation process to synthesize well dispersed nano structures with a defined

morphology.
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In this paper, to address the limitation of previous procedures a facile approach to synthesize
well-dispersed homogeneous sulphonated aniline oligomers with micro structures consisting
of micro flakes and micro rods is developed. The optimal monomer to oxidant ratio to maintain
the pH of the reaction media above pH > 3.5 was established using low concentrations of
aniline (50 mM) and APS (5 mM), using ethanol as the solvent to reduce agglomeration. The
synthesized microstructures of sulphonated aniline oligomers were characterised to determine
their structure and properties. The mechanisms of the micro sheet formation and the pattern of
assembly of the micro structures are also discussed. Furthermore, this research provides a
greater understanding of the molecular arrangements of sulphonated aniline oligomers, which

can be used for different applications.

Experimental Section

Materials

Aniline (Reagent Plus, 99%), ammonium persulphate ((NH4)2S20s, APS), hydrochloric acid
(HCI) and ethanol were purchased from Sigma-Aldrich and Chem Supply.

Methods
Preparation of sulfonated PANI oligomers

Aniline (5 mL, 5.19 g, 0.05 mol) was dissolved in 40 mL of ethanol and separately, APS (1.35g,
0.005 mol) was dissolved in 6 mL of 1 M HCL. The solutions were mixed at 5 °C for 30 min
using a magnetic stirrer and then continued stirring at room temperature for 16 h. The
precipitate was then collected, centrifuged at 4200 rpm, washed with ethanol for 2 hours in a

soxhlet extractor and vacuum dried overnight.
Characterization

The solid state cross-polarisation '3C NMR spectrum obtained for sulphonated PANI was
acquired on a Bruker 200 Avance spectrometer equipped with a 4.7 T wide-bore
superconducting magnet operating at a resonance frequency of 50.33 MHz. The sample was
packed into a 7 mm diameter zirconia rotor with Kel-F end caps and spun at 5 kHz. Chemical
shift values were calibrated to the methyl resonance of hexamethylbenzene at 17.36 ppm and
a 50 Hz Lorentzian line broadening was applied to the acquired spectrum. The cross-

polarisation pulse sequence used a 3.2 us, 195 w, 90° pulse, a contact time of 1 ms and a recycle
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delay of 1s and 50,000 scans were collected. The absolute signal intensity obtained for the
sample was corrected for that derived from an empty rotor. Scanning electron microscopy
(SEM) images and energy-dispersive X-ray spectroscopy (EDX) were obtained using Quanta
450, FEI, USA at an accelerating voltage of 10 KeV. Samples for SEM was placed on a carbon
tape attached to an aluminium stud and coated with platinum. For EDX, three reading were
recorded and the average was recorded. X-ray diffraction (XRD) was performed at 40 kV and
15 mA in the range of 26 = 3 - 50° at a speed of 10°/min using Miniflex 600, Rigaku, Japan.
Fourier transform infrared (FTIR) spectroscopy was conducted using a Spectrum 100, Perkin
Elmer, USA. Samples were dissolved in ethanol and the spectra were recorded on a Shimadzu
UV-1700 spectrometer (FTIR, Japan). pH measurements were conducted using a Mettler
Toledo pH meter. The pH meter was calibrated using standard buffer solutions before readings
were obtained.The electrical conductivity of the SAO was conducted using the following
equation.

-
G_E (Sl)

Where o, /, R and A are the conductivity (S/m), length (m), electrical resistance (Q2) and cross-
sectional area (m?) respectively. SAO for the measurement of conductivity was prepared by
pressing (50 PSI) them in to a 10 mm diameter cylinder of Imm thickness. Conductivity was
measured by placing SAO in between two gold plated glass electrodes and connected to a two-
probe digital multi meter (Fluke -87V) to measure the resistance. The conductivity was

measure by using the resistance, length and area in equation S1.

Results and Discussion

To understand influence of temperature and pH conditions on synthetic process the pH and
time dependence graph plotted against the temperature for the first 45 min is presented in Fig. 1.
The figure shows a constant pH of 4.8 after 4 min of reaction time providing an ideal pH
condition for oligomer formation. The pH of the aniline dispersed in ethanol immediately
dropped from 8.4 to 4.8 after the addition of APS in 0.13 M HCI solution. The temperature of
the reaction medium simultaneously increased from 18.6 °C to 25.7 °C showing exothermic
reaction between neutral aniline molecules and APS has occurred to produce aniline oligomers
[13]. The continuous drop in temperature after 10 min shows the reaction has taken place only
for a short period of time. Since low concentration of APS was used, it was completely

consumed by the excess neutral aniline present in the reaction media within a short period. The
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pH of the reaction medium greater than 3.5 along with the evidence of the exothermic reaction

showed that the reaction has proceeded via oligomer formation.
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Figure 1. Change in temperature and pH against time in the course of the oxidation of aniline

(50 mM) initiated by APS (5 mM) in 0.13 M HCl solution.

The SEM images of the aniline oligomeric structures in the presence of water (Fig.2A) and
ethanol (Fig.2B) presented in Fig.2 showed shapeless agglomerates for polymerisation
conducted in water and well dispersed micro structures, consisting of micro flakes and micro
rods for reaction performed in ethanol. The TEM images (Fig.2C) show that the micro flakes
are formed by the parallel alignment of several individual micro sheets. Fig.2D suggests that
the micro sheets are rolled up to form the micro rods. The shapeless aggregates formed in water
were similar to the aggregates previously reported by Konyushenko et al., which were
synthesized using 200 mM aniline and 25 mM APS in 0.40 M acetic acid medium [13].
However, the micro structures formed in ethanol showed significantly different morphology to
the previously reported nanoflakes synthesized by Zujovic et al. [27] in the presence of 24 mM
aniline and APS in 4mM HCI solution.
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Figure 2. SEM image of the micro structures of the aniline olimomers formed in the precence
of reaction medium (A) water and (B) ethanol. TEM images of (C) micro flakes and (D) micro

rods formed in the presence of ethanol.

Previous studies suggest that methanol and ethanol can significantly interfere with aniline to
stabilise the synthesized products and suppress agglomeration by forming H-bonds with PANI
molecules or wrapping around PANI particles [12, 29-30]. A comparison of structures formed
using different reaction conditions is shown in Table 1.

Table 1. Comparison of the micro structures formed using different reaction conditions.

Aniline APS Products | Medium Structures formed Reference
concentration | concentration formed Aggregates | Flakes | Rods
(mM) (mM) (un) | (um)
200 25 AO Water Shapeless [13]
aggregates
24 24 AO Water L=15 none [27]
W=1.0
T=0.01
50 5 SAO Water Shapeless This study
aggregates
50 5 SAO Ethanol L=3.0 | L=5.0 | This study
wW=20
T=04

L = Length. W= width, T=Thickness AO- aniline oligomers
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To investigate and confirm the presence of sulphonate groups in the synthesized sulphonated
aniline microstructures we conducted EDX elementary analysis (Fig.3A) of the micro
structures which revealed the presence of 21.97, 18.51, 24.14 and 35.37 wt % of carbon,
nitrogen, oxygen and sulphur, respectively. The high wt% of oxygen and sulphur present in the
EDX analysis confirm that the aniline oligomers were sulfonated. To further analyse the
presence of sulphonated groups in the aniline oligomers, we performed a FTIR analysis on our
products. The FTIR spectra of aniline oligomers (Fig.3B) show intense peaks at 3025, 3195,
1414, 1046 and 609 cm™. The peaks at 3025 and 3195 cm’! are ascribed to the C-H aromatic
streching vibration [31] and to hydrogen bonded N-H streching of aniline oligomers,
respectively [25]. The band at 1414 cm™ is ascribed to the totally symetrical streching of
phenazine heterocyclic rings [12, 32]. The band at 1046 cm™ is the characteristic peak of S=O
streching vibration mode in sulphonic groups linked by covalent bonds to the benzene ring [25,
33-34]. The peak at 609 cm™ corresponds to the vibration modes of C-S bond [33-35]. These
intensed peaks observed at 1414, 1046 and 609 cm™ confirmed that the microsheets consist of

orderly arranged sulphonated phenazine ring.

Solid state '*C NMR was conducted to verify the structure of sulphonated PANI (Fig.3C). The
acquired spectrum shows peaks at 125.27, 134.42 and 146.00 ppm corresponding to sp> carbons
from the aromatic ring [35-37]. The peaks at 224.18, 232.44, 34.53 and 25.29 ppm are spinning
side bands derived from the large resonances found near 125.27 ppm. The shoulder found at
138.06 ppm can be attributed to the carbon bound to the phenyl -SO3H group and confirms the
formation of the sulphonated poly-aniline [37-39]. The UV-Vis spectrum of SAO (Fig.3D)
showed a single peak at 285 nm ascribed to the phenazine moieties formed [40, 41] via strong
7 — 7 interaction [21, 42]. The absence of peaks below 285 nm shows that the oligomers are
not cojugated [43]. The low conductivity (2.04 x 10® Scm™) measured on the SAO also

confirmed that the oligomers are not conjugated.

The diffraction pattern of SAO was obtained using XRD analysis (Fig.4). The intense peak at
26= 6.4° with a spacing of 13.8 A is a characteristic peak for periodically alligned polymer
chains [26, 44-45]. This peak have been interpreted differently in several publications, and can
arise from the formation of lamella between aniline chains [44], the increase of interlayer

distance by the presence of a dopant [45], or formation of periodic lamella between PANI
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chains and sulfate counterions [26]. Therefore, the peak at 26 = 6.4° is assigned to the periodic

lamella between sulphonated oligomeric aniline chains.

A | B s, S
- (\ o~
g1 N / /
g W
g \ 3025°1%°
E
B
£
=4 1414
609 1046
1.00 2.00 200 4.00 500 Kev 500 1000 1500 2.’.!) 2500 3000 3500 4000 4500
Wavenumbers 1cm")
o D
E \ 205 am
=
£ ™
H \'/ \
2 \
< \
N —————
e
—
A =" 3
250 200 150 100 50 o 50 3(‘)0 «3(‘ 300
Chemical Shift (ppm) Wavelength (nm)

Figure 3. (A) EDX, (B) FTIR, (C) "*C solid state NMR and (D) UV-Visible spectrum of
sulphonated PANI.

The peak at 16.9 ° (corresponding to a spacing of 5.2 A) is attributed to the parallel repeat unit
of polymer chains [46]. The peaks at 18.4 ° [26, 47] and 20.4 ° [48] corresponding to a d-
spacing of 4.7 and 4.3 A, respectively, is due to the parallel positioning of the polymer chain,
whereas, the peaks at 25.5 © (d-spacing = 3.4 A) [48] and 29.5 ° (d-spacing = 3.02 10\) [49] are
assigned to the perpendicular arrangement of the polymer chain. The peak at 23.1 ° can be
assigned to the periodicity caused by m-m stacking of oligomers [26]. The XRD pattern

confirmed sulphonated aniline molecules are orderly arranged in a lamella structure.
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Figure 4. XRD image of sulphonated PANI oligomers
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Mechanism of microstructures formation

Based on the mechanism suggested by Kriz et al. [50] and Stejskal et al. [14] for aniline
oligomers, the mechanism for the formation of SAO with phenazine structures is presented in
Scheme 1. Initially, both sulphonated ortho- semidine and sulphonated para-semidines are
formed. The sulphonated para semidines then further react with sulphonated aniline molecules

to produce planar sulphonated phenazine containing oligomeric structures.
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Scheme 1. Reaction pathways for the sulphonated PANI oligomers.

Previous studies showed that when aniline is oxidised at pH > 3.5 in the presence of neutral
aniline, oligomers containing ortho or para substituted monomer units along with phenazine
rings can be formed [51]. The synthesized product which was characterised by EDX, FTIR,
3C NMR, UV- Visible and XRD clearly indicated that the micro structures formed are

sulphonated and orderly arranged in a phenazine structure.

Few layers of
micro sheet

Microsheet

Muitiple layers of
micro sheet

Scheme 2. Schematic representation of the formation of microrods and microflakes.
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Zujovic et al. [27] suggest that these cyclic structures can be interconnected with directed inter
molecular hydrogen bonding and 7 — 7 interaction to form nanosheets. These bonding
interactions align towards an internal ordering and determine the size of the nanosheet. The
microstructures formed suggest that the internal ordering of these interconnected cyclic
structures via hydrogen bonding and 7 — 7 interaction has been extended until they form micro
sheets. The rapid drop in pH and the immediate increase of temperature in Fig. 1 show that
rapid intensification of the oligomerisation process has taken place, because of the low amount
of APS being fully consumed by the excess of aniline. Viva et al. [52] reported that at low
concentrations of monomers, formation of head-to-head phenazine structures is favoured. As a
result, more phenazine structures have been formed in the oligomer with higher degree of
uniformity and aligned towards regular orientation [11]. In particular, aniline trimers
containing phenazine moiety are hydrophobic and possess a flat molecular structure, which
could stack one dimensionally via by 7t — 7t or roll to reduce their exposed surface energy [14,
27]. The SEM conducted on the micro structures did not show any evidence of thin nanorods,
but rather showed relatively thick nanorods (width - 0.3 pm). Therefore, we assumed that the
few layers of micro sheets stacked together by  — 7 interaction rolled (Scheme 2B) to reduce
its surface energy to form micro rod (Scheme 2C). Conversely, the micro sheets aligned as few
layers (Scheme 2D) to reduce the surface energy. The multiple stacking of these micro sheets
ultimately lose energy to roll and form nanorods, which eventually settle as micro flakes
(Scheme 2E). The synthetic procedure described in this study to obtained well defined SAO
micro structures, open doors to the synthesis of less aggregated, well dispersed and well defined

micro structures oligomers with functional groups.

Conclusions

This study demonstrates a synthetic procedure to synthesize sulphonated aniline oligomers
with well-defined micro structures comprise of micro sheets and micro rods in the presence of
ethanol. The comparison of the synthesis conducted in the presence of water showed formation
of shapeless aggregates, confirming that ethanol significantly reduces the agglomeration of
micro structures. The ideal pH conditions (pH 4.8) was confirmed under which neutral aniline
can be present in the reaction medium to perform oligomer formation, was achieved by using
a 10:1 aniline/APS mole ratio. The excess aniline present in the mixture rapidly consumed the
APS and formed inter-connected phenazine structures via hydrogen bonding and 7-7

interaction to form micro structures. The mechanism of the formation of the micro structures
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is revealed that goes through several stages from 2D planar sheets and their transformation into
tubular and layered flake structures. The process to synthesize these sulphonated aniline
oligomeric microstructures with a phenazine structure is scalable and controllable toward
different morphologies that could be used for a wide range of industrial and medical
applications. The phenazine structures and its derivatives are widely explored as antitumor,
antibacterial, anti-fungi and anti-leprosy agents and these products can be adapted for these

applications.
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16  Abstract: Macro porous carbon structures has been extensively used for the energy production in
17 fuel cells because of its capabilty to perform a smooth and rapid electrochemical oxygen reduction
18 reaction (ORR) by facilitating efficient mass transfer and diffusion of reactants and the by-products.
19  Herein, we have demonstrated synthesis procedure to synthesise a unique macro porous carbon
20  material composed of micro porous structure by the pyrolysis of sulphonated aniline oligomers
21  (SAO) in the presence of nitrogen compound of melamine achieved N-doped SAO (N-SAO).
22 Pyrolysis of composites of: (1) SAO and phenol formaldehyde resin (PF) and (2) SAO and reduced
23 graphene oxide (rGO) in the presence of nitrogen precursor (melamine) resulted in N-doped SAOPF
24 (N-SAOPF) and N-doped SAOrGO (N-SAOrGO), respectively. These showed similar macro porous
25  structures. Temperature dependant mass spectrum of SAQ in the temperature range of 30 — 275 °C
26  showed the release of sulphur dioxide gas (SOz2) at 266 °C which is responsible for the formation of
27  macro porous structures. The N-SAO, N-SAOPF and N-SAOrGO were used as electro catalysts for
28 ORR in alkaline medium and investigated their performance. While the N-SAO/PF showed the
29 highest onset potential of 0.98 V (RHE), the N-SAOrGO showed the highest current density of 7.89
30  mA/em? at 0.00 V (RHE). Interestingly, all catalysts showed a four - electron reaction pathway for
31 ORR.

32 Keywords: Oxygen reduction reaction (ORR); catalysis; carbon nanotubes; sulphonated aniline
33 oligomers; N-doped carbon
34

35 1.0 Introduction

36 Fuel cells are considered as-a promising sustainable and renewable energy devices, which could
37  supply the energy demand created by the depletion of fossil fuel [1]. These are devices are based on
38  electrochemically combine hydrogen (Hz) and oxygen (O2) to produce electricity and heat via an
39  oxygen reduction reaction [2]. However, the practical use of fuel cell has been hindered due to the

40  slow kinetics of the ORR catalysts used in the fuel cell [3]. Platinum (Pt) catalysts have dominated as
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41 the preferred ORR catalysts for its activity, stability and selectivity for many years. However, because
42 of the high cost, scarcity and its susceptibility to time dependent drift and CO deactivation of Pt
43 catalysts, a need to find alternative cost effective and freely available catalysts has become inevitable
44 [4].

45 Nitrogen doped carbon materials such as carbon black (N-doped CB) [5], mesoporous carbon
46 materials (N-doped MPC) [6], N-doped carbon nanotubes (N-CNTs) [7] and N-doped graphene [4]
47  hasbeen used to synthesise N-doped carbon catalysts for ORR. Gong et al. [7] initially synthesised
48  vertically aligned N- doped CNT and disclosed that the electron accepting ability of the nitrogen
49  atom, could generate a net positive charge on the adjacent carbon atom to facilitate diatomic O:
50  adsorption [8]. Carbon materials used for ORR catalysts should possess large surface area for
51 dispersing the catalytic nanoparticles, provide stability, high electrical conductivity and porosity to
52 perform efficient mass transfer and diffusion of reactants and the by-products [9]. Many researches
53 have been conducted in the past to determine the effect of the mesoporous carbon on ORR activity
54 [9,10]. Mesoporous carbon (2 — 50 nm in diameter) has outperformed micro porous carbon materials
55 (<2 nm in diameter) as preferred ORR catalyst due to high surface area and efficient mass transfer.
56  However, to perform a smooth and rapid electrochemical reaction such as ORR, fast mass exchange
57  of reactants and products are essential and mesoporous are incapable providing efficient
58  reactant/product transfer [11]. Liang et al. [12] synthesised different pore sizes of 3D ordered
59 microporous g-CsNi/C by tailoring the pore sizes using different sized silica spheres and
60  demonstrated that macropores (150 nm) facilitated efficient reactant/ product mass transfer and
61 showed outstanding ORR catalytic performance compared to mesopores (12 nm). However, since the
62  large pore sizes of macropores provide low active sites for ORR activity [11]. Therefore, materials
63 possess high surface area are commonly incorporated in to macro porous structures [11]. In this
64  context, to provide larger surface area and additional active sites, mesoporous materials with high
65 surface area are blended with carbon catalysts [13, 14]. Mesoporous phenol formaldehyde resin (PF)
66  synthesised by thermal cross linking of resol is one of commonly used as a material used to introduce
67  mesoporosity to carbon catalysts [11]. On the other hand, graphene with its outstanding properties
68  such as large specific theoretical surface area (2630 m2g!) [15], high young modulus (approx 1.0 TPa)
69 [16], high intrinsic mobility (200, 000 cm?v-'s) [17] and thermal conductivity (approx. 5000 Wm'K:!)
70  [18] to provide mechanical stability and to increase charge transfer of electrons to assists catalytic
71 reactions [19, 20]. Carbon composite materials synthesised with PF and graphene has shown
72 outstanding catalytic activity for ORR [11, 21].

73 In this study, macro porous graphitic carbon composite materials were synthesised to enhance the
74 ORR activity by facilitating efficient reactant and product mass transfer using two-step process: (1)
75  preparation of composites of SAO with PF and rGO and (2) pyrolysis of these composites in the
76 presence of melamine. In order to generate additional active sites for ORR, PF was composite with
77  SAO. Thermoset PF resins under heat treatment forms mesoporous carbon materials and provide
78  additional active sites for ORR [22]. On the other hand, to increase the electro charge transfer of the
79 catalyst material, rGO was composite with SAO. During heat treatment, rGO can be reduced to more
80  graphene structures and increase the electro charge transfer of the catalyst material to facilitate ORR
81  [23]. The scheme of the synthesis procedure of N-doped catalysts is presented in Schemel.The
82  performance of these N-doped materials (N-SAO, N-SAOPF and N-SAOrGO) were evaluated as

83 electro catalysts for ORR in alkaline medium.
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86 Scheme 1: Schematic representation of synthesis procedures of composite materials of SAO and N-doped
87  catalysts.
88
89 2.0 Experimental
90 2.1 Materials
91  Natural graphitic rock (Uley, Eyre Peninsula, SA) was milled into a fine powder using a bench top
92  ring mill (Rocklabs). Aniline (Reagent Plus, 99%), ammonium persulphate ((NHi):5:0s, APS),
93  hydrogen peroxide (H20:2), hydrochloric acid (HCI), potassium permanganate (KMnOs), sulphuric
94 acid (H2S0s), phosphoric acid (HsPOs), ethanol, phenol, paraformaldehyde was purchased from
95  Sigma-Aldrich and Chem Supply.
96 2.2 Methods
97  2.2.1 Preparation of sulfonated polyaniline
98  Aniline (5 mL, 5.19 g, 0.05 mol) was dissolved in 40 mL of ethanol and separately, APS (1.35 g, 0.005
99  mol) was dissolved in 6 mL of 1M HCL. The solutions were mixed at 5°C for 30 min using a magnetic
100  stirrer and then continued stirring at room temperature for 16 hours. The product was then collected
101  and centrifuged at 4200 rpm in a centrifuge. The precipitate was collected and continuously washed
102 with ethanol for several hours in a Soxhlet extractor and vacuum dried for overnight.
103 2.2.2 Preparation of SAO/ reduced graphene oxide (rGO) composite material (SAOrGO)
104 2.2.2.1 Preparation of graphene oxide (GO)
105 GO was synthesised using the improved Hummer’s method [24]. A mixture of concentrated acids
106  H2S0:/HsPOs:(9:1) was added to a mixture of graphite flakes (3.0 g) and KMnO4(18.0 g). The solution
107  was then heated to 50 °C and stirred for 12 h. The solution was cooled and poured onto ice (400 mL)
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108  containing H202 (3 mL). The mixture was centrifuged (4000 rpm) for 4 h and the supernatant was
109  removed. The precipitate was then washed in succession of water (2 x 200 mL), 30% HCI (2 x 200 mL)
110 and ethanol (2 x 200 mL). The final product was collected, and vacuum dried overnight at room

111 temperature.
112 2.2.2.2 Preparation of SAOrGO composite

113 GO (30 mg) was sonicated with 15 mL of distilled water for 1 hour. The GO suspension was diluted
114 with 15 mL ethanol and transferred in to a Teflon autoclave and heated in an oven for 90 min at 150
115  °C. The auto clave was cooled and 5 mL of the hydrothermally reduced GO (rGO) was collected and
116  mixed with aniline (5 mL, 5.19 g, 0.055 mol) dissolved in 40 mL of ethanol for 10 min. Then APS
117 (1.35g, 0.005 mol) was dissolved in 6 mL of 1M HCL. The solutions were mixed at 5°C for 30 min
118  using a magnetic stirrer and then continued stirring at room temperature for 16 hours. The product
119 was then collected and centrifuged at 4200 rpm in a centrifuge. The precipitate was collected and
120 continuously washed with ethanol for several hours in a Soxhlet extractor and vacuum dried for
121  overnight.

122 2.2.3 Preparation of SAO / phenol formaldehyde resin (PF) composite (SAOPF)

123 2.2.3.1 Preparation of PF

124 PF was synthesised using a minor modification to the procedure suggested by Meng et.al.[25] Briefly,
125  phenol (0.22 mol) was melted for 10 min at 35 °C. Then NaOH (0.1 mol) was dissolved in 12 mL of
126  distilled water and mixed with the melted phenol and stirred in a magnetic stirrer for 5 min. Then
127  formaldehyde (para formaldehyde (10.40 g) in 28 mL distilled water) was added dropwise to the
128  phenol suspension and mixed for 25 min at 80 °C until a transparent orange colour was obtained.
129  Finally, the suspension was cooled, and the pH was adjusted to 3 by adding concentrated HCl
130 solution. The product was allowed it to settle overnight and the PF resin (10 mL) was collected and

131  diluted with 5 mL of ethanol to prepare the PF resin solution.
132 2.2.3.2 Preparation of SAOPF composite.

133 PF resin solution (7.5 mL) was mixed 12.5 mL of ethanol and 15 mL of distilled water and
134 hydrothermally heated for 90 min at 150 °C in a Teflon autoclave. The hydrothermally heated product
135 was cooled, and 5 mL of the hydrothermally treated resin solution was collected and mixed with
136 aniline (5 mL, 5.19 g, 0.055 mol) dissolved in 40 mL of ethanol for 10 min. Then similar procedure as
137 for PA was followed. Then APS (1.35g, 0.005 mol) was separately dissolved in 6 mL of 1M HCL.
138 The rest of the experimental procedure was conducted similar to that of synthesis of SAQ.

139
140  2.2.4.1 Preparation of rGOPF composites

141 The rGOPF was prepared using hydro thermally synthesied rGO/ PF suspension. The suspension (5
142 mL) was mixed with the oxidising agent APS (1.35g, 0.005 mol) which was dissolved in 6 mL of 1M
143 HCL. The experimental procedure was carried out using similar procedure as per SAO without using

144  aniline the monomer aniline.
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145  2.2.5 Preparation of pyrolysed and N-doped catalysts

146  2.2.5.1 Preparation of pyrolysed catalysts (P-SAO, P- SAOrGO, P-SAOPF, and P-rGOPF)

147 SAO, SAOrGO, SAOPF, and rGOPF (1.0 g) were placed on ceramic boats and separately pyrolysed
148  in a tubular furnace at 900 °C for 30 min under argon. The temperature was raised at the rate of 10
149 °C/ min. The annealed products were referred as P-SAO, P-SAOrGO, P-SAOPF, and P-rGOPF,
150  respectively.

151  2.2.5.2 Preparation of N-doped catalysts (N-SAO, N-SAOrGO, N-SAOPF, and N-rGOPF).

152 SAO, SAOrGO, SAOPF, and rGOPF (1.0 g) were separately mixed with melamine (1:10 w/w) using a
153 mortar/ pestle and separately pyrolysed in a tubular furnace at 900 °C for 30 min under argon. The
154  temperature was raised at the rate of 10 °C/ min. The N-doped products were referred as N-SAO, N-
155 SAOrGO, N-SAOPF, and N-rGOPF, respectively.

156

157 2.3 Preparation of catalytic ink

158  Catalytic ink was prepared by ultra-sonication of each catalyst (2 mg) and suspended in Nafion
159  suspension (1 mL of 1%). The prepared ink (10 uL) was carefully deposited on both a glassy carbon
160  rotating disc electrode (3 mm) and rotating ring disc electrode (4 mm). The sample was allowed to
161  dry in air for 12 hours.

162

163 2.4 Characterisations

164  2.4.1 Structural and chemical composition characterizations

165  Scanning electron microscopy (SEM) images and energy-dispersive X-ray spectroscopy (EDX) were
166  obtained using Quanta 450, FEI, USA at an accelerating voltage of 10 KeV. For EDX three reading
167  were recorded and the average was recorded. Transition electron microscopy (TEM) investigation
168  was carried out using Technai G2 Spirit, FEI, USA, operated at 120 keV. X-ray diffraction (XRD) XRD
169  was performed at 40 kV and 15 mA in the range of 26 = 3° - 50° at a speed of 10°/min using Miniflex
170 600, Rigaku, Japan, gas adsorption isotherms were conducted using a Micromeritics 3-Flex or
171  ASAP2020 analyser (Micro metrics Instruments Corporation, Norcross, GA, USA). Fourier transform
172 infrared (FTIR) spectroscopy was conducted using Spectrum 100, Perkin Elmer, USA. Raman analysis
173 was conducted using a LabRAM Evolution, Horiba Jvon, Japan using a 532 nm wavelength. XPS was
174 conducted on a custom-built SPECS instrument (Berlin, Germany). All XPS measurements were
175  performed on sample prepared by drop casting onto Si using a non-monochromatic Mg source
176  operating at 120 Kev and 200W. High resolution XPS spectra were collected using a pass energy of
177 10 eV with an energy step of 0.1e V.

178

179 2.4.2 Electro chemical characterisation

180  The ORR reactions were conducted utilising a Rotating Ring Disc Electrode (RRDE) apparatus
181  connected to a bi potentiostat (CH 1760 C, CH Instruments Inc., USA) in a standard three electrode
182  cell with oxygen saturated KOH (0.1 mol L) solution. The glassy carbon electrode platinum and
183  reversible hydrogen electrode (RHE) were use as the working, counter and reference electrodes,
184  respectively. The scan rate of the reaction was 0.01 Vs in the range of 0 and 1.1 V. Cyclic voltammetry
185  plots were obtained at a scan rate of 100 mVS- in oxygen saturated 0.1M KOH solution

186  The reaction kinetics of the catalysts was examined by employing RRDE to quantify the overall

187  electron transfer number (1) and percentage of hydrogen peroxide (% HO>), at rotation speeds from
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188 400 to 2400 rpm in an oxygen saturated 0.10 M KOH solution. To elucidate the overall number of
189  electrons (1) and percentage of HO> (% HOx) produced in the ring against the applied potential
190  equation 1 & 2 were employed [27, 28].

191 n=—o_ 1)

= TR
ID+N

2Ig
IpN+Igp

192 %HO; =100 )

193 Where Ip and Ik are the disc and ring currents, respectively and N is the collection efficiency.

194 3. Results and Discussion

195  3.1. Structural characterisation

196  The SEM image of the pyrolysed SAO in the presence of melamine (N-SAO) and without melamine
197  (P-SAO) at 900 °C under Ar envirnment is presented in Fig.1A and B, respectively. Fig.1A shows the
198  presence of macropores (10 — 50 um) for N-doped catalysts. Similar pores were observed for the N-
199  doped composites of SAO with rGO (N-SAOrGO) (Fig. 1D) and PF (N-SAOPF)(Fig.1E). For
200  comparison sytudy, we synthesised a blend of rGO and PF (rGOPF) without SAO. The blend of both
201  rGO and PF was used instead of rGO and PF because both rGO and PF under the similar synthesis
202  conditions did not provide enough yield. The EDX analysis conducted on the doped samples verified
203 the presence of N. The EDX analysis showed 8.96, 4.50, 2.84 and 3.44 wt% of N for N-SAO, N-
204  SAOrGO, N-SAOPF and N-rGOPF, respectively.

205  Interestingly, all catalysts (N-SAO, N-SAOrGO and N-SAOPF) with SAO showed the formation of
206  micro porors. However, such pores were not observed for rGOPF (Fig.1F). We hyphothesised the
207  porous structure was formed as a result of a gas formed during the pyrolysis process of SAO. To
208  examine this hyphothesis, we conducted a thermetric analysis on SAO without the N-presurssor
209  mealmine using a custom-build high temperature pulsed-gas sampling equipment coupled with a
210  mass spectrometer for real-time analysis of the gaseous fragments. The detailed experimental
211 procedure is presented in the experimental section. The analysis revealed that the mass spectrometer
212 deteceted the fragments of m/z 64 [SO2+] and m/z 48 [SO+] at 266 °C confirming release of SO (Fig.
213 1C). We deduced the SO: gas was formed by the decomposition of sulphonate groups attached to
214 SAO.To obtain an overview of the morphology of SAO without the presence of N- precussors during
215  the pyrolyis process and to determine the influence of released SO2 gas, we pyrolysed SAO at 900 °C
216  using similar conditions to that of synthesis of N-doped catalysts. The SEM image of the pyrolysed
217  P-SAO showed inter-connected bubble like structures with macro pores in the range of 50 — 100 um
218  (Fig. 1B) confirming the influence of SOz gas to form porous structures.

219

220
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222 Figure 1. SEM images of (A) N-SAO, (B) P-SAO, (D) N-SAOrGO, (E) N-SAOPF and (F) N-rGOPF. (C) The

223 temperature dependant mass spectrum of SAO in the temperature range of 30 — 275 °C.

224

225  To investigate the presence of different chemical species present in N-SAO, N-SAOrGO, N-SAOPF
226  and N-rGOPF, we conducted a XPS survey spectrum on these samples. The survey spectrum of N-
227  SAO (Fig.2A) shows predominant C 1s peak at ca. 285.1 eV along with N 1s at ca. 400.6 eV, O 1s
228  peak at ca. 532.1 eV and a very low intenced S 2p peak at ca. 163.1 eV [29-31]. The presence of N1s
229  peak reveals that the N-doping of the graphitic carbon structure has been established. The low
230  intenced S 2p peak showed the existance of small amounts of residual sulphur in the materials due
231 to decomposition of sulphates. However, the atomic concentration of this peak is less than 0.80 %.
232 The survey peaks conducted for the N-doped SAO composite materials N-SAOGO (Fig.2B) and N-
233 SAOPF (Fig.2C) also showed similar patterns. The details of the survey spectrum is presented in
234 TableS1.

235  To probe the different nitrogen species present in the graphitic frame work, we carried out high
236  resolution N 1s measurements on N-SAO, N-SAOGO and N-SAOPF and presented in Fig 2D-F. The
237  high resolution XPS N 1s spectrum on these catalyts revealed the presence of two characteristic
238  peaks of pyridinic ( ~398.4 eV) and graphitic ( ~401.3 eV) nitrogen atoms with in the graphitic
239 carbon structure. For ORR reactions, both pyridinic and graphitic nitrogen contribute differently
240  towards ORR catalytic activity [32]. Although it is still controversial the role of each of these active
241  sites, it is widely believed that pyridinic nitrogen improves the onset potential while the graphitic
242 nitrogen determines the limiting current density [32]. Pyridinic nitrogen alters the band structure of
243 carbon by providing one p electrons to the aromatic 7 system and raise the density of 7 state near the
244 Fermi level to enhace the electro-donating capability of the ORR eletro-catalyst [32]. The pyridinic
245  nitrogen induce high positive charge density on adjacent carbon atoms and increase the electron
246  donor properties of these carbon atoms to adsorb O2. This diatomic oxygen adsorption on the carbon
247  atom adjacent to pyridinic nitrogen weakens the O-O bond and facilitate ORR reaction [32].

248  The comparison of the % atomic concentrations of these peaks (Table 1) reveal that the pyridinic
249  nitrogen concentration of SAO composites (N-SAOrGO and N-SAOPF) is higher than that of N-SAO.
250  This shows that the the pyridinic nitrogen substitution has effectively occures via PF and rGO
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251  compared to SAO. N-SAOPF showed the highest % atomic concentration of pryidinic nitrogen
252 (42.4%) while N-SAOGO showed 36.69%. The analysis shows SAO facilitates more graphitic N
253  substitution and less pyridinic N substitution.
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256 Figure 2. Survey spectrum of (A) N-SAO, (B) N-SAOGO and (C) N-SAOPF and high resolution N1s XPS
257  spectrum of (D) N-SAO, (E) N-SAOrGO, and (F) N-SAOPF. (G) XRD pattern and (H) Raman peaks of N-
258  SAO, N-SAOrGO and N-SAOPF.

259  Table 1. Percentage atomic concentration of nitrogen specis present in N-SAO, N-SAOGO and N-
260  SAOFPF.

Nitrogen species % Atomic concentration

N-SAO N-SAOGO N-SAOPF
Pyridinic nitrogen 22.24 36.69 42.40
Graphitic nitrogen 77.76 63.31 57.60

261

262  XRD and Raman analysis was conducted to analysed the presence of graphitic carbon materials in
263  the product. The XRD patterns (Fig. 2G) and Raman analysis (Fig.2H) conducted on N-doped
264  materials shows the materials are composed of graphitic carbon materials. The two distinctive XRD
265  peaks at 24.0 and 43.5 °C are attributed to the (002) reflection in tubostratic graphitic carbons and
266  (101) Bragg reflextion in graphitic carbon [33]. Raman analysis on the composite materials exhibits
267  twopeaks around 1340 and 1575 cm! corresponding to D band and G band of graphitic carbon. The
268  graphitic peaks D and G arises due to the E2g vibrational mode of the C-C bond streching and the
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269  disorder peak due the Alg vibrational mode [34]. The intensity ratio of the D and G band (In/Ic)
270  determine the diffects associated with the pyrolysed and N-doped samples, where a higher intesity
271  (In/Ic) ratio show more defects [34]. The calculated intensity ratios (In/Ic ) showed 1.07, 1.08 and 1.02
272 for N-SAO, N-SAOrGO and N-SAOPF, respectively. The higher intensity ratio shows reasonable
273 distortion to the graphitic framework has taken place due to N-doping.

274

275 3.2 Electrochemical characterisation of catalytic performances for ORR.

276  The electrochemical catalytic activity for ORR of N-doped (N-SAO, N-SAOrGO, N-SAOPF and N-
277  rGOPF) catalysts were examined by cyclic voltammetry (CV) and presented in Fig. 3A in an Oz
278  saturated 0.10 M KOH solution in the potential range of 0.00 to 1.20 V. The voltammograms show for
279  all catalysts the CV curves displayed a well defined oxygen reduction cathodic peaks centered at 0.67,
280  0.68,0.76and 0.59V, for N-SAO, N-SAOrGO, N-SAOPF and N-rGOPF, respectively, demonstrating
281  catalytic activity for ORR. The ORR cathodic peak positively shifted in the order of N-SAOPF > N-
282 SAOrGO > N-SAO > N-rGOPF. This reveals the N-doped composite materials of SAO (N-SAOrGO
283  and N-SAOPF) has enhance the catalytic activity of ORR than that of N-SAO. It is interesting to note
284  that the cathodic peaks have shifted positively according to the increasing percentage of pyridinic
285  nitrogen seen in Table 1.

286  To quantify the ORR electron transfer pathway, we employed RRDE technique to accurately measure
287  the ring and disc currents, electron transfer number and percentage of hydrogen peroxide (% HOx)
288  generated at the disc electrode using N-doped electro cataltsyts in 0.10 M KOH on oxygen saturated
289  solution [35] (Fig.3) . The ring (Fig. 3B) and disc (Fig. 3C) currents of N-SAO, N-SAOrGO, N-SAOPF,
290  and N-rGOPF electro-catalysts was analysed at 2000 rpm at a scan rate of 10 mV/s. The ORR onset
291  potential measured for these catalysts is displayed in Table 2 and Fig. 4A. The results showed the
292  onset potential increased in the order of N-SAOPF (0.98) > N-SAOrGO (0.93 V) > N-SAO (0.87 V) >
293 N-rGOPF (0.78V). The results showed the catalysts possess macropores demonstrated higher ORR
294  activity compared to N-tGOPF. The ORR onset potential of N-SAOPF showed similar or almost
295  similar values as the standard Pt/C catalysts (0.98 V). Conversely, the current density of the catalysts
296  increased in the order of N-SAOrGO (7.89 mAcm=2) > N-SAO (6.29 mAcm=2) > N-SAOPF (5.18 mAcm-
297 2> N- rGOPF (3.99 mAcm?) at 0.00 V (RHE) (Fig.4B and Table 2). Lai et al.[36] investigated the
298  active site of the N-doped non-metallic catalysts and reported pyridinic nitrogen species improves
299  the onset potentials while the graphitic nitrogen determine the limiting current density. Our results
300  were consistent with the finding of Lai et al. [36]. The N-SAOPF with the higher % atomic
301  concentration of pyridinic nitrogen showed the highest positive onset potential compared to other
302  N-doped catalysts. However, it showed low limiting current density due to the lower graphitic N
303  content and non-conductive nature of PF polymer. Conversely, N-SAOGO showed the highest
304  limiting current density due to the presence of more conductive graphene formed within the
305  composite material as a result of thermal reduction of rGO which facilitate electron charge transfer
306  [19]. Moreover, the presence of higher graphitic N species further increased the current density [36].
307  The synergetic effect of both conductivity of graphene along with graphitic N species showed higher
308  limiting current density for SAOrGO nearly 65% more than that of standard Pt/C catalyst at 0.00 V
309  (RHE).

310  The number of electron transferred and % HO:> generated in the potential region 0.00 - 1.15 V are
311  presented in Fig.3D and E, respectively. The comparison of number of electron transferred (Fig.4C
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312 and Table 2) and % HOx yield (Fig.4D and Table 2) at 0.5V revealed N-SAOPF showed the highest
313 electron transfer number (3.62) with the lowest % HOz yield (19.02%). According to  Liu et al. [32],
314  pyridinic nitrogen can weaken the diatomic O-O bond of O attached to the carbon atom adjacent
315  to the pyridinic nitrogen. Pyridinic nitrogen provides one p electron to the aromatic 7 system of the
316  carbon matrix to increase the electron donating capability of carbons adjacent to nitrogen to weaken
317  the O-O bond strength and facilitate ORR reaction [32]. The highest ORR catalytic activity displayed
318 by N-SAOPF can be attributed to the presence of % atomic percentage of pyridinic nitrogen.
319 Furthermore, the mesoporous nature of the PF also could have contributed to the mass transfer of
320  reactants and products. However, TEM images conducted on these samples could not detect these
321  pores. Conversely, N-SAOGO with graphitic nitrogen showed lower catalytic activity for ORR than
322 N-SAOPF. The ORR was performed via 3.38 electrons with the yield of 30.84% HO-. The half-wave
323  potential (E¥2) of the catalysts positively increased according to N-SAOPF (0.79 V) > N-SAOrGO (0.66
324 V)>N-SAO (0.65 V) > N-rGOPF (0.44 V) showing the ORR performed through both mixed diffusion
325  and kinetic regions where current is controlled by both mass transport and kinetics of electron
326 transfer [37]. The Ei. of the catalysts shifted more negatively compared to the Eiz of the standard
327  Pt/C catalyst (0.88 V). However, among all catalysts Ei2 of N-SAOPF shifted more positively and
328  attained limiting current with a low range of over potentials in the mixed kinetics and diffusion range
329  revealing the coverage of high oxygen adsorption. Liu et al. [38] reported that the catalysts with N-C
330 active sites more likely to shift the Eiz negatively. Therefore, the negative shift of the Ei2 of the
331  catalysts can be attributed to their N-C active sites. However, according to the authors Ei2 can be
332 shifted positively by the by the addition of Fe-N-C or Co-N-C active sites [38].

333 The RRDE voltammogram conducted on non - doped catalysts are were also evaluated and shown
334 in Fig S1 and Table S2. The comparison of the onset potential, current density, number of electron
335  transferred and % HO:x generated of doped and non - doped catalysts are shown in Fig.4. The
336  comparison shows onset potential, current density, number of electron transferred and % HO2 has

337 significantly increased due to N-doping.
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Figure 3. (A) Comaprison of cyclic voltammetry plots of N-SAO, N-SAOrGO, N-SAOPF, N-rGOPF and Pt/C

catalysts at a scan rate of 10 mVS-! in oxygen saturated 0.10 M KOH solution. Rotating ring disc voltammograms
of (B) ring current, (C) disc current of N-SAO, N-SAOrGO, N-SAOPF, N-SAOrGOPF and Pt/C electrodes in
oxygen saturated 0.1M KOH at 2000 rpm at a scan rate of 10 mV/s. (D) number of electrons and (E) percentage
peroxide of N-SAO, N-SAOrGO, N-SAOPF, N-SAOrGOPF and Pt/C electrodes at various potential calculated
according to RRDE data.

Table 2. Electro chemical properties of the N-doped aniline oligomers and composite of aniline

oligomers catalysts.

Catalysts Current Onset potential | Half-wave | Number of | % HOx

density (RHE) (V) potential electrons (n) (0.10 - 0.80V)

(mA/cm?) at (RHE) (V) }

(0.10-0.80 V) (RHE)

0.00 V (RHE) (RHE)
N-SAO 6.29 0.87 0.65 3.23-3.56 38.82 - 21.86
N-SAOrGO 7.89 0.93 0.66 3.37-3.55 31.88-22.13
N-SAOPF 5.18 0.98 0.79 3.48-3.75 25.67 -12.12
N-rGOPF 3.99 0.78 0.44 3.21-245 39.28 - 77.07
Pt/C 5.85 0.98 0.88 3.68-3.98 11.73 - 9.65
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349 Figure 4. (A) onset potential, (B) current density at 0.00V (RHE), (C) comparison of number of electrons (at 0.50
350  V)and (D) % HOx (at 0.50 V) of non-doped (light blue) and doped (grey) SAO, SAOrGO, SAOPF, rGOPF and
351 Pt/C catalysts in oxygen saturated 0.10 M KOH electrolyte at 2000 rpm at a scan rate of 10 mV/s.

352

353  To further investigate the electron transfer kinetics of the N-doped catalysts, the scheme suggested
354 by Damjanovic el.al [39] detailed in SI was used. The rate constants of N-SAO, N-SAOrGO and N-
355  SAOPF and N-SAOrGOPF  calculated based on these equations in the potential region 0.10 - 0.70 V
356  (Fig.5A-C) shows that the ORR was predominantly driven by a four - electron pathways. The
357  calculated value of the ratio of ki/kz presented in Fig.5D showed ki/kz2 > 1 for all catalysts. Among N-
358  SAO, N-SAOrGO and N-SAOPF catalysts the highest ki/k ratio was seen for N-SAOPF while N-SAO
359  showed the lowest ki/kz values. This furthermore reveal that the N-SAOPF with high percentage of
360  atomic concentration of pyridinic nitrogen has dominated the ORR catalytic performance. The
361  stability of N-SAOrGO and N-SAOPF was evaluated by cycling the catalysts between 0.0 V and 1.15
362  V at 100 mV S in an Ozsaturated 0.10 M KOH solution. Fig.5E and F shows after 6,000 cycles the
363  onset potential of N-SAOrGO and N-SAOPF has shifted 40 and 30 mV negatively showing only a
364  slight deterioration of the catalysts.
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367 Figure 5. Rate constants of (A) N-SAQ, (B) N-SAOrGO and (C) N-SAOPF, (D) The ratio of rate constant Ki/K2
368 for N-SAO, N-SAOrGO, N-SAOPF and N-SAOrGOPF in the potential range of 0.1 — 0.7 V. RDE polrarisation
369 curves of (E) N-SAOPF and (F) N-SAOrGO with a scan rate of 10 mVs™! before and after 6000 potential cycles in
370 0.10 M Oxygen saturated KOH.

371 4. Conclusions

372  This study demonstrated a unique synthesis method to syntheisise N-doped macro porous carbon
373  catalysts using SAO and its composites with PF and rGO. Thermal treatment on SAO decomposed
374  the sulphonated groups attached to aniline oligomers and released SOz gas to form macro porous
375  catalysts. The macro porous strcutures of synthesised N-doped N-SAO, N-SAOrGO and N-SAOPF
376 facilitated mass transport of reactants and products to provided ORR catalytic activity. N-doped
377  composites of SAO, N-SAOrGO and N-SAOPF showed diversed electro catalytic properties for ORR
378  compared to N-SAO. Incoporation of PF and rGO to SAO facilitated formation of more pyridinic
379  nitrogen species. N-SAOPF with highest % atomic concentarion of pyridinic nitrogen showed highest
380  onset potential, highest eletro transfer number and lowest % HO: yield. Conversely, SAOrGO
381 produced more graphene nitogen species to increased the limiting current density.

382  The excellent ORR properties the catalysts showed for these materials will open doors for the

383  generation of a new state of art macro porous N-doped carbon catalyst for ORR. Different materials
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384  which have demonstrated high catalytic potential for ORR such as CNT and single or few layer
385  graphene can be blended with SAQO to synthesise new catalysts. Furthermore, transition metals such
386 asFeand Co canbe used to syntheise composite material of SAO to generatre more Fe-N-C or Co-
387  N-C active sites to enhance ORR reaction.

388 Supplementary Materials: SEM images of N-SAOrGO, N-SAOPF and N-rGOPF, Survey spectrum of N-SAO,
389 Table S1. Atomic concentrations of N-doped catalysts, XRD patternand Raman peaks of N-SAO, N-SAOrGO
390 and N-SAOPF, Cyclic voltammetry plots of N-SAO, N-SAOrGO, N-SAOPF, and N-rGOPF, Rotating ring disc
391 voltammograms of P-SAO, P-SAOrGO, P-SAOPF, P-rGOPF and Pt/C electrodes, Rate constants of N-SAO, N-
392 SAOrGO and N-SAOPF, Stability test of N-SAOrGO and N-SAO

393 Acknowledgments:

394 The authors thank the support of Australian Research Council (IH 150100003), Australian Research Council
395 Research Hub for Graphene Enabled Industry Transformation, The Australian Solar Thermal Research Initiative
396 (ASTRI), The University of Adelaide, School of Chemical Engineering, The University of Adelaide, School of
397 Chemistry. The technical support provided by Adelaide microscopy, micro analysis research facility at Flinders
398 Microscopy (Flinders University) was great appreciated.

399

400 Author Contributions: R K. performed the experiments and analyzed the data, C.S. conducted the XPS analysis,
401 C.C. and D.L conceived and designed the experiments, and all other authors assisted in writing the manuscript.

402 Conflicts of Interest: The authors declare no conflict of interest.

403

404 9. References

405 1. Stambouli, A.B,; Traversa, E. Solid oxide fuel cells (SOFCs): a review of an environmentally clean and
406 efficient source of energy. Renewable and Sustainable Energy Rev. 2002, 6, 433-455.

407 2. Larminie, J.; Dicks A.; McDonald M.S. Fuel cell systems explained. J. Wiley Chichester UK2003.

408 3. Sheng, W.; Gasteiger H.A.; Shao-Horn Y. Hydrogen oxidation and evolution reaction kinetics on

409 platinum: acid vs alkaline electrolytes. J. Electrochem. Soc. 2010, 157, B1529-B1536.

410 4. QulL,;LiuY,;Baek]. B,; Dai L. Nitrogen-doped graphene as efficient metal-free electrocatalyst for oxygen
411 reduction in fuel cells. ACS Nano 2010, 4, 1321-1326.

412 5. N.P.Subramanian N.P.; Li X,; Nallathambi V.; Kumaraguru S.P.; Colon-Mercado H.; Wu G.; Lee ] W.;

413 B.N. Popov B.N. Nitrogen-modified carbon-based catalysts for oxygen reduction reaction in polymer
414 electrolyte membrane fuel cells. . Power Sources 2009, 188, 38-44.

415 6. NiuW.; LiL,; Liu X.; Wang N.; Liu J.; Zhou W.; Tang Z.; Chen S. Mesoporous N-doped carbons prepared
416 with thermally removable nanoparticle templates: an efficient electrocatalyst for oxygen reduction

417 reaction. J. Am. Chem.Soc. 2015, 137, 5555-5562.

418 7. GongK.; DuF.;. Xia Z.; Durstock M.; Dai L.; Nitrogen-Doped Carbon Nanotube Arrays with High

419 Electrocatalytic Activity for Oxygen Reduction. Science, 2009, 323, 760-764.

420 8. Tang, Y.; Allen B.L.;. Kauffman D.R; Star A. Electrocatalytic Activity of Nitrogen-Doped Carbon Nanotube
421 Cups. J. Am. Chem. Soc. 2009, 131, 13200-13201.

422 9. Xu].; Zhao T. Mesoporous carbon with uniquely combined electrochemical and mass transport

423 characteristics for polymer electrolyte membrane fuel cells. RSC Advances 2013, 3, 16-24.
424 10. Liu R.; Wu D,; Feng X.; Miillen K. Nitrogen-Doped Ordered Mesoporous Graphitic Arrays with High
425 Electrocatalytic Activity for Oxygen Reduction. Angew. Chem. 2010, 122, 2619-2623.

191



CHAPTER 5(b): R. Karunagaran, C. Coghlan, D. Tran, T. T. Tung, Alexander Burgun, C. Shearer, C. Doonan, D. Losic “A unique
N-doped macroporous oxygen reduction electro catalyst synthesised using sulphonated aniline oligomers, phenol
formaldehyde and reduced graphene oxide composites” Materials, 2018. (Final stage of publication)

426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468

Materials 2017, 10, x FOR PEER REVIEW 15 of 16

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Liang J.; Du X.; Gibson C.; Du X.W.; Qiao S.Z. N-Doped Graphene Natively Grown on Hierarchical
Ordered Porous Carbon for Enhanced Oxygen Reduction. Advanced Materials 2013, 25, 6226-6231.

Liang J.; Zheng Y.; Chen J.; Liu J.; Hulicova-Jurcakova D.; Jaroniec M.; Qiao S.Z. Facile Oxygen Reduction
on a Three-Dimensionally Ordered Macroporous Graphitic C3N4/Carbon Composite Electrocatalyst.
Angew. Chem. 2012, 124, 3958-3962.

Xiao M.; Zhu J.; Feng L.; Liu C.; Xing W. Meso/Macroporous Nitrogen-Doped Carbon Architectures with
Iron Carbide Encapsulated in Graphitic Layers as an Efficient and Robust Catalyst for the Oxygen
Reduction Reaction in Both Acidic and Alkaline Solutions. Advarnced materials, 2015, 27, 2521-2527.

Chai G.S.; Shin I.; Yu ].S. Synthesis of ordered, uniform, macroporous carbons with mesoporous walls
templated by aggregates of polystyrene spheres and silica particles for use as catalyst supports in direct
methanol fuel cells. Advanced Materials, 2004, 16, 2057-2061.

Geim A.K.; Novoselov K.S. The rise of graphene. Nature Materials, 2007, 6, 183-191.

Lee C.; Wei X,; Kysar ].W.; Hone ].; Measurement of the elastic properties and intrinsic strength of
monolayer graphene. Science, 2008, 321, 385-388.

Bolotin K.I; Sikes K.; Jiang Z.;, Klima M.; Fudenberg G.; Hone ].; Kim P.; Stormer H. Ultrahigh electron
mobility in suspended graphene. Solid State Commun. 2008, 146, 351-355.

Balandin A.A_; Ghosh S.; Bao W; Calizo 1.; Teweldebrhan D.; Miao F.; Lau C.N. Superior thermal
conductivity of single-layer graphene. Naino letters, 2008, 8, 902-907.

LiH.; YuK,; Li C; Tang Z.; Guo B; Lei X.; Fu H.; Zhu Z. Charge-transfer induced high efficient hydrogen
evolution of MoS2/graphene cocatalyst. Scientific reports, 2015, 5, 18730.

Stergiou A.; Pagona G.; Tagmatarchis N. Donor-acceptor graphene-based hybrid materials facilitating
photo-induced electron-transfer reactions. Beilstein . Nanotechnol. 2014, 5, 1580.

WuZ-S5;SunY,;Tan Y.Z; YangS5.; Feng X.; Miillen K. Three-dimensional graphene-based macro-and
mesoporous frameworks for high-performance electrochemical capacitive energy storage. |.Am. Chem.Soc.
2012, 134, 19532-19535.

Sattler K.D. Carbon Nanomaterials Sourcebook. CRC Press, 2016.

Goumri M.; Lucas B.; Ratier B.; Baitoul M. Electrical and optical properties of reduced graphene oxide and
multi-walled carbon nanotubes based nanocomposites: A comparative study. Opt. Mater. 2016, 60, 105-113.
Marcano D.C.; Kosynkin D.V,; Berlin J.M.; Sinitskii A.; Sun Z.; Slesarev A.; Alemany L.B.; Lu W.; Tour ].M.
Improved synthesis of graphene oxide. ACS Nano, 2010, 4, 4806-4814.

Meng Y.; Gu D.; F. Zhang, Shi Y.; Yang H.; Li Z.; Yu C.; Tu B.; Zhao D. Ordered mesoporous polymers and
homologous carbon frameworks: amphiphilic surfactant templating and direct transformation. Angew.
Chem. 2005, 117, 7215-7221.

Burgun A.; Coghlan C.].; Huang D.M.; Chen W.; Horike S; Kitagawa S.; Alvino J.F.; Metha G.F.; Sumby
C.J.; Doonan C.J. Mapping-Out Catalytic Processes in a Metal-Organic Framework with Single-Crystal X-
ray Crystallography. Angew. Chem.Int. Ed. 2017, 56, 8412 - 8416.

Wang S.; Dou S; Tao L.; Huo J.; Dai L. Etched and Doped C09S8/Graphene Hybrid for Oxygen
Electrocatalysis. Energy Environ. Sci. 2016, 9, 1320 - 1326.

Liang Y.; Li Y.; Wang H.; Zhou ].; Wang |.; Regier T.; Dai H. Co304 nanocrystals on graphene as a
synergistic catalyst for oxygen reduction reaction. Nat Mater, 2011, 10. 780-786.

Ahmed M.H.; Byrne J.A.; McLaughlin J.; Ahmed W. Study of human serum albumin adsorption and
conformational change on DLC and silicon doped DLC using XPS and FTIR spectroscopy.
].Biomater.nanobiotechnol. 2013, 4, 194.

192



CHAPTER 5(b): R. Karunagaran, C. Coghlan, D. Tran, T. T. Tung, Alexander Burgun, C. Shearer, C. Doonan, D. Losic “A unique
N-doped macroporous oxygen reduction electro catalyst synthesised using sulphonated aniline oligomers, phenol
formaldehyde and reduced graphene oxide composites” Materials, 2018. (Final stage of publication)

469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492

493

Materials 2017, 10, x FOR PEER REVIEW 16 of 16

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

Nath M.; Satishkumar B.; Govindaraj A.; Vinod C.; Rao C.N.R. Production of bundles of aligned carbon
and carbon—nitrogen nanotubes by the pyrolysis of precursors on silica-supported iron and cobalt
catalysts. Chem. Phy. Lett. 2000, 322 , 333-340.

Smart R.S.C.; Skinner W.M.; Gerson A.R. XPS of sulphide mineral surfaces: metal-deficient, polysulphides,
defects and elemental sulphur. Surf. interface anal. 1999, 28, 101-105.

Liu X.; Dai L. Carbon-based metal-free catalysts. Nature Reviews Materials, 1 (2016) 16064.

Liao Y.;. Li X.-G; Kaner R.B. Facile synthesis of water-dispersible conducting polymer nanospheres. ACS
Nano, 2010, 4 5193-5202.

Palaniselvam T.; Aiyappa H.B.; Kurungot 5. An efficient oxygen reduction electrocatalyst from graphene
by simultaneously generating pores and nitrogen doped active sites. J. Mater.Chem. 2012, 22, 23799-23805.
Wu Z.-S;; Yang S.; Sun Y.; Parvez K.; Feng X.; Miillen K. 3D nitrogen-doped graphene aerogel-supported
Fe304 nanoparticles as efficient electrocatalysts for the oxygen reduction reaction. J. Am. Chem. Soc. 2012,
134, 9082-9085.

Lai L.; Potts ].R.; Zhan D.; Wang L.; Poh C.K; Tang C.; Gong H.; Shen Z.; Lin J.; Ruoff R.S. Exploration of
the active center structure of nitrogen-doped graphene-based catalysts for oxygen reduction reaction.
Energy Environ. Sci. 2012, 5, 7936-7942.

Narayanamoorthy B.; Datta K.; Balaji S. Kinetics and mechanism of electrochemical oxygen reduction
using Platinum/clay/Nafion catalyst layer for polymer electrolyte membrane fuel cells. |. Colloid Interface
Sci. 2012, 387, 213-220.

Liu Y. L; Xu X. Y,; Shi C. X,; Ye X.-W,; Sun P.-C,; Chen T.-H. Iron-nitrogen co-doped hierarchically
mesoporous carbon spheres as highly efficient electrocatalysts for the oxygen reduction reaction. RSC
Advances 2017, 7, 8879-8885.

Damjanovic A.; Genshaw M.A.; Bockris ].O. Distinction between Intermediates Produced in Main and

Side Electrodic Reactions. ]. Chem. Phys. 1966, 45, 4057-4059.

404

© 2017 by the authors. Submitted for possible open access publication under the

terms and conditions of the Creative Commons Attribution (CC BY) license
BY

(http://creativecommons.org/licenses/by/4.0/).

193



CHAPTER 5(b): R. Karunagaran, C. Coghlan, D. Tran, T. T. Tung, Alexander Burgun, C. Shearer, C. Doonan, D. Losic “A unique
N-doped macroporous oxygen reduction electro catalyst synthesised using sulphonated aniline oligomers, phenol
formaldehyde and reduced graphene oxide composites” Materials, 2018. (Final stage of publication)

Supporting information for

A unique N-doped macro porous oxygen reduction electro catalyst
synthesised using sulphonated anilne oligomers, phenol formaldehyde
and reduced graphene oxide composites

Ramesh Karunagaran!, Campbell Coghlan?, Diana Tran!, Tran Thanh Tung? Alexander Burgun,
Cameron Shearerc Christian Doonan?®, Dusan Losic!”

1School of Chemical Engineering, University of Adelaide, SA, Australia
2School of Chemistry, University of Adelaide, SA, Australia
3School of Chemical and Physical Sciences, Flinders University, SA, Australia

*Corresponding author: Prof. Dusan Losic, Email: Dusan.losic@adelaide.edu.au, Phone: +61
8 8013 4648 or Christian.doonan@adelaide.edu.au; Tel.: +61 8 83135770

194



CHAPTER 5(b): R. Karunagaran, C. Coghlan, D. Tran, T. T. Tung, Alexander Burgun, C. Shearer, C. Doonan, D. Losic “A unique
N-doped macroporous oxygen reduction electro catalyst synthesised using sulphonated aniline oligomers, phenol
formaldehyde and reduced graphene oxide composites” Materials, 2018. (Final stage of publication)

Thermometric -Mass spectrometer analysis

The thermometric-MS experiment was carried out using a custom-build high temperature pulsed-gas

sampling equipment coupled with a mass spectrometer for real-time analysis of the gaseous mixture

[1]. A schematic overview of the system is displayed in Scheme 2. The reaction cell is in direct contact

with a copper block containing a 100 W heater cartridge controlled by a proportional-integral-

derivative (PID) temperature controller (CAL Controls, Cal 3300) and K-type thermocouple attached to

the side of the cell. The pressure in the reaction cell is monitored by a piezo-resistive manometer (Keller,

Leo Record series, 30 bar range). The cell is connected to a pulsed nozzle (Parker, Series 9 Pulse Valve)

which is used to pulse controlled amounts of gas from the reaction cell via a 1/16" stainless steel tube

into the vacuum system, comprised of a residual gas analyser (RGA) for sampling of the gas mixture

(vide infra). For our analysis, weloaded 10 mg of samples into the reaction cell and ramped for different

temperatures including 30 °C to 200 °C and 200 °C -250 °C and 250 °C — 275 °C and paused the

temperatures at 200 °C, 250 °C and 275 °C to determine any evolved gases.

To rotary
pumps
Residual
Turbo Bas
analyser
pump
5 Vacuum
= chamber
-\
/, \\/
.// e&e‘ \
¥ _b“oﬁ\ N
Al //"
o
To gas To rotary
manifold PUmMps

Scheme S1. Schematic representation of customebuild high temperature pulsed-gas sampling equipment
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Table S1. Atomic concentrations of N-doped catalysts

N-SAO (% At) | N-SAOrGO N-SAOPF (%At)
(%ALt)
Cls 87.01 90.53 85.45
Nls 8.78 4.86 8.89
Ols 3.96 4.04 4.89
S2sp 0.25 0.57 0.77
0.35 32
A [—rsau C
. —— P-5A0rGO =
o0 o O b'\\\:
0.254 —— P-SAQPF g
8 R =
E .20 % 3] :\\t\\‘
< 0151 - e o = e
E : 244 \\\ oo
a 0.10 2 o
2 0.054 E 22 :::::gr(.ﬂ \‘\\
7 e P-SA QO PF v
0.00 © 20| e prcorF
00 02 04 06 08 10 01 02 03 04 05 06
Potential (V) vs RHE Potential (V) vs RHE
0.5 = T
B ] D .
" - 1004 ——rp=saore /
== PrGOPF |
.-:‘A 90 4 -
E IS‘ = l’//;-,k__‘
E e
E ] —rsA0 =
——P-SAOGO
251 rsaome 504
1 P-rGOPF
3.0 T v T T v 40 y T T T T T
0.0 0.2 0.4 0.a 0.8 1.0 0.1 0.2 0.3 04 0.5 0.6
Potential (V) vs RHE Potential (V) vs RHE

Figure S1. Rotating ring disc voltammograms of (A) ring current, (B) disc current of P-SAQO, P-SAOrGO, P-SAOPF
and Pt/C electrodes in oxygen saturated 0.1IM KOH at 2000 rpm at a scan rate of 10 mV/s. (C) number of electrons
and (D) percentage peroxide of P-SAO, P-SAOrGO, P-SAOPF and Pt/C electrodes at various potential calculated

according to RRDE data.
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Table S2. Electro chemical properties of the pyrolysed aniline oligomers and composite of aniline

oligomers catalysts.

Catalysts Current density | Onset potential | Number of electrons (n) | % HOx
tei/emd)at —— (0.10-0.80 V) (RHE) | (0.10-0.80V)
0.00 V (RHE) (RHE)
P-SAO 2.73 0.81 3.09-2.90 45.45 - 54.60
P-SAOrGO 1.69 0.74 2.64-242 67.84 - 78.68
P-SAOPF 2.16 0.84 3.03-277 48.50- 61.35
P-rGOPF 1.01 0.64 2.57-2.03 71.06 - 107.40

Electron transfer Kinetics

The electron transfer kinetic of the ORR was identified using RRDE voltametry (Scheme S1) [2, 3].
According to Damjanovic [2] et al. [2] the electron transfer mechanism follows a direct four-electron
pathway via Ki kinetics (Scheme S1), in which oxygen is diectly reduced to hydroxide anion (OH-) or
could be driven through a two-electron pathway via Kz kinetics producing peroxide intermediates
(HOx), followed by reduction to hydroxide anion (OH-) through another two electron pathway through

K5 kinetics.

Diffusion +4¢, K

O, (bulk) 0, (disc surface)

+2¢ s Kz

+2¢ ,K;
HO,” =—————— HO"

v

HO, (bulk)

Scheme S2: Proposed model for electrochemical reduction of oxygen proposed by Damjanovic et al. and Hsueh

et al.
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Hsueh et al.[3] suggested a series of equations (3, 4 and 5) to calculate the rate constants Ki, Kz and K.

where Id, Ir, IdL and w are the disc current, ring current, limiting disc current and the rotation speed,

respectively.
k= Sz @)
k=50 @
s =g ©®)

Where S: and I1 are the slope and intercept correspond to the Iu/ I vs w -2 plots and Sz and is the slope

of La / I — Iavs w "¥2plot. Zi=0.62Dy,?3 V16, Z:=0.62Dy,0,%* V46, Dy,0,is

6.8 x 10 c? st and N is the collection efficiency [4].
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CHAPTER 6: Investigation of the effect of different functional groups of organic materials on the long-term air stability of ZVI
and the effect of the air stabilised and less agglomerated ZVI nanoparticles on As adsorption.

6.1 Chapter overview

This chapter deals with two major issues that hinders the potential of ZVI performing as
outstanding adsorbents: air stability and agglomeration. To provide long-term air stability,
organic materials with different functional groups such as hydroxyl, thiol, carboxyl and amine
groups were investigated and the functional groups responsible for long-term air stability was
identified. To reduce agglomeration, the air stable ZV1 was dispersed in rGO and finally, these
nanoparticles were explored for As removal. The investigation of this chapter has been

discussed a peer reviewed article (Chapter 6a).

Chapter 6a contains one paper with supplementary information. The air stability of the ZVI
coated with different functional groups was observed by exposing the ZVI nanoparticles to the
atmosphere. ZVI nanoparticles coated with carboxyl groups using glycine or 3-
mercaptoproprinic acid provided long-term air stability and remained stable for more than 12
months. All other samples were instantly reacted with air or oxidised within three days. The
presence of zero valent state of the iron was analysed by XRD analysis. The comparison of the
XRD diffraction peaks of glycine coated ZVI (Gly-ZVI) before and after 12 months showed
similar diffraction peaks confirming that the ZVI particles were not oxidised. To reduce the
agglomeration of the ZV1 particles due to magnetism, these particles were dispersed in rGO.
The GlyzVI-rGO composites investigated for As adsorption showed outstanding adsorption

efficiency for As (111) (400 mg/g) and As (V) (132 mg/g).
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41 Abstract

Zero-valent iron nanoparticles (ZVI-NPs) have been extensively investigated for water and soil
46 remedation. However, the practical applications has been hindered due to their low air stability and
tendency to agglomerate. To provide required stability in atmospheric environment, different coating
51 approaches of ZVI have been explored, but with limited success and lack of knowledge which functional
53 groups are responsible for the prolonged stability. To address this problem, we have explored role of
5 different functional groups (amine, thiol, hydroxyl and carboxyl) assembled as monolayers on ZVI

58 nanoparticles. Our results demonstrate that the ZVI coated with organic molecules contain carboxyl
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groups such as glycine has unprecedent stability and shelf life (> 12 months) under atmospheric
conditions. To solve agglomeration problem these glycine protected ZVI-NPs were dispersed in reduced
graphene oxide (rGO) solution to make an atmospherically stable and aggregation-free ZVI-rGO

composites. Synthetised materials were characterised and environmental remedation performance was

O Jo0 U b WK

9 evaluated using arsenic as a model pollutant. Outstanding adsorption efficiency for As(IIl) (400 mg/g)
1, and As(V) (132 mg/g) was obtained over a range of pHs. Experimental results confirmed that two major
14 constraints for the implementation of ZVI materials for environmental remediation, air stability and
agglomeration, are substantially improved. These results confirmed that he two major issues for the
19 implementation of ZVI materials for environmental remediation (air stability and agglomeration) are
successfully solved making ZVI-rGO composites an ideal sorbent for the removal of arsenic in broad

24 remediation applications.

30 Keywords: Zero valent iron, reduced graphene oxide, environmental remedation, air stability, adsorption,

32 arsenic

38 1. Introduction

41 Zero - valent iron (ZVI) consists of an elemental metallic iron core and iron oxide shell.[1] The metallic
iron possesses an overall zero charge and shows reactive electron - donating properties, while the iron
46 oxide shell offers active sites for adsorption of charged ions via coordinative and electro - static attraction
and/or surface complexations.[2,3] Over the past two decades, ZVI-NPs have been extensively explored
51 for environmental remediation of toxic contaminants in soil and water because of their high efficiency,
53 low cost and environmental friendly properties.[1,4] Moreover, they are recognized as excellent material
s for ground water remediation because of their high reactivity, large surface area, fast reaction kinetics and

58  magnetic properties which facilitate their easy removal and recovery after the remediation process.[5]
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Several synthesis methods have been used to synthesise ZVIs including liquid phase reduction,

% borohydride reduction,[6] gas phase reduction,[7] thermal decomposition,[8] ultrasound assisted
3

g method,[9] precision milling,[10] electro chemical,[11] and green synthesis.[12] The borohydride
s reduction method is the most commonly used because of its simplicity, reactivity and homogenous
1% structure of the produced ZVI. ZVI particles are widely employed in remediation of chlorinated organic
l% contaminants,[ 13,14] dyes,[15,16] phenols,[17,18] nitrobenzene,[19] herbicides,[20] radionuclides,[21]
S nitrates,[22] and heavy metals removal.[23-25]

1©

g Although the use of ZVIs for the removal of contaminants provides numerous advantages, there
%g are still challenges for the large scale implementation of this technology. These challenges include
21

22 instability and oxidation during storage under aerobic conditions for a prolonged periods and the rapid
aggregation of particles. In order to solve these issues electro - static repulsion forces and steric
o7 stabilization of the ZVI surfaces were explored by altering the surface chemistry with a goal of providing
chemical stability and oxidation resistance.[26,27] The organic molecules used to coat the ZVIs should
3> hot only provide protection against oxidation, but also act against aggregation through long range
34 repulsive forces.[26,28] Steric stabilization was performed by coating the NPs with long chain organic
molecules or hydrophilic polymers, which interact to prevent agglomeration.[28] For example, Phenrat et
39 al.[29] used poly(styrene sulfonate), a strong anionic polyelectrolyte, and polyaspartate, a weak anionic
polypeptide, to synthesise a ZVI material that was stable for several months. Feng and Zhao[30] applied a
44 simple and green approach using starch to form a cluster structure with mono and bimetallic ZVI NPs
46 under inert atmosphere for the degradation of organics. Wijesekara et al.[31] compared the stability of
40 hano-ZVIs that had been exposed to starch and different mercapto acids. ZVIs coated with starch
51 combusted after 3 days, whereas those coated with mercaptoacetic acid (MA), mercaptopropionic acid
54 (MPA) and mercaptosuccinic (MS) acid were stable for 3 weeks. Other organic compounds, such as
56 carboxymethy cellulose,[32] polyacrylic acid,[33] and cellulose acetate[34] have also been used to coat

ZVI particles but with limited success. Recent work by Soukupova et al.[35] using a non-ionic surfactant

207



CHAPTER 6(a): R. Karunagaran, S. Kabiri, . Andelkovic, C. Coghlan, D. Tran, C. Doonan, D. Losic “An atmospherically stable
and agglomeration-free zero-valent iron reduced graphene oxide (ZVI-rGO) composite for high performing environmental
remediation” Journal of Chemical Engineering, 2017. (Submitted)

prolonged the stability of ZVIs in air (two months) and reduced aggregation which could be effectively

:1’ used to remove contaminants such as tetrachloroethane. All these studies showed limited results to
3

§ provide required long term stability of ZVIs required for real environmental applications with lack of
s fundamental knowledge about optimal chemistry of protective layer to provide binding, barrier and
1% repulsion properties.

il

1; In order to prevent ZVIs aggregation, inert materials has been used as carriers such as
ig bentonite,[36] zeolite[37] and natural clays.[38] Bio char materials derived from rice hull[39] and
%2 pine[40] have also been used as supporting materials. Recently graphene due to its large specific surface
ig area (2600 mz/g), good mechanical stability, tuneable surface chemistry and large scale production, has

22 emerged as a new and promising material for nanoparticle immobilization such as ZVIs.[41] ZVI-
graphene composites have already been synthesised and tested for the removal of uranium,[42]
o7 arsenic[43] and lead.[44] While progress has been made either in stability under aerobic conditions or
29 reducing agglomeration, no efficient solution has been found for prevention of both, oxidation and
3, agglomeration of ZVI NPs. Nevertheless, ZVIs have been recognized as one of the most promising
34 materials for environmental remediation and overcoming these challenges is of critical importance that

can result in significant advances in this field and solve concerning environmental problems.

In this study, to address these two problems such as oxidation and agglomeration of ZVI NPs we
42 come with idea to engineer composites which are an atmospherically stable and agglomeration-free. In
the first optimization stage to select the organic layer with the best oxidation protective properties that
47 provide a long term stability of ZVI a series of organic molecules with different functional groups were
49 explored. Five coating small organic molecules with four different functional groups including -NH,, -
50 OH, -COOH and -SH were initially tested as shown in Scheme 1. Based on stability performance ZVIs
54  coated with glycine that showed excellent atmospheric stability was further used in order to solve

57 aggregation problem in combination with reduced graphene oxide (rGO). The graphene/ZVI composite
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was created with unique 3-d structures that showed reduced agglomeration of glycine modified ZVI-NPs.
The performance of the prepared glycine coated ZVI-+GO composites was finally tested for removal of
arsenic ions (As(IIl) and As(V)) from water as a case study to demonstrate their environmental

remediation performances .

O doy O b WM

12 FeS0,.7H,0 + NaBH, ; \)\/
, (3324880

! HO. OH ot T

t l ] 17794 -.....'m“é\k\\:,

' Glycerol Sl
19 ' HC—0 L

o / HiC \s«‘ ™

19 ! \0 4 \ . K

20 ! 0—CHy @ mN
21 i ' Mercaptopropy! 4

22 ' trimethoxy silane
23 ' HO

“’;\'\\“,‘.‘. \\\\\\;Xw\&\
A e
4 HO NH; "'“.-,‘_\\'\:\'

27 J Dopamine 3

28 ' 0

29 !
= / /\)‘\ :
HS OH

32 EI 3-mercapto propionic acid
33 N o

Organic coating l '

3 5 . Feo b \ — —
H;N

36 I Iron hydroxide shell i
87 M Glycine i Glyzvi %

Organic coatin \ ‘
= ’ 5 Stable for > 12 months Glyzvi - rGo

Scheme 1. Schematic representation of different organic coating materials and synthesis of GlyZVI-

s GO composite.

47 2. Materials and methods

Natural graphite flakes suppled from local company (Uley, Eyre Peninsula, South Australia) was milled
52 into a fine powder using a bench top ring mill (Rocklabs). Iron sulphate heptahydrate (FeSO4.7H,0),
potassium permanganate (KMnQOy), sodium hydroxide (NaOH), 3-mercapto proprionic acid (MPA),

57 sodium borohydride (NaBH,), glycine (Gly), glycerol, mercapto propyl tri methoxy silane (MPTMS) and
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dopamine hydrochloride were purchased from Sigma Aldrich, and sulphuric acid (H,SO;), phosphoric
acid (H3PO,), 30% hydrogen peroxide (H20,), 35% hydrochloric acid (HCI) and ethanol were purchased
from Chem Supply. All chemicals were used without further purification. Stock solutions (1000 ppm) of

arsenite (NapAsOs) and arsenate (Na;HAsO4.7H,0) were purchased from Sigma Aldrich and prepared in

WD ~Joy O b WO

¢ Milli-Q water (18.2 MQ.cm at 25 °C, pH 5.6). Milli-Q water was used throughout the experiments unless

1o otherwise stated.
15  2.1.Preparation of graphene oxide (GO)

15 GO was synthesized from graphite flakes using the improved Hummer’s method.[45] A mixture of
20 concentrated acids H,SO4/H3PO4 (9:1) was added to a mixture of graphite flakes (3.0 g) and KMnO, (18.0
). The solution was then heated to 50 °C and stirred for 12 h. The solution was cooled and poured onto
25 ice (400 mL) containing HyO, (3 mL). The mixture was centrifuged (4000 rpm) for 4 h and the
supernatant was removed. The precipitate was then washed in succession with water (2 x 200 mL), 30 %
30 HCI (2 x 200 mL) and ethanol (2 x 200 mL). The final product was collected and vacuum dried overnight

32 at room temperature.
35 2.2.Preparation of zero valent irons (ZVI) nanoparticles

38 Water (200 mL) was degassed with argon (Ar) in a 500 mL three necked flask for 15 min. 50 mL of the
degassed water containing NaBH, (0.05 mole) was transferred to a dropping funnel also under Ar. Iron
43 sulphate heptahydrate (14 mmol) was dissolved with the remaining 150 mL of degassed water and the
dissolved NaBH, solution was added drop wise to the iron solution over a period of 2 h where the pH of

48 the suspension was maintained at 8.
51  2.3. Coating of ZVI nanoparticles with organic molecules

54 To prevent the ZVI (Fe’) surface from oxidising in the presence of air, five different coating molecules
56 including Gly, MPA, dopamine (Dop), glycerol and MPTMS were separately added to the reaction

5¢  mixture to yield a surface coated ZVI with organic compounds is shown in Scheme 1.
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In separate experiments glycine (6.66 mmol in 3 mL of water), dopamine hydrochloride (6.66 mmol in 3

% mL water), MPA (550 pL), glycerol (600 L) or MPTMS (600 uL) were separately added to the ZVI iron
E solution. The solution was further mixed for 15 min then centrifuged at 4200 rpm for 5 min. Iron
s solutions mixed with glycine, dopamine and glycerol were washed with DI water (3x), whereas the
1§ solution mixed with MPA and MPTMS were washed with ethanol (3x). Finally, the precipitates were
l% freeze dried for 24 h and stored in a container for use. The different coated ZVI were denoted as GlyZVI,
§ DopZVI, MPAZVI, GlycerolZVI, and MPTMS/ZVI, for glycine, dopamine, MPA, glycerol, and
ig MPTMS, respectively.

18

%9 2.4. Preparation of ZVI and reduced GO (rGO) composite

22 ZV1-1GO composites were synthesized using a similar preparation method to the ZVI coated materials.
25 The materials where subjected to an additional step after the addition of the coating agents. GO solution
2;6 (10 mL, 1.5 mg/mL) was degassed with Ar, then added to the iron solution (containing NaBHy) in the

29
30 three-necked flask with the coating agent and mixed for an additional 15 min. The presence of NaBH, in

32 the iron solution also acts as a reducing agent to convert GO to reduced GO (rGO). The mixture was then
35 Wwashed (DI water or ethanol), freeze dried and stored as previously stated above. The final products were
37 referred to as GlyZVI-rGO, DopZVI-rtGO, MPAZVI-rGO, GlycerolZVI-rGO, and MPTMS/ZVI-rGO for

the glycine, dopamine, MPA, glycerol, and MPTMS composites, respectively.
2.5. Characterizations

Scanning electron microscopy (SEM, Quanta 450, FEI, USA), Transition electron microscopy (TEM,
4g  Tecnai G2 Spirit, FEI, USA), Raman spectroscopy (LabRAM Evolution, Horiba Jvon Yvon, Japan) and
X-ray diffraction (XRD, Miniflex 600, Rigaku, Japan) were used to characterise the synthesised
53 materials. TEM samples were prepared by ultrasonicating the materials in ethanol for 10 min, drop casted
55 onto copper grids and measured at an accelerating voltage of 120 kV. XRD measurements were

5g performed at 40 kV and 15 mA in the range between 26 = 20-80 ° at a scan speed of 10 “/min. Raman
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analysis was carried out using a 532 nm laser. The laser power was kept at 10 % to prevent any

1
2 preheating of the sample and a confocal size of 300 pm was used. The sample was tested without any pre-
i
g treatment in the range of 1100-1800 cm™ using an integration time of 10 sec for 3 accumulations and the
6
7 retention time was set to 1 sec. A short scan range was selected as the materials were susceptible to
8
 burning at prolong times from laser exposure. X-ray photoelectron spectroscopy (XPS) characterisation
10
11 ;
- was performed on an AXIS Ultra-DLD instrument (Kratos, UK) where sample was prepared by drop
13
14 casting onto a clean Si wafer using non-monochromatic Mg source operating at 120kV and 200W. High
15
1? resolution spectra was collected with a 0.1 eV step size. Casa XPS™ software was used for processing
18
19 and curve fitting of XPS data.
20
21

22 2.6. Adsorption experiments

25 Batch adsorption tests were carried out, individually for As(IIl) and As(V), to examine the effect of
contact time, pH and to determine the adsorption capacity of the adsorbent. Experiments were performed
30 in 200 mL plastic tubes with 5 mg of adsorbent and 100 mL of arsenic solution in DI water at room

32 temperature (22 °C + 1) at 600 rppm on a magnetic stirrer.

35 For kinetic experiments, 5 mg/L arsenic solutions at pH 7 were mixed for 5, 10, 15, 20, 30, 45, 60, 120
3¢ and 180 min. After the specified contact times the suspensions were immediately filtered through a 0.22
40 um Teflon filter and the arsenic concentrations were measured with Inductively Coupled Plasma-Mass

spectroscopy (ICP-MS 7500cs Agilent Technologies, USA).

The effect of pH on arsenic adsorption was examined between pH 3 and 10. Initial pH of 5 mg/L arsenic
48 solution was adjusted using diluted HCl or NaOH solution. After the addition of sorbent, the solutions
were mixed for 120 min then immediately filtered through a 0.22 pm Teflon filter and analysed. Isotherm
53 studies were carried out at pH 8 for As(V) and As(Il). Experiments were performed by mixing
55 concentrations of As(V) or As(III) solutions with a constant dose of adsorbent (0.05 g/L) for 120 min.

5g The concentrations of arsenic were in the range of 3 to 150 mg/L.
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3. Results and Discussion

3.1. Air stability of ZVI nanoparticles coated with different organic molecules

To prevent the ZVI surface from oxidising in the presence of air, five different organic molecules
(glycine, MPA, dopamine, glycerol and MPTMS) different functional groups including, -NH,, -OH, -

COOH and -SH (Table S1) were explored. The air stability of the materials was tested by exposure to air

o
D O W®-Jdo U B W

§

(Scheme S1). ZVI composite materials coated with glycerol (GlyZVI) and MPTMS (MPTMSZVI) were

found to be highly unstable and ignited instantly when exposed to air (Movie S1 available). Immediate

e e e
D ~J oy O bW

oxidation and burning are indicating that the glycerol, containing -OH groups, and MPTMS, containing
%é’ SH groups, did not form a stable protective coating around ZVI. In contrast, the ZVI coated with
dopamine (DopZVI), containing both -NH; and -OH groups, did not aggressively react in air showing
25 better protection capability. However, over the course of three days the particles changed colour from
black to brown indicating that the protection is not stable. As the GlyZVI containing -OH groups did not
30 contribute to the stable coating of the ZVI, it was hypothesised that the -NH, groups in dopamine interacts
32 very weakly with the ZVL. In contrast, the highest stability obtained was for ZVI samples protected with
35 MPA and Gly molecules. Both produced ZVI -NPs were stable in air for more than 12 months showing
37 the best stability compared to other ZVI organic coatings reported in literature (Table S2). Our results
indicate that -COOH group is responsible for coating and high protection of ZVI against oxidation. This
42 is in agreement with the study of Kataby et al.[46] who proposed stronger chemical bonding between
carboxylic acids and iron NPs than the bond formed between the iron and the thiol or the alcohol moiety.
47  Simillar, Tao have found self-assembeling of monolayers of alkanoic acids on the surface of other metals,
49 like Ag, Cu and Al, creating highly dense film around metal particles.[47] Interpretation of our results in
5o light of a previous studies suggests creation of protective coating by the chemical bonding of carboxylic

54 group to the ZVI surface which results in an excellent stability in atmospheric environment. Although

57 both GlyZVI and MPAZVI showed excellent stability under atmospheric conditions, GlyZVI was chosen
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as a best candidate for immobilization on GO to prevent aggregation due to its lower toxicity and costs

compared to MPA.

3.2. Structural and chemical characterization of GlyZVI and GlyZVI-rGO composites

O Joy O b W

The morphology of the synthesised GlyZVI-NPs and GlyZVI-rGO composites was examined by SEM

e}

10" and TEM as shown in Fig. 1. The particle size of GlyZVI was determined to be 100-200 nm in diameter
13 Wwhich form an interconnected 2D chain of several microns (Fig.1A). The formation of this 2D
15 nanoparticle chain is consequence of magnetic properties and surface charge of ZVIL[48] High
magnification TEM of a single spherical GlyZVI nanoparticle (Fig. 1B) shows that the ZVI core is
20 surrounded by an iron hydroxide shell approximately 4.2 nm thick. The GlyZVI-rGO composite prepared
by dispersing GlyZVI onto rGO displayed reduced aggregation of the 2D chains in comparison to the
25 original GlyZVI-NPs (Fig. 1C and D) confirming their successful immobilisation, reduced attraction and

aggregation.

57 Figure 1. SEM image of A) GlyZVI nanoparticles B) TEM image of a single GlyZVI nanoparticle with
59 iron hydroxide shell. C) SEM and D) TEM images of GlyZVI-rGO composite.
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XRD analysis was conducted to verify that the zero oxidation state of iron was retained after the
coating process. The XRD of GlyZVI (Fig. 2A) showed two dominant diffraction peaks at 26 = 44.8 © and
65.3 © which are charcteristic for the metallic iron.[49] No additional peaks in the XRD spectra for
GlyZ VI exposed to air at room temperarue (22 °C) for 12 months compared to the freshly prepared

nanoparticles confirms the absence of newly formed crystal structures and the stability of the coated ZVI

material.
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Figure 2. XRD patterns of A) GlyZVI nanoparticles freshly prepared and exposed to air for 12 months,
B) GO and GlyZVI-rGO and C) Raman spectra of GO and GlyZVI-rGO composite.

The XRD patterns of GO and GlyZVI-tGO are shown in Fig. 2B. GO has a peak at 26 = 10.3 ©
corresponding to the (001) plane.[5S0] In contrast, the XRD pattern of GlyZVI-tGO shows two
characteristic peaks at 26 = 44.9 © and 65.3 ° corresponding to (110) and (200) planes of metallic iron.
The absence of the typical 1GO peak around 26 = 25.0 © in the XRD pattern of GlyZVI-rGO suggests that

the GlyZVI-NPs are preventing the rGO sheets from restacking.[51]

Raman spectra of GO and GlyZVI-rGO (Fig. 2C) showed typical D and G bands at 1346 em’ and
1594 cm, respectively. The D band arises from the defect induced breathing mode of the C-C bond

stretching in the sp2 ring, while the G band is associated with the first order scattering of Es, photons of
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sp2 carbon atoms.[52,53] The intensity ratio of the D and G band (Ip/Is) of GlyZVI-rGO (1.10) is slightly
higher than GO (0.98) indicating the decrease in the average size of sp2 domains upon reduction of GO by

ZVI to form rGO and the generation of new graphitic domains in the GlyZVI-rGO composite.[54]
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24 Figure 3. High resolution XPS spectra of A) Fe2p and B) Cls of GlyZVI

27 The glycine coating on the ZVI-NPs was characterized by probing the GlyZVI surface with XPS to obtain
the deconvoluted XPS Fe2p and Cls spectrum as shown in Fig. 3. The high-resolution Fe 2p;» and
32 Fe2ps located at 726.67 and 712.96 eV (Fig. 3A), respectively corresponds to the Fe** oxidation state of
iron hydroxides in the shell.[55] Small shoulder at around 706.0 —707.0 eV can be seen, corresponding to
37 the Fe’ peak of iron.[56] The high resolution Cls peak (Fig. 3B) showed three characteristic peaks
39 corresponding to glycine, C-C (285.7 eV), C-N (286.7 eV) and O-C=0 (288.6 ¢V).[57] XPS results
4o further support TEM and XRD conclusions, confirming the chemistry of GlyZVI and successful coating

44 of ZVI with glycine.
47 3.3. Adsorption kinetics

50 Both the prepared GlyZVI-rGO and GlyZVI materials were tested for arsenic (As(IIl) and As(V))
adsorption capacity over time (Fig. 4). Initially, the adsorption of both As(IIl) and As(V) species
55 increased sharply (first 40 min) then gradually approached equilibrium (approx. 120 min). The results

indicate that using rGO as a carrier of GlyZVI-NPs resulted in a significantly higher adsorption of both
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As(III) and As(V). This enhancement attributed to the reduction in agglomeration of the nanoparticles and

increased access of the binding sites of separated ZVI dispersed in graphene matrix.

Two kinetic models, the pseudo-first order (equation 1, ESI) and pseudo-second order (equation 2,

~N oy O b WD

ESI) were used to describe the kinetics of As(IIl) and As(V) adsorption. The plots obtained for As(III)
10 and As(V) using GlyZVI and GlyZVI-rGO composites are shown in Fig. S1 and S2. The pseudo-second
12 order kinetic model was found to be the most accurate representation of the data as shown by the R* in
15 Table S3. As additional test of validation of the proposed kinetic models, comparison of the amount of
17 arsenic sorbed derived from kinetic models with experimentally obtained values can be used.[58]
Comparing the calculated values from the pseudo-first and pseudo-second order with the experimental
22 values (Table S3) we can see further confirmation of the pseudo-second order model as the most suitable

24 for describing the kinetics of As(III) and As(V) adsorption onto GlyZVI-rGO.
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58 Figure 4. Adsorption kinetics of As(V) and As(III) at GlyZVI and GlyZVI-rGO composites. Conditions:
o pH = 7; As(III) and As(V) concentration = 5 mg/L; adsorbent dose = 0.05 g/L.
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3.4. Effect of pH

The effect of pH on the adsorption of As(IIT) and As(V) on GlyZVI-rGO and GlyZVI was analysed in the

% pH range 3 - 10 (Fig. 5A and B). Although there is a difference in the ionisation state of As(IIlI) (present

g as neutral H3AsO; species at pH <9 ) and As(V) (present as negatively charged HzAsO.{/HAsOf'

3 oxyanions) within the tested pH range, similar trends in the adsorption were observed. The fact that
1?} increase of pH from 4 to 9 did not significantly change the adsorption capacity of both arsenic species
11

1» indicates that surface complexation governs the adsorption process rather than electrostatic
14 interactions.[59] Further increase of pH to 10 resulted in a dramatic drop in Q. value. Measurement of
electrophoretic mobility at different pH values (Fig. S3) showed us that surface of Gly-ZVI and GlyZVI-
19 1GO have net negative charge at pH higher than 7.9 + 0.1 and 6.6 + 0.1, respectively. Dramatic drop in
Qe values at pH > 9 can be explained with increased electrostatic repulsion between negatively charged
24 HAsO4 or H,AsOy species and the negatively charged surface of adsorbent that has become the

-2 dominant force influencing the adsorption.«’ These results suggest efficient adsorption of both arsenic

27
28 SSuongrer 3 X S ,
»g species in wide pH range, allowing broad environmental application of our composite.
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56  Figure 5. Adsorption capacity of GlyZVI-rGO and GlyZVI for A) As(1ll) and B) As(V) in the pH range

58 of 3-10. Conditions: As(III) and As(V) concentration = 5 mg/L adsorption; adsorption time = 120 min;
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W Wdo G W

adsorbent dose = 0.05 g/L. Adsorption capacity of GlyZVI-rGO and GlyZVI for C) As(III) and D) As(V)
as a function of As concentration. Conditions: pH = 8; adsorption time = 120 min; adsorbent dose = 0.05

g/L.

3.5.Adsorption isotherm

The adsorption capacity of As(IIl) and As(V) of both GlyZVI and GlyZVI-rGO composites with relation
to the equilibrium arsenic concentration is presented in Fig. 5C and D. The Freundlich and Langmuir
models (ESI) were used to analyse the adsorption against the initial concentration of arsenic at constant
temperature.[60,61] Freundlich model is an empirical model which assumes multilayer adsorption on a
heterogeneous surface while the Langmuir model is based on the assumption that adsorption is monolayer
on a homogenous surface with finite number of identical sites. The As(III) adsorption results were found
to fit well with both tested isotherm models (Fig. S4 and S5) with slightly better coefficient of correlation
(Rz) for the Freundlich model, while for As(V) the Langmuir model better described the adsorption for
GlyZVI-rGO (Table S4). The calculated adsorption capacities derived from the Langmuir model for

GlyZvI-rGO gave values of 400 mg/g and 132 mg/g for As(II) and As(V), respectively.

A comparison graph showing the effectiveness of the GlyZVI-rGO composite against other ZVI
composites reported in literatures is presented in Fig. 6.[62—65] The results show that the synthesized

GlyZVI-rGO composite has the highest As(III) adsorption (400 mg/g) compared with these materials.
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o4  Figure 6. Comparison of the effectiveness of adsorbents for arsenic adsorption reported in literature, and

o6 GlyZVI and GlyZVI-+GO

30 4. Conclusions

33 In this work, five organic molecules with four different functional groups were explored as a protective
35  coating for ZVI-NPs and their impact on oxidation stability was examined. Results showed excellent air
stability (> 12 months) for ZVIs coated with Gly or MPA which indicates that the presence of -COOH
40 groups is critical for efficient protection of ZVIs from atmospheric oxidation. The GlyZVI was chosen as
a best candidate for further combination with rGO and create GlyZVi-rGO composite that is shown
45 significantly reduced agglomeration of GlyZVI-NPs and solving another key challenge associated with
47 using ZVIs in environmental remediation. The performance of prepared GlyZVI-rGO composites was
5o evaluated for adsorption of arsenic as a case study of water remediation. Both the GlyZVI and GlyZVI-
52 1GO showed excellent arsenic uptake across a range of pHs values. GlyZVI-rGO composite showed an
55 outstanding capacity for As(Ill) (400 mg/g) and As(V) (132 mg/g) with >50 % of arsenic adsorbed within

57 30 min. Results presented in this study demonstrate excellent performances of GlyZVI-rGO composite
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including long-term stability, reduced aggregation and ultra-high adsorption capacity for As adsorption
that outperform all previous reports on ZVI materials. Considering scalable and environmentally friendly
preparation of GlyZVI-rGO composite make these materials very attractive material for broad practical

applications for removal of toxic contaminates in water and soil.
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Table S1. List chemicals used as coating material and the observation of air stability.

Chemical name Structure Functional
groups
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H,—0
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o .
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g

Ignited immediately ( Oxidised after 3 days

i .

g X -
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propionic acid

Glyzvi MPAZVI
Stable for > 12 months Stable for > 12 months

Scheme S1. Schematic presentation of the synthesised materials exposed to air.
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Table S2. List of chemicals used as coating material and the observation of air stability.
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Chitosan
stabilised
VI chitosan = Yes | - 7 1-20 5.0 94 | 119 | [2]
Biochar-
nZVI1 - Biochar | No | - | 4.1 | 0400 | 2.0 " 125 | 3]
nZVl1 Activated
e ; oo | No | - |65 2 1.0 18 12 [4]
nZV1/ o
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Figure S1. Pseudo-first-order kinetic plots for adsorption of A) As(III) and B) As(V) onto
GlyZVI; C) As(IIT) and D) As(V) onto GlyZVI-rGO.

A’ B =
6 } P 4 ®
o™ as |
=r e - 37T o
S e O2s | -
St S 21
s | s 15 } ..,.o"'
% .. =0.0316x+ 02684 | .
g .4 2. 1 Ca y=0.0224x+ 0.1538
1 -’._,o R*=0.997 0.5 _"_.‘ R®=0.998
0 e e e e °
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Time (min) Time (min)
C 4 D 35
35 -. 3} '...
J . 25 |
L 3 o 2} e
< 2} sy >
15 |
Qi 0. S
1 -.'.. 1r .."".
e | ..0" y=0.0186x + 0.214 os | ‘_,.c" ¥=0.016x +0.1319
= ¥ R? =0.990 o' R? = 0.994
0 ‘ A i i " A i A " i 0
0 20 40 60 S0 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Time (min) Time (min)

Figure S2. Pseudo-second-order kinetic plots for adsorption of A) As(IIl) and B) As(V) onto
GlyZVI; C) As(Ill) and D) As(V) onto GlyZVI-rGO.

Pseudo-first order (1) and pseudo-second order (2) models[8]:
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log(Qe — Q) = logQe —Kjt (D

t 1 t
_—— i 2
Qt Q5K2+ Qe 2

Where Q.and Q, are the amount (mg/g) of arsenic adsorbed at equilibrium and at time t (min)
respectively, K is the rate constant for the pseudo-first order adsorption (min!) and K is the

rate constant for the pseudo-second order adsorption (g mg™ min™).

Table S3. Kinetic parameters for adsorption of As(IIl) and As(V) onto GlyZVI and GlyZVI-
rGO composites

Pseudo-first-order Pseudo-second-order e aehtl
obtained Qe
K> (mg/g)
K, Qe 2 Qe 2
(min) | (mg/g) K (g/mg | (mgg) B
min)
GlyZVI- As (IIT) 0.0207 34.4 0.963 0.0016 53.8 0.990 51.5
1GO As(V) | 00285 | 311 | 0.889] 00002 | 625 | 0994 59.3
As (IIT) 0.0182 15.6 0.858 0.0037 31.6 0.997 29.1
GlyZV1
AS (V) 0.0198 20.2 0.859 0.0033 44.6 0.998 43.4
A% GlyZV1 B GIyZVI - rGO
~ 40 e
z ¥ £
=120 =
2 10 =
E — g
:; 10 4 s 6 7 =
= &
E i g
N K
50
pH

Figure S3. Zeta potential measurements for A) GlyZVI and B) GlyZVI-rGO.
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The Freundlich and Langmuir models are described by equation 3 and 4, respectively[9,10]:

logq, = logK; + ;11- logC, 3)
Ce 1 Ce

= + 4
de bQmax Qmax ( )

Where g, (mg/g) is the amount of arsenic adsorbed per unit of adsorbent at equilibrium, Ky

is the constant which can be used to relate the adsorption capacity, C,(mg/L) is the
equilibrium arsenic concentration, and n is the dimensionless Freundlich constant that is
related to the intensity of the adsorption. In the Langmuir equation, b (L/mg) is the Langmuir
constant related to the adsorption energy and Q,,q, (mg/g) is the amount adsorbed per unit

weight of adsorbent required for monolayer capacity.
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Figure S4. Langmuir plots for the for A) As(IIl) and B) As(V) adsorption onto GlyZVI: C)

As(I1I) and D) As(V) adsorption onto GlyZVI-rGO.
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Figure S5. Freundlich plots for the for A) As(III) and B) As(V) adsorption onto GlyZVI; C)

As(III) and D) As(V) adsorption onto GlyZVI-rGO.
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Table S4. Langmuir and Freundlich parameters for the adsorption of As(IIT) and As(V) onto

GlyZVI-rGO composite

Freundlich model Langmuir model
2 b Qmu_\ 2
B K K (L/mg) (mg/g) R
GlyzVI- |_As D 1.69 16.79 0.977 0.021 400 0.958
rGO As (V) 2.65 28.01 0.773 0.349 132 0.956
As (11I) 1.82 19.64 0.965 0.039 286 0.956
GlyZV1
As (V) 2.28 23.02 0.985 0.033 233 0.922
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CHAPTER 7: Conclusion and recommendations for future work

7.1 CONCLUSION

The chapter overviews the contribution of whole thesis to improve carbon composite
technology towards achieving solutions to constantly rising world’s energy and environmental
concerns. Initially, the in-depth knowledge of fabricating unique carbon composite materials
and, the need to encounter world’s critical energy and environmental issues such as seeking
alternatives for fossil fuels to cater the rising energy demand, increasing CO> pollutions and
arsenic contaminated drinking water, permitted design of unique carbon composites to drive
set closer to find permeant solutions to these issues. The synthesise of hybrid structures
comprises both N-doped CNTs and N-CMSs and composites of N-doped SAO with PF and
rGO provided details understanding that additional active sites can be generated by hybrid or
composite materials to drive ORR reactions more effectively. Furthermore, investigations on
different composites of different irons oxide phases in graphene aerogels as catalysts for
oxygen reduction revealed that low cost and abundantly available iron oxides have low
reduction capacities to reduce oxygen irrespective of their phases. However, it provided vital
information that their crystal structures, magnetic properties and electrical conductivity can
influence the oxygen reduction capacities which opens opportunities to explore different
elements with similar crystal structures for oxygen reduction purposes. Moreover, the
investigation of the dependence of air stability of ZV1 on different functional groups revealed
vital information regarding air stability is greatly dependant on functional groups used to coat
them. This investigation provided in depth understanding of the reasons for short term air
stability reported in previous studies conducted on ZVI. This study identified the main
drawbacks of ZVI air stability and particle agglomeration which have hindered the
demonstration of the true potential of the ZV1 over the years and provided effective solutions.
This led to the synthesis of ZVI1/rGO and ZVFe and ZVCo/rGO composites, which displayed
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its true potentials and performed outstandingly as arsenic adsorbent. These easy, low cost and
tailorable technologies can integrate into energy conversion and environmental remediation
technologies to address the world energy and environmental crisis and create a safe and
comfortable world to live. The following summarises the specific conclusions from the major

investigations carried out as a part of this thesis.

7.1.1 A unique 3D nidrogen - doped carbon composite as high performance

oxygen reduction catalysts

Bio source (galactose), maghemite nanoparticles and nitrogen precursor (melamine) was used
to synthesise low cost and environmentally friendly carbon composite materials using two-step
hydrothermal treatment and pyrolysis processes to explore the oxygen reduction capabilities in

alkaline medium. The following points summarises the conclusions drawn from this study:

1. 3D N- doped carbon composite hybrid materials with integrated CNT and CMS
morphologies can be synthesised using galactose, maghemite nanoparticles and
melamine via two-step hydrothermal and pyrolysis process.

2. At elevated pyrolysis temperature (950 °C) the decomposed carbon and nitrogen
products of melamine formed N-doped CNTSs through the FeMNPC releases from the
disruption of the carbon spheres.

3. Integrated structures of N-CNTs and N-CMS was observed only for GAL-Fe-N and
similar structures were not detected for GAL-Fe-A or GAL-N. Therefore, it can be
confirmed both Fe nanoparticles and N precursor is essential for formation of these
hybrid structures.

4. The significant increase in the electron transfer number for GAL-Fe-N compared to
GAL-N has demonstrated hybrid structures have contributed additional active sites for

ORR.
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5. The enhanced activity of GAL-Fe-N was attributed to the N-C active sites formed by
pyridinic nitrogen structures with their strong Lewis basicity and electronic affinity in
the N-CNT and N-carbon microspheres, which induced a high positive charge density
on the adjacent carbon atoms. As a result, the electron donor properties of nitrogen-
doped (N-doped) GAL-Fe-N triggered a favourable diatomic O-O adsorption
weakening the O-O bond strength to facilitate ORR activity and drive the reaction via

predominantly four - electron pathway.

7.1.2 Green Synthesis of three-dimensional hybrid N-doped ORR electro
catalysts composed of nitrogen doped micro-spherical and nanotubular

structures using Apricot Sap

Naturally occurring apricot sap, maghemite nanoparticles and nitrogen precursor (melamine)
was used to synthesise low cost and environmentally friendly carbon composite materials using
three-step apricot resin preparation, hydrothermal treatment and pyrolysis processes to explore
the oxygen reduction capabilities in alkaline medium. The following points summarises the

conclusions drawn from this study:

1. Hydrothermal reduction of apricot resin suspension in the presence of Fe and Co
nanoparticles produced Fe and Co nanoparticle embedded carbon spheres formed as a
consequence of dehydration and polymerisation of galactose present in apricot resin.

2. 3D N- doped carbon hybrid materials composed of micro-spherical and nanotubular
structures can be synthesised using apricot sap, maghemite nanoparticles, cobalt
precursors and melamine via three-step apricot resin preparation, hydrothermal

treatment and pyrolysis process.
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3. The MNPs initially embedded within the CMS diffused out of the CMS to catalyse
formation of corrugated hollow N-CNT due to the surface distruction caused by the
decomposition of melamine during pyrolysis.

4. Both N-APG-Fe and N-APG-Co with integrated N-doped micro-spherical and N-doped
nanotubular structures catalysted ORR by driving the ORR prediminantly by four —
electron transfer path way with low yeild of HO2". The ORR activity of N-APG with
solely micro-spherical structure was significantly lower than both N-APG-Fe and N-
APG-Co which demonstrated hybrid structures has provided additional active site for
ORR.

5. The enhanced activity of N-APG-Fe and N-APG-Co was attributed to the N-C active
sites formed by electro negative pyridinic nitrogen species in the N-CNT and N-CMSs,
which induced a high positive charge density on the adjacent carbon atoms to facilitate
a favourable diatomic O-O adsorption to the adjacent carbon atom to the N species.
This weakened the O-O bond strength to facilitate ORR activity and drive the reaction

via predominantly four - electron pathway.

7.1.3 Study of iron oxide nanoparticle phases in graphene aerogels for

oxygen reduction reaction

Four different iron oxide phases Fe3Oa, a-Fe203, y-Fe203 and a-FeOOH were investigated for
their individual activity to reduce oxygen in alkaline medium. These different iron oxide phases
were individually dispersed in 3D graphene aerogels at low temperature (80 °C) and their
individual phases were retained in graphene aerogels. These iron oxide/rGO composites was
investigated as ORR catalyst in alkaline medium. The following points summarises the

conclusions drawn from this study:
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1. All iron oxide phases showed low activity towards oxygen reduction compared to the
standard Pt/C catalyst. However, the investigation revealed different phases of iron
oxide alters the levels of electron transfer number and HO>™ produced.

2. Ferromagnetic rGO/Fe3O4 and rGO/y-Fe203 showed higher catalytic activity towards
oxygen reduction compared to rGO/a-Fe203 and rGO/a-FeEOOH. The higher ORR
activity was attributed to their inverse spinel structures, magnetic and electrical
conductivity of Fe3O4 and y-Fe20s. rGO/a-Fe203 showed the lowest ORR activity with
low condutivity.

3. All catalysts, apart from a-Fe2Os proceeded via a four-electron transfer pathway at
lower potential regions. At a high potential (0.70 V) all catalysts were driven through

the two-electron pathway producing HO>™ as an intermediate.

7.1.4 A facile synthesis procedure for sulphonated aniline oligomers with

distinct microstructures

SAO with well defined micro structures was synthesised using excess aniline and low oxidant

in ethanol at pH 4.8. The following points summarises the conclusions drawn from this study:

1. Synthesized SAO was comprised of well-defined micro structures with both micro
sheets and micro rods in the presence of ethanol. The comparison of the synthesis
conducted in the presence of water showed formation of shapeless aggregates,
confirming that ethanol significantly reduced the agglomeration of micro structures by
forming H-bonds with SAO molecules.

2. The presence of sulphonate groups was established by conducting EDX, FTIR and *3C

NMR techniques.
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3. The mechanism of the formation of microstructures has revealed that it goes through
several stages from 2D planar sheets and their transformation into tubular and layered
flake structures via n-m interaction between 2D planer sheets.

4. Tubular structures were formed when the stacked 2D planar sheets tends to reduce their

surface energy.

7.1.5 A unique N-doped macro porous oxygen reduction electro catalysts
sysnthesised with sulphonated aniline oligomers and its phenol

formaldehyde and reduced graphene oxide composites.

SAO and its composites made with phenol formaldehyde and reduced graphene oxide was
pyrolysed in the presence of nitrogen precursor (melamine) and investigated for ORR catalytic
activity in alkaline medium. The following points summarises the conclusions drawn from this

study:

1. Pyrolysis of SAO, SAOrGO and SAOPF materials expanded and formed macro porous
carbon structures.

2. The thermometric — mass spectrometer analysis conducted on pyrolysed SAO revealed
the sulphonated groups attached to the SAO decomposes at 266 °C and release SO2 gas
which facilitated the expansion of SAO and its composite materials (SAOPF and
SAOrGO) to form macro porous carbon structures.

3. The composite materials of SAO (N-SAOrGO and N-SAOPF) showed higher oxygen
reduction capabilities compared to N-SAO with higher electron transfer numbers and

lower HO, yield.
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4. N-SAOPF showed highest onset potential (0.98 V), highest eletro transfer number (3.62
at 0.50 V) and lowest % HO> yield (19.02 % at 0.50 V). The enhanced activity was

5. attributed to the higher % atomic concentration of pyridinic nitrogen present in N-
SAOPF.

6. N-SAOrGO displayed the highest limiting current density at 0 V (RHE) (7.89 mA/cm?)
which is nearly 65% higher than the standard Pt/C catalysts at similar potential. The
increase in the limited current density is ascribed to the higher % atomic concentration

of graphitic nitrogen present in N-SAOrGO.

7.1.6 An atmospherically stable and agglomeration-free zero-valent iron
reduced graphene oxide (ZVI-rGO) composite for high performing

environmental remediation

To establish the contribution of different organic functional groups towards providing long —
term air stability for ZV1, the activity of organic materials with four different functional groups
towards proving long — term air stability was investigated. The ZVI provided long — term air
stability was dispersed in rGO to reduce particle agglomeration and tested for arsenic species

adsorption in water. The following points summarises the conclusions drawn from this study:

1. Out of the five organic materials with different functional groups including thiol,
hydroxyl, carboxylic and amine tested, carboxylic functional groups provided long-
term air stability and remained stable for more than 12 months.

2. Organic materials with amine groups provided short term air stability up-to three days
and eventually oxidised and changed colour. Organic materials containing hydroxyl
and thiol groups could not provide air stability towards ZVI and reacted immediately

when exposed to air.
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7.2

3.

Investigation on arsenic adsorption carried out using both glycine coated GlyZVI and
GlyzVI-rGO revealed both materials showed outstanding arsenic adsorption capacities.
However, the As (111) adsorption capacity on less aggregated GlyZVI-rGO (400 mg/g)
was higher than aggregated GlyZVI (285.7 mg/g) and adsorbed >50 % of arsenic

adsorbed within 30 min.

Recommendations for future work

Although numerous claims have been made regarding the ability of hybrid carbon
materials to enhance ORR activity, only a handful of unique combinations have reached
the ORR activity similar to that of the standard Pt/C catalysts. Notwithstanding the great
process these hybrid carbon catalysts have achieved the past, there still remains a gap
in identifying the ideal combination of hybrid material which provide greater active site
for oxygen reduction. Therefore, carbon structures which have specific features to their
structures such as graphene quantum dots, CNTs, graphene, carbon spheres and carbon
nitrides should be strategically coupled in to composite arrangements to obtain ORR
catalysts with high concentration of active species. The integrated combinations of
these structure and the study of their catalytic performances are worthy of investigation
as they have the potential to provide low cost, stable, easily scalable catalysts with
increase catalysts activity.

The effect of particle size on ORR activity should be investigated for magnetite and
maghemite with inverse spinel structures. Pt/C catalysts investigated for particle size
dependence on ORR activity has demonstrated differences in surface activity at lower
particle size range (2-10 nm). The investigation on particle size effect on magnetite and
maghemite catalysts could provide a wide range of understanding of these catalysts.
Arsenic adsorption on zero valent cobalt has not been widely reported in the literature.

Air stable, magnetic and less aggregated cobalt catalysts can be investigated and
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reported for heavy metal remediation from drinking water. It is proposed, further
optimization of this adsorbent toward and development of commercial adsorbent for

two applications: removal As from drinking waters and for soil remediation.
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