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Abstract

With rapid advancements in mobile systems and vehicles, there is an increasing
expectation of performances for energy storage/conversion devices each year. New
technologies such as metal-air batteries and fuel-cells have gained much attention as
better substitutes of currently widely used batteries and fossil fuels however it is crucial
to improve the sluggish oxygen kinetics occurring on the surface of the electrodes of these
devices. Abstaining from using scarce noble-metal containing species, this thesis outlines
syntheses and electrocatalytic performances of non-metal carbon-based materials as
oxygen electrocatalysts for possible cost-effective cathode candidates in metal-air

batteries.

To explore a different synthesis approach of graphene-like carbon material, as to a harsh
acid oxidation preparation method, oxygen electrocatalysts were obtained via high
temperature (>700 °C) graphitisation of glucose and dicyandiamide. Pores created during
polymerisation and the nitrogen species (pyridinic, pyrrolic, and graphitic) increased
catalytically active sites on as prepared graphitic carbons. Annealing temperature was
varied to study the effect of the ratio of N-dopant species, and the concentration of carbon

defects as a function of the annealing temperature.

Increasing the number of active sites whilst preserving electronic conductivity is
challenging, but crucial to enhancing electrocatalysts’ performances. Heteroatom-doped
‘carbon dots’, quasi-spherical carbon particles with size of less than 20 nm, were enriched

on the surface of graphene substrates to maximise catalytically available active sites.



Embedding carbon dots (with many N and S dopant species) provide many catalytically
active sites for each defect site compared to direct heteroatom doping. Dual heteroatom-
doped carbon dots embedded graphene catalysts, NS-CD@gf a900 exhibited
significantly high catalytic performances of 7.71 mA cm at 1600 rpm and only 0.91 V
overpotential for oxygen bi-functional reactions; even close to noble-metal Pt/C and 1r/C
counterparts (0.77 V) as a result of the effect of many available catalytic sites and the

synergistic behaviour of the dopants to the electronic structures.

An alternative to the traditional method of 2D carbon preparation via exfoliation and
oxidation using harsh chemicals is via a bottom-up approach of forming carbon polymers.
Pyrene, a polycyclic aromatic carbon with a four fused benzene-ring structure, was
rationally selected as the building block for the formation of carbon substrate via a
Friedel-Craft acylation mechanism. There was a significant increase in measured pore
volume in the nano-range and throughout, compared to other carbon polymers and
graphene samples, which can enhance the gas/ion diffusion mechanism. Nitrogen and
sulphur doping with high temperature annealing at 900 °C resulted in a highly porous
carbon substrate that exhibited comparable electrocatalytic performances to the Pt/C

electrocatalyst.



Impact statement

The main research goals of functionalised materials for energy storage/conversion
devices should be to minimise the complexity of preparations, associated environmental
issues, and the cost of fabrication. Most of all, the current performance of oxygen
electrocatalyst materials in metal-air batteries restricts commercialisation of the
technology — the highest oxygen conversion levels are limited to scarce noble-metal
catalysts such as platinum, ruthenium and iridium. Electrocatalysis requires the catalyst
material to be conductive, able to adsorb/desorb molecules with fast conversion at water
splitting potential of 1.23 V, and have high stability. Many research articles focus on
metal-catalysts (either precious or transition metals) as the activation energy of the
oxygen redox reaction is easily met, reaching close to the maximum current density of
5.71 mA cm? with sufficient number of conversions. Yet, catalyst poisoning and stability
issues are typically encountered and require the use of further carbon support/substrate to

increase the overall electrode conductivity.

Heteroatom doped (B, N, O, P, S) graphitic carbon substrates with stable porous
morphologies and many active sites for oxygen catalytic reactions can be rationally

designed to be utilised as metal-free electrocatalysts.

The projects in this thesis concentrate on surpassing performances of current metal-based
and non-metal electrode materials but also to provide simple innovative synthesis

methods of carbon electrocatalysts for applications such as metal-air batteries and fuel



cells. Projects are in chronological order and the obtained insights for each project are

described immediately following the project.
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Chapter 1 : Introduction

1.1 Energy storage and conversion

Energy; a manifested property of a substance or a matter that is converted to perform
work. Harnessing energy (of any form) has been crucial to mankind from the ancient
times. With rapid development of current technologies, the world is significantly
enhancing every second — a sustainable system is necessary to maintain the demand. Total
energy consumption has inclined ever since the modernisation of the industries; 28,516
TW h' in 1950 to 173,340 TW h in 2019, over 600% increase in total energy
consumption in just 70 years®. However, despite the advancements on sustainable energy
sources, human civilisation still heavily relies on fossil fuels (oil, coal, and natural gases)
and combustion methods to harness energy (shown in Figure 1.1)?. Considering the
serious environmental issues associated with fossil fuels and possible future depletion of
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fuels, alternative renewable energy sources, featuring energy storage and conversion
devices, are necessary to replace conventional processes. Among the existing
electrochemical systems, lithium-ion batteries (LIB) have been deployed on many
occasions (mostly consumer electronics, and electric vehicles) as the primary energy
source with moderate energy density and cyclability®. Yet, LIB technology is struggling
to keep up with the energy demand with slow improvements in both energy and power
densities; not to mention the safety concerns caused by thermal runaways and short-
circuits®. Hence, new environmental, and sustainable energy storage systems with high

energy and power densities are highly desired for the rapid developments.
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Figure 1.1 Comparative primary energy consumption over the past 10 years?.

1.1.1 Lithium-ion batteries

With the acknowledgement by the 2019 Nobel prize in chemistry®, LIB technologies have
enabled developments of many applications such as electric vehicles and portable devices.

Lithium, the lightest alkali-metal, exhibits high specific energy (available stored energy
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per unit mass), fast ion mobility, and high working cell voltage making it the most

favourable amongst all elements®.

Typically, a LIB consists of a lithium-rich cathode material, an ion-hosting anode material,
and an ion-permeable separator; all wetted by an organic electrolyte to allow ion
movements. Both electrodes in typical LIBs are structured either in layers (e.g. LiCoO;
cathode and graphite anode) or porous insertion materials (e.g. LiFePO4 cathode and TiO>
anode). Charged/discharged state of a LIB is described by the motion of lithium

intercalation/deintercalation in-and-out of two differently charged electrodes’.

Despite the market dominance, chemical limitations of current LIB technology are
apparent. With battery over-charge and -discharge, the conventional layer-structured
electrodes can have permanent damages (layer expansion/collapsing) caused by over
inserted/stripped ions in the electrodes and thermal runaway of a cell can occur®. Insertion
oxides, 3-dimensional (3D) frameworks, may not have the same deformation issues as
the layer-structured electrodes however, porous structures have less sites to accommodate
ions and restrict the ion movements (during insertion/extraction) resulting in overall
decrease in both energy and power densities than layered-structures®. There is a formation
of solid electrolyte interphase (SEI) on the surface of the electrodes which is said to
stabilise and prevent further decomposition of electrolyte in a cell. Nevertheless, batteries
suffer irreversible capacity loss during the first few cycles which may have an influence
on the battery lifetime!®12, Due to the safety issues of lithium in air, cells are completely

sealed and therefore cannot be replenished when dendritic cell failure occurs®®.

The energy density increase in LIBs is mainly achieved by the physical cell

capacity/volume increase; in other words, increase in size and weight is inevitable!* 1°,
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1.1.2 Supercapacitors

A supercapacitor is a device that can store and release charges at the electrode interfaces

rapidly providing high power densities and a prolonged cycle lifel®.

Very similar to LIBs, a supercapacitor consists of two electrodes with an ion-permeable
membrane immersed in an electrolyte!’. Depending on the choice of the electrode
material and the relative potential, supercapacitors can be classified into two types; an
electrostatic double layer capacitor (EDLC) or an electrochemical pseudocapacitor. In
EDLCs, which typically use carbon materials as the electrodes, an electrostatic Helmholtz
double layer is formed at the electrode-electrolyte interface. Pseudocapacitors on the
other hand are based on the electrochemical Faradaic redox reactions; electrosorption on
the surface of the electrodes. The rapid charge transfer on the surface of the electrodes
delivers necessary power in short-term however suffers from lack of specific energy

which is typically a factor of 10 less than that of LIBs'’-2!,

Supercapacitors are used in conjunction with LIBs to provide both energy and power for
some applications. In recent years, materials for LIBs and supercapacitors are converging

with similar properties to increase either energy or power densities??2°,

1.1.3 Metal-air batteries

Metal-air batteries, electrochemical/electrocatalytic cells utilising ambient air, have
intrigued many researchers as a possible solution to both portable and large-scale energy
storage due to exceptional energy density compared with LIBs. They are also relatively
cheap, safe (in aqueous setup), as well as being environmentally friendly?63°, The first

attempt to combine oxygen to the electrochemical system was introduced in the 19%"
27



century by a French electrical engineer Georges Leclanché using zinc and manganese

dioxide on carbon®.,

Different to the conventional intercalation/insertion of ions in a closed cell, the main
source of energy, typically oxygen, is supplied from air with constant feedstock. Overall
construction includes an anode (a pure single metal plate or sheet), a cathode (air-
breathing where oxygen conversion reactions occur), with/without a separator, and an
electrolyte saturating the cell. In other words, the theoretical specific energy of a metal-
air battery can significantly increase with respect to the density of the anode material used.
Typically, metals for the anode-side are alkali (earth) metals, or first row transition metals
exhibiting electrochemical responses? 2% 32, Depending on the choice of metal for the
anode, metal-air batteries can have either an aqueous system or a non-aqueous cell
construction®. In an aqueous setup (non-alkali metal), a mechanical replacement of the
used metal anode is easily achievable to replenish the cell?®- 2”33, Oxygen electrochemical
reactions are promoted by the cathode materials where oxygen molecules are either
reduced or evolved via catalysis. An air electrode consists of a gas diffusion layer and an
active material layer for the catalysis. Between these two boundaries, a hydrophobic
binder or a substrate, for instance polytetrafluoroethylene (PTFE), is used making it air-
permeable whilst excluding water molecules®**’. Single- or bi-functional oxygen
reactions determines the principle state of the batteries; either primary or rechargeable
air-batteries?® 3% 38, The most common exemplary usage of metal-air batteries would be a

primary zinc-air battery (ZAB) in hearing aids®.
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Air cathode

Metal anode
OH- : in aqueous Zn-air battery

Li* : in non-aqueous Li-air battery
® : Oxygen catalysts

Figure 1.2 Schematic structure of a metal-air battery; a metal anode and an air

permeable cathode with active oxygen electrocatalysts*.

1.1.4 Other energy storage devices
Apart from the above-mentioned systems, other energy storage device designs are

available which have been studied elsewhere.

Various metal-ion batteries exist with the same metal ion shuttling charge/discharge

mechanisms as the LIBs; these include sodium-ion, potassium-ion, and aluminium-ion
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batteries. Compared to LIBs, other metal ion batteries lack in energy capacity due to the

larger ion size, and stability of materials*'-,

Some of the most commercially used batteries are nickel-cadmium (Ni-Cd) and nickel-
metal hydride (NiMH) batteries*” 8. Only proton exchange takes place at the cathode
hence structural integrity is high. NiMH batteries can offer the same specific energy as

the LIBs at a lower cost. However, drawbacks are high self-discharge and degradation*®.

Fuel cells and electrolysers are electrocatalytic conversion devices with almost identical
mechanism as the described cathode reactions in metal-air batteries®® °!. These systems
are useful as power sources and have higher energy efficiency than fossil fuel combustion.
However, the main disadvantage of this particular technology is that electrical energy
cannot be stored as in other batteries — instead a physical form of gases needs to be stored

for “future” conversions®2.

1.1.5 Comparison of energy storage/conversion devices

Table 1.1 shows a list of commercialised and extensively researched energy
storage/conversion devices today in comparison to gasoline - specific energies and power

parameters are all theoretical values.

In automotive vehicles, given the mechanical aspects of the combustion engine and the
fuel tank, the calculated specific energy of petrol becomes approximately 1700 W h kg™.
Realistically, current battery technologies only achieve specific energy of around 100-
150 W h kg* whereas the metal-air batteries show minimum of 300 W h kg™ of practical
energy®®. Since theoretical energies and power densities are significantly greater than of

the metal-ion systems, there are more opportunities to improve the achievable practical
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densities. The energy value of fuel-cells must also consider the weight of pressurised

hydrogen gas cylinders which will be similar or less than of gasoline.

Table 1.1

storage/conversion devices?! 32:55-59,

Energy and power

comparison of different

available energy

Nominal Specific Specific
I volt Cost of metal
cell voltage energy power
($/kg)
V) (W h/kg) (W / kg)
Li-ion battery 3.2-3.8 200-250 250-340 68
Na-ion battery 3.7 100-130 - 1.7
Ni-MH battery 1.2 120 250-1000 12.3
Supercapacitor 2.3-2.7 1-30 3000-10000 1 (carbon)
Li-air battery 2.91 5200 - 68
Zn-air battery 1.65 1370 100 2.1
Fuel-cell 1.23 33330 (H2) 450 2500 (10% Pt/C)
Gasoline (fuel) - 12000 - 1.7

1.2 Rechargeable metal-air battery

In secondary metal-air batteries, two distinct reversible catalysis reactions occur at the

surface of the cathode, oxygen reduction reactions (ORR) and oxygen evolution reactions
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(OER), allowing the cell to charge and discharge (unlike primary metal-air batteries with
a single ORR process). Rechargeable metal-air batteries are feasible next generation

batteries to replace LIBs in electric vehicles and portable consumer electronics.

Despite the high energy density as mentioned earlier, possible commercialisation is
hindered by technical difficulties of the cell. This includes the complexity of
electrocatalysis (bi-functionality of the catalysts), the anode dendrite formation, and
diffusion limitations of the cell®> % 61, Although there are many designs of metal-air
batteries, here ZABs have been selected as the basis of the research due to high realistic

energy densities, easy set-up, safety, and low-cost construction/operation®?.

The involved chemical reactions in the ZAB (in alkaline conditions) versus normal

hydrogen electrode (NHE) are as follows (also illustrated in Figure 1.3)%2 53

Cathode : 02 + 2H20 + 4‘8_ - 4‘0H_ EO = +04 V
Anode : n - In*t + 2e”
Zn** + 40H™ - Zn(OH),*~ E,=—-125V

Inaqueous: Zn(OH),*” = ZnO + H,0 + 20H™

Overall : 2Zn + 0, » 2Zn0 Ey=+165V

Side : Zn + 2H,0 - Zn(OH), + H,

A side-reaction can also take place at the anode which not only consumes both the
electrolyte and the active metal reducing the overall cell capacities, but the converted zinc

hydroxide blocks and insulates the surface of the anode slowing the cell kinetics. There
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is a risk of zincate ion cross-over to the cathode side, driven by the ion concentration.
Conversion to ZnO at the cathode side may behave as the resistive component effecting
the overall cell performances. In practice, the measured cell voltage is approximately 1.3

V with ohmic losses.

Figure 1.3 Polarisation curve of a ZAB showing differences in the equilibrium potential

in an ideal (Eeq) and in a realistic discharge (E1) / charge (E2) state®2.

1.2.1 Oxygen reactions and mechanisms

The main challenge in a rechargeable metal-air battery lies in the cathode where oxygen
adsorption/conversion takes place — ORR whilst discharging, and OER whilst charging.
The mechanism takes place at a potential of 1.23 V vs. reversible hydrogen electrode
(RHE) where water splitting occurs. However, in real systems, reactions are sluggish and

require sacrificial overpotentials. Oxygen electrocatalysis involves a triple phase
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boundary process; associative/dissociative oxygen adsorption to the surface, oxygen
intermediates migrating to diffuse on the surface of the material, and the actual charge

transfer across the cell?°.

The overall ORR scheme is as follows®*:
Acid : O, + 4H* + 4e~ - 2H,0
Alkaline : 0, + 2H,0 +4e~ - 40H™

If an oxygen molecule approaches the surface of the catalyst in a perpendicular fashion,
one oxygen atom is bound to the surface and an associative 4-electron (4 e—) transfer
process takes place. The oxygen reaction, in alkaline media, can be expressed in detail

(where adsorption sites are represented by (*)).
0, + * - 0,

0,4+ H,0+e~ - O0H" + OH™
OOH"+e” - 0"+ OH™

0"+ H,0+e - OH" +0H™
OH"4+e™ > 0H + *

Meanwhile, there also can be an associative 2-electron (2 e ) pathway via the formation

of peroxide ions.
0, + H,0+2e - O0H  + OH™

OOH™ + H,0 + 2¢™ - 30H™
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The 2 e reaction pathway has the same intermediate process up to the formation of
OOH* but instead of O* species, OOH (peroxide) ions are formed, and they desorb from
the material surface. These generated peroxide ions can strongly oxidise the active sites

and deactivate the catalyst, leading to performance decline®.

A dissociative mechanism is also possible where both oxygen atoms from the same
molecule are adsorbed to the catalyst surface in a parallel manner. This follows two-step

2 e pathway however the overall process is the same as the associative 4 e transfer.
0,+ 2+ - 20"

20" + 2e” + 2H,0 - 20H" + 20H™

20H* +2e™ - 20H™ + 2 *

The OER process is a direct inverse of the ORR mechanism.

40H™ - 0, + 2H,0 + 4e™

Different OER mechanisms have been proposed depending on the cathode materials used.

Commonly, the OER pathway in an alkaline condition can be expressed.

*x +OH > OH" + e~
OH*+0OH™ - H,0+0"+e”
0"+ 0H - O0OH" +e~
OOH*+0H™ - 0," +e”

02* —)02+ *
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The OH™ ions for the initial step originate either from the oxygen reduction process, or

directly from the KOH electrolyte in alkaline systems.

( ) OOH,,, O,+4H*+4e-| 14C

+3H* + 3e”

Hgo + Oaq) \G E,
+2H* + 2e s
H,0 + OH 4y,

+H* + e~

\G,
2H,0 \GQ[—————

= e -

-

Activity / eV

Real catalyst

Iceal catalyst

'2'8. | | |
25 0.50 075 1.00 \G:?ev 1.50 175 200 225 ()ER —_ ORR

Figure 1.4 (a) Combined volcano plot of materials for ORR and OER and (b) plot of

Gibbs free energy of intermediates in oxygen electrocatalysis®® 7.

These multi-step processes are directly related to the reaction Kinetics of the catalyst.
Theoretical ORR and OER activities of metal species are shown in the combined volcano
plot in Figure 1.4a. The volcano plot shows the free energy of each element directly
associated with the oxygen molecule binding strength and the overpotential of
reduction/evolution reactions; the intersect of two Gibbs free energy represents the
optimum activity, and either side of the peak denote weak/strong adsorption of the oxygen
molecule. If the oxygen intermediate is bound to the catalyst surface too weakly
(generally shown by low number of electrons transferred), an insufficient number of
conversion reactions will take place before the desorption of molecules and hence low

activity and increase in possible formation of peroxide ions. On the other hand, if the
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oxygen intermediate is too strongly attached to the material used, poor activity will be
observed again despite the electron transfer number being very close to 4; this is caused
by not enough regenerated catalytic sites available for incoming oxygen molecules. This

catalyst poisoning leads to dramatic decline in catalytic activity over time®8 59,

Overpotential is often required to thermodynamically drive the reaction forward. If every
conversion step for each oxygen intermediate is equal to 1.23 V vs. RHE, then no
overpotential will be required (plotted as red line in the Gibbs free energy plot in Figure
1.4b). Unfortunately, depending on the material used in real systems and associated
Kinetics, an overpotential is observed for the adsorption/conversion reactions of oxygen
species to drive the reaction forward. Generally, the largest Gibbs free energy is observed
when the oxygen molecule is first adsorbed to the substrate, and when water molecules
are introduced to the 4 e reaction mechanism where splitting is required’®. The energy
barrier, AG for each reaction, must be overcome for the reaction to proceed. The aim is
to minimise the calculated free energies which reduces the ORR/OER potential difference

(AE) and hence maximises the catalytic activities.

1.2.2 Components of rechargeable metal-air batteries

1.2.2.1 Anode materials

Only zinc metal and its alloys are used in ZABs; zinc is abundant, recyclable, and safe in
aqueous conditions compared to lithium’. However, as mentioned earlier, a fundamental
problem of zinc anode is the spontaneous dissolution of zinc ions in an aqueous

electrolyte which leads to self-corrosion. During cell-charge, dendritic crystallisation of
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zinc may occur on the anode surface rather than ions re-combining to the voids created in
the first place. Full dendritic growth over time may puncture the separator in a cell,

ultimately causing short circuit’ 3.

To prevent self-discharge, anode surface coating and ion sputtering have been introduced
to shield direct contact of anodic zinc’" ’4. Conventionally, SEI formation occurs on the
surface of electrodes in batteries however in water-containing electrolyte, solid-solid
interphase is more desirable to suppress the ion dissolution and dendrite formation. For
instance, K. Zhao et al.”™ demonstrated atomic layer deposition of TiO, thin film coating
to the metallic zinc anode which considerably reduced the amount of hydrogen gas

evolution and increased long-term stability at a pH value = 4.

Another method is to dissolve additives/inhibitors to the electrolyte solution. In general,
different electrolyte compositions or additives react and bind to the surface of electrodes
to restrict irreversible material/electrolyte consumption and dendritic growth of
recombined ions. The addition of triethylphosphate in 0.5 M Zn(CF3S03)2 resulted in no
change being observed in SEM images before and after 1000 cycles as well as suppressing

dendrite formation’®.

In addition to electrode modifications, overall surface area of the anode immersed or in

contact with the electrolyte must be increased to maximise the anodic reactions.

1.2.2.2 Electrolyte

Generally, for metal-air batteries, two types of electrolytes are used; an aprotic electrolyte

(e.g. for lithium, sodium) or an aqueous cell-construction (e.g. for zinc, aluminium, iron).
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For aqueous electrolyte, used in ZABs, either KOH (alkaline) or H.SO4/HCIO4 (acid) is

used*.

Both aqueous electrolytes are relatively inexpensive compared to non-aqueous electrolyte
solutions however, there are still challenges yet to solve®. In acidic conditions,
degradation and corrosion of the electrode material can occur; suffer from long-term
battery performance. Meanwhile, alkaline solutions also face threats from flow-in of
ambient CO> which undergo a side reaction to generate potassium carbonate. Carbonate
poisoning consumes the electrolyte irreversibly to dry the cell and blocks the electrode
pores in a similar way to metal dendrites?’. One way to address this challenge is to use

O-selective membranes to block CO, permeation’”.

Solid polymer electrolytes have been developed to reduce dendritic site formation and
electrode dissolution whilst maintaining the overall ion conductivity and transport.
Advance of flexible cells is also possible due to possible bending movements of solid
polymer electrolytes. Poly(vinylidene fluoride) (PVDF), poly-acrylic acid (PAA),
polyacrylamide (PAM) based polymer electrolyte maintained relatively high ionic
conductivity (ranging from 0.01 to 0.1 mS cm™)"®83; liquid KOH electrolyte ionic

conductivity is between 0.56 to 0.62 S cm™.84

1.2.2.3 Cathode materials

The cathode consists of two components; an active catalyst layer and a gas diffusion layer.
During electrocatalysis, oxygen undergo gas-solid-liquid triple phase boundaries. To

minimise water entering/escaping the cell whilst providing gas diffusion pathways, a
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hydrophobic  binder/paper is used between the two boundaries - e.g.

polytetrafluoroethylene (PTFE) or hydrophobic carbon paper®>#°.

Currently, extensive research is focused on the rates of catalytic activities of the cathode
materials as the rate of zinc oxidation, and corrosion during discharge are long-term
effects. An adequate number of active sites, adsorption/desorption strength, electron
pathway, overpotential, and durability are necessary, to be able to carry out ORR and
OER effectively. From a materials perspective, cathode materials can be categorised as
the following; noble-metal composites and alloys, transition metal containing compounds,
non-metallic doped carbon allotropes, and hybrid systems which may include multiple
functionalities of the listed complexes. Morphologies may vary from 3-dimensional

frameworks to 1-dimensional substrates, amorphous and crystalline (ordered).

1.2.2.3.1 Noble-metal containing catalysts

Noble-metal (precious metal) containing materials have always been the dominant choice
for nearly all catalysis reactions including ORR and OER. Very high activities, relative
to any other single element, is mostly due to the direct 4 electron pathway®. Hence,
platinum on carbon (Pt/C) is accepted as the most outstanding benchmark ORR catalyst,
whilst for OER it is iridium on carbon (Ir/C) and ruthenium oxide (RuO2)%. Still,
commercialisation is hampered by the expensive raw materials and the poor efficiency of
these materials in long-term cycles due to poisoning (elements positioned on the sides of
the oxygen conversion activity peaks in Gibbs free energy diagram shown in Figure 1.4a).
Bi-functionality is also restricted for most of ORR materials caused by the dissolution

process in OER potential®?.
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Initially, researchers explored the effect of weight percentage of precious metals in Pt/C
and Ir/C on the overall catalytic activity to gain general insight and to reduce the overall
loading percentage® 9. Studies showed that the exposed surface atoms contribute to the
catalysis reaction while, the inner core (surrounded) atoms hardly contributed. In view of
this, single crystals, or clusters of Pt and loading of other noble metals have been studied
to fine-tune the performances. Sheng et al.** reviewed the synthesis of improved carbon

supported Pt realized by well-dispersed nanoparticles (< 2 nm) to maximize mass activity.

The surface atom arrangement, together with different shapes, also affect the activity
efficiency. Particularly, investigations on various index facets of noble-metal species led
Hoshi et al.®® to a conclusion that the ORR catalytic reactions were orientation dependent;

Pt (111) surface exhibited higher ORR activity than the (100) surface.

To reach the maximum potential activity of Pt, different metals and carbonaceous
supports were utilized. K Y Cho et al.*® reported Mo-doped Pd, Pt octahedral shell
embedded carbon with less overpotential for the ORR process than of Pt/C. Better
electronic conductivity and enhanced stability were seen by the change in electronic
structure with the introduced molybdenum. The carbon substrate also provided an active
charge transfer mechanism (with the increase in conductivity) as well as intrinsic catalytic
properties — active Pt sites are protected by carbon lamination. Pt alloys with different
metals (e.g. Ni, Co, Pd, Au), in most cases, enhance the catalytic performances because
oxygen molecules are more weakly bound to the surface for the regeneration step®-°,
Similarly, Ru- or Ir- containing hybrid materials were reported to exhibit improved
general OER performances as expected. Kim et al.2%° examined iridium complexes for

OERs by structural variations (from nanoparticles to nanoporous morphologies) and
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proposed that the architecture via fast dealloying of oxygen could lead to an increase in

activity stability.

1.2.2.3.2 Transition-metal containing catalysts

In efforts to completely remove precious-metal usage, transition metal complexes, with
numerous compositions, have been explored as possible candidates for electrocatalysis.
They are highly abundant (which directly leads to manageable costs), have good stability
in alkaline systems and fair tolerance in acid electrolyte and have variable electronic states
to assist reactions on the surfaces. Although the associated activities are slightly lower,
the overall electron transfer number for oxygen reactions can reach very close to 4
(similar to noble-metal group) by altering electron environments with different metallic

compositions02-103,

There are broad number of structures available ranging from layered, spinel, to
perovskites; transition-metal oxides, layered double hydroxide, nitrides, and carbides as
rising classes of metal catalysts. Especially, the first row of transition metals (e.g. Mn, Fe,
Co, Ni) demonstrated reasonable sole ORR or OER capabilities but also very good
bifunctional oxygen reaction performances!®-1%7. Cobalt containing species, for instance,
Co0, Co30s4, CosSs, CoP, are known for efficient oxygen electrocatalysis as well as
hydrogen evolution (HER), a process which is involved with OER for water splitting°®-

11 _ this follows the calculated ORR/OER activity from the volcano plot (Figure 1.4).

Multiple metal co-doping (multi-core) can generate hierarchical frameworks with oxygen
vacancies which promotes oxygen electrocatalytic reactions. Wang et al.}'? revealed a

change in local structure around the transition metal ions with oxygen vacancies/defects

42



favouring oxygen activations. Yin et al.*3 outlined Zn-air batteries and water splitting
devices fabrication using NiS2/CoS, porous nanowires; without a conductive substrate,
they still showed outstanding OER performance with the lowest overpotential realized on
NiS2/CoS»-0 sites. Bimetallic Ni-Fe complexes have been described several times to have
superior intrinsic activities in OER. Gorlin et al.** carried out quantitative analyses on
various Ni-Fe oxides to derive the OER dynamics. With the assistance of X-ray
absorption spectroscopy at Ni and Fe K-edges, they deduced that multiple oxidation states
of Ni (+2 to +4) species existed in this well-mixed bimetallic oxyhydroxide. Diminished
concentration of Ni** supported the formation of active sites, which can be described as

Ni?*Fe**OOH, to boost the overall Faradaic efficiencies.

Frequently, carbonaceous materials have been used in conjunction with transition-metal-
containing complexes. Owing to their physical and electronic properties, deposition of
metal complexes or clusters on carbon composites considerably increase both electrical
conductivity and stability of the material due to core-metal site shielding provided by the
outer layer coating. Defect sites from the carbon medium can either be the anchoring sites
for metallic species or become, along with metal centres, catalytically active sites'>118,
Carbon materials can be used directly (metal growth on the surface during syntheses) or
indirectly (addition of carbon substrates to already synthesised metal nanoparticles) in
catalyst preparations. Wang et al.!*® fabricated metal-oxide particles on carbon directly
for bifunctional oxygen cathodes. They deduced that the impregnated cobalt and cobalt
oxide particles on carbon formed Co-N-C bonds, promoting bifunctionality with
overpotential between ORR and OER to be only 0.75 V compared to around 1.05 V for
Pt/C and Ir/C. Xiao et al.'?® produced iron sulphide decorated N-, S-dual doped
polydopamine spheres. The structure exhibited superior ORR capabilities (6.2 mA cm),
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even higher than that of Pt/C in alkaline media, with very promising results in acidic
conditions, and good durability. Tong et al.!?! used a direct synthesis approach with
prepared GO to form graphene with defects occupied by in-situ formed CoOx. Abundant
oxygen holes and the metal-heteroatom-carbon interaction coupled effects strongly

enhanced the activity in alkaline environment.

In particular, the formation of non-precious metal-nitrogen-carbon (M-N-C) bonds, is
found to have synergetic effect in oxygen catalysis for providing higher activities. The
coordination number of N to metal atoms influences the charge distribution at the M-N-
C centres??. Various nitrogen-containing compounds can be used to provide similar
effect with different porosity; these linkers include phthalocyanine, porphyrin-like,
aniline, pyrrole, and ethylenediamine?3127. Kim et al.?® established an experiment where
Vulcan (carbon) was enriched with Co304 nanoparticles followed by polypyrrole coating.
This material was then annealed at high temperature to transform Coz04 encapsulated
species to CoO phase material. Also, polypyrrole decomposed to become nitrogen doped
carbon material with accessible pores for efficient electron transfer whilst preventing
particle aggregation during catalysis. Wan et al.'?® suggested a Co-doped carbon
preparation method, regulated by selective anions in the reaction. Interestingly, pyrolysis
of cobalt in carbon, in the presence of either the nitrate ions or chloride ions, led to
distinctive Co site formations. The preferred Co-N-C active sites were selectively
constructed on the surface of the carbon layers with chloride ions whereas, nitrate ions
were responsible for the encasing of metallic cobalt nanoparticles hindering the catalytic
reactions of cobalt. However, it is worth noting that not all M-N-C sites are active towards
ORR/OER. Fu et al.»*® demonstrated the pore size effect and the accessibility to M-N-C
sites responsible for ORR/OER by varying N-source carbon monomers used in the early
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stage of the electrocatalyst preparation. Sites located in meso- or micro-pores were able
to participate in the conversion reactions whereas the inaccessible moieties deeply buried

in bulk remained inactive. This is true to all types of electrocatalysts.

Another popular category of transition-metal-containing material is the metal-organic
framework (MOF). MOFs are a highly structured framework consisting of metal ion
centres surrounded by coordinated organic linkers in series of arrays (can be classified as
polymers). Structures vary depending on the ligand environment; most commonly 2-
dimensional planes or porous 3-dimensional networks are formed. Choices of metals and
chelating ligands can be easily replaced to design preferred shape, size, and porosity*3L,
Generally, MOFs are either embedded on a carbon substrate or pyrolysed in an inert
atmosphere to bypass poor conductivity issues and to create more active sites. Sacrificial
carbonisation of MOFs results in rational carbon frameworks with M-N-C bonds. This
can only occur at annealing temperature of 600 °C or higher (depending on the choice of
metal) where bonds between metal species and C-N functional groups break'®2. The
advantage of using MOFs is that the skeleton of the framework remains providing a
reticulated porous structure to enhance accessibility of catalytic sites!®:. Recently,
Gadipelli et al.™** reported an effective method of synthesizing ORR/OER catalysts by
controlling the degree of graphitisation of MOFs with varied metal-ion concentrations.
The reduction and evolution reactions were switched by altering the concentration ratio
of cobalt and zinc — increasing the zinc moieties for ORR and cobalt for OER. High-
temperature annealing process of the frameworks then provided the necessary N-doped
carbon structure for the oxygen electrocatalysis to occur. Self-assembly and growth of
MOFs were achieved on a 3D microporous polymeric carbon substrate by Jia et al.*®
Solutions of cobalt and 2-methylimidazole were added to cleaned melamine sponge
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which led to full coverage of surface with needle-like zeolitic-imidazolate-framework
(ZIF). The tubular structure exhibited good electrocatalytic activity with high accessible

surface area.

1.2.2.3.3 Carbon containing (non-metal) catalysts

Over the last few years, there have been many attempts to utilise carbon materials
exclusively as metal-free electrocatalysts rather than as catalyst supports. They offer large
surface area per volume, affordability, high abundancy and stability in alkaline systems
along with good electrical conductivity (free electron transport across graphitic sp? and
sp? carbon and hence low resistivity); carbon materials are regarded as one of the finest
tuneable catalysts™*¢1%8, Many carbon allotropes have been reviewed as the framework
for oxygen electrocatalysis — this includes graphene, carbon nanotubes (CNTS),
graphdiynes, graphitic carbon nitrides, and other carbon polymers'3®-142, Yet, this is still
restricted to alkaline media due to stability issues in acidic conditions (similar to transition
metal group catalysts). Also, pristine carbons, such as untreated graphite, carbon
nanotubes, graphene, show almost negligible electrocatalytic activities as there are no

catalytically active sites to adsorb and donate electrons in ordered structures®,

Chemical changes to carbon materials can be made by introducing heteroatoms (B, N, P,
S). Either replacing a carbon atom by a heteroatom or having heteroatom functional
groups lead to change in electron density population around the region** 145, Nitrogen
has been used as an effective dopant due to its similarity to carbon (differs by 1 atomic
number), providing easy incorporation into the carbon matrix but with sufficient

alteration of electronic behaviour in order to increase catalytic performances. Nitrogen
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can exist as several species within one single substrate; graphitic (where N is bonded with
3 neighbouring carbons in 6-membered carbon ring (6-MR)), pyridinic (where N is
bonded to 2 carbons and sitting on the edge of 6-MR), pyrrolic nitrogen (one of the edges
of 5-MR), and amines. These functional groups all have different associated energies

toward oxygen electrocatalysis'46-148,

Jiao et al.}*® prepared metal-free heteroatom (B, N, P, O, and S) doped graphene samples
to investigate the dopant effect towards ORRs and calculated relative free energies for
each active site using Density Functional Theory (DFT) (shown in Figure 1.5). N-doped
and B-doped graphene were found to exhibit the highest onset potential with lowest
predicted free energy for ORRs followed by P-doping and S-doping. From the free energy
diagram, it was clear that the associated energies for all adsorbates on graphitic nitrogen
was significantly lower than that of other nitrogen functional groups and therefore is the
most active in N-doped graphene for ORRs. However, the nitrogen atom itself in graphitic
nitrogen was not regarded as ORR active as the adsorption free energy on the graphitic
nitrogen was higher than the energy observed on the carbon next to the nitrogen and OOH
and OH cannot chemisorb to the graphitic N. Graphitic carbon substrates (resembling

graphene) can be prepared via bottom-up organic polymerisation reactions.

Hierarchical carbon frameworks can be designed from bottom-up polymerisation
processes. Preparation methods include thermally-assisted (such as hydrothermal, wet,
processes or pyrolysis of carbon, dry process) condensation polymerisations, depositions,
and catalyst-assisted coupling reactions. Typically, an aromatic carbon monomer and
another organic monomer (both monomers either with/without heteroatom functional
groups) are selected for polymerisation. By varying the size and functional groups of

organic building units, morphologies and pore sizes can be tailored. Via pyrolysis of
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trithiocyanuric acid and sucrose, Pei et al.'®® synthesised highly porous and active
reversible oxygen electrocatalysts. Pyrolysis mixture consisted silica spheres (as hard
template for carbon polymerisation), two monomers, and Teflon to thermally decompose
to release HF to etch the SiO; in-situ. Macro-pores were evidently introduced by the silica
template as well as the micro- and meso-pores from the smaller molecules. With the
increase in carbonisation temperature, the relative content ratio of graphitic N increased;
along with doped sulphur, the electrocatalytic performances in both ORR and OER were
extremely high. N-doped and pure porous carbon frameworks both exhibited lower
activities than the N, S-enriched porous carbon — this suggests a synergistic effect when
both N and S are doped. Zhao et al.**! synthesised N-doped few-layer graphdiynes for
oxygen electrocatalysis via Suzuki cross-coupling methods. Hexabromobenzene was
converted with ethynyl groups (with sp-C) and the polymer was grown on a cupper
substrate. By replacing the sp-C with N, the oxygen binding energies observed from sp-
hybridised nitrogen atoms (energy values of 2.13 and 2.51 eV) were very close to the
optimal energy values for ORRs (between 1.81-2.88 eV) compared to graphitic and
pyridinic Ns (3.29 and 3.96 V) resulting in noticeable catalytic activity increase,

comparable to Pt/C.

Similar to MOFs, covalent-organic-frameworks (COFs) gained much attention due to the
formation of stable porous 2D/3D crystalline structures. COF formation does not require
a metal catalyst in its process which is a major difference compared to many bottom-up
carbon polymerisation reactions®>® %4, Xu et al.*®> assembled a 2D COF with a trianiline
compound and exfoliated the stacked 2D COF layers with phytic acid. After further
pyrolysis step, prepared carbon sheets exhibited very high electrocatalytic performances
due to many N-doped sites with exposed numerous edges.
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Figure 1.5 Heteroatom-doping configurations on graphene; (a) pure, (b) graphitic B, (c)
2C-B-O type, (d) graphitic N, (e) pyridinic N, (f) pyrrolic N, (g) pyran type O, (h) carbonyl
O, (i) epoxy O, (j) hydroxyl O, (k) P-doped, (I) C-S-C type S, and (m) thiophene S

graphene #°,

Despite the structural variety and scalability, drawbacks are the use of hard-template for
the fabrication of porous media which requires harsh acid etching, use of precious metal
catalysts for coupling reactions, and complex multi-step organic reactions for some
polymerisation processes; result in expensive raw materials cost, environmental issues,

and manufacturing costs.

Overall challenges still remain for metal-free carbon electrocatalysts to be fully utilised
as to other precious-metal or transition-metal counterparts — need to reduce the
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overpotential required for the reactions to occur and the overall 4 e~ oxygen conversion
process. In the following chapters, different allotropes and associated synthesis
procedures will be introduced to tackle current limitations on kinetics and catalytic
behaviours of non-metal electrocatalysts. Electrochemical performances and long-term
stability tests are compared with conventional benchmarks to evaluate the materials

applicability.
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Chapter 2 : Experimental and characterisations

2.1 Annealed carbon polymer

2.1.1 Materials

Glucose (D-(+)-glucose monohydrate, >99.5%, Sigma-Aldrich), dicyandiamide (DCDA,
99%, Sigma-Aldrich), graphite (<20 um, Sigma-Aldrich), sulphuric acid (95-97%, Merck
KGaA), phosphoric acid (>85 wt.%, Sigma-Aldrich), potassium permanganate (>99%,
Sigma-Aldrich), hydrogen peroxide (30 wt.%, Sigma-Aldrich), and hydrochloric acid
(35%, VWR) were directly used as purchased with no additional treatments or

purifications.

2.1.2 Synthesis of annealed carbon polymer (GDC)

All annealed carbon polymer samples (GDCs) were prepared by a single two-step
annealing process. In a typical N-doped GDC synthesis, glucose and dicyandiamide were
thoroughly mixed in a 1:1 ratio. The powder mix was then transferred to an alumina boat
and programmed to anneal first at 300 °C for 3 h under N2 gas flow (>99.998%, gas flow
of 150 SCCM) with 5 °C min? ramping rate in a sealed horizontal furnace. After
conducting the initial polymerisation, the temperature was increased (5 °C min*
temperature ramping rate) to various temperature (700, 800, 900, and 1000 °C) to anneal
for 3 h under N> flow. Obtained samples were named as GDC_XXXX (where XXXX

denote the final target temperature used).
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2.1.3 Synthesis of graphene oxide (GO)

Graphene oxide (GO) was synthesised by oxidation of graphite using a reported improved
Hummers’ method'*®. A mixture of concentrated sulphuric acid and phosphoric acid (9:1
volume ratio) was stirred and cooled to < 5 °C. With vigorous stirring, graphite powder
(5 g) was added to the acid mixture. Keeping the temperature below 10 °C, potassium
permanganate (6 equiv. wt.) was slowly added. After the addition, the mixture was heated
to 50 °C for 24 h. 600 mL of DI water was added carefully with the temperature kept
below 80 °C, followed by the addition of approximately 40 mL of hydrogen peroxide
solution. The obtained slurry mixture was thoroughly washed in 3.4% HCI then with DI

water. GO mixture was freeze-dried in liquid N2 to obtain light-brown powder.

2.1.4 Synthesis of annealed graphene oxide (AGO)

Similar to GDC samples, GO was annealed at 900 °C for 3 h under N2 gas flow (150

SCCM) in a sealed horizontal furnace. Samples named as AGO_900.

2.2 Heteroatom-doped carbon dot embedded graphene

2.2.1 Materials

Citric acid (CA, 99%, Sigma-Aldrich), dicyandiamide (DCDA, 99%, Sigma-Aldrich),
thiourea (TU, 99%, Sigma-Aldrich), Nafion (5 wt.% in alcohol and water, Sigma-
Aldrich), and 20% platinum on carbon black (Pt/C, Alfa Aesar) were directly used as

received with no additional modification or treatments.
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2.2.2 Synthesis of heteroatom-doped carbon dots (CD)

All carbon dots (CDs) were prepared by a one-pot hydrothermal process. In a typical N-
doped CD synthesis, 15 mmol of CA and 15 mmol of DCDA were dissolved in 15 mL of
DI water and sonicated (~37 kHz) for 30 min to obtain homogeneous solution. The
resulting solution was then transferred into a 50 mL Teflon-lined stainless-steel autoclave
and heated at 180 °C for 6 h. Large agglomerated particles were separated using 0.22 um
pore filter membranes (mixed cellulose esters membrane, hydrophilic, MF-Millipore™
Membrane Filter). Afterward, the filtrate was completely dehydrated at 100 °C for 24 h
and ground to obtain fine powder. N, S co-doped CDs were prepared only by changing

the precursor to TU. Samples were named as N-CD and NS-CD, respectively.

2.2.3 Synthesis of heteroatom-doped CD-embedded graphene
hydrogel (CD@qgf)

GO was synthesised by oxidation of graphite using a reported improved Hummers’
method (detailed in Chapter 2.1.3). The obtained GO powder was added to DI water and
ultrasonicated for 2 h to obtain homogeneous GO solution (5 mg mL™). 20 mg of desired
CD (either N- or N, S-doped) was added to 20 mL of GO solution, sonicated for 30 min
and was subjected to hydrothermal reaction at 180 °C for 12 h. The resulting reduced GO
hydrogel was washed with DI water a few times to separate/remove unreacted CDs and
freeze-dried in liquid N2. Samples were named after the CDs used in the reaction: N-
CD@gf, and NS-CD@gf. The hydrogel formed with no CD was named as RGel. The
amount of NS-CD used was either halved or doubled to obtain NS-CD@gf (s) and NS-

CD@gf (h).
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2.2.4 Thermal treatment of CD-embedded graphene hydrogel
(CD@gf_aXXXX)

Annealing processes were conducted at various temperature (800, 900, and 1000 °C) for
3 h under N2 flow with 3 °C min™ temperature ramping rate. Samples were named as

CD@gf_axXXXX (where XXXX denote target temperature used).

2.2.5 Synthesis of N, S-doped hydrogel (NS-Gel) and thermal
treatment (NS-Gel_a900)

Similar to the preparation of NS-CD@gf, N, S-doped hydrogel was synthesised by using
20 mg of TU instead of CDs (named NS-Gel). The resulting hydrogel was annealed at

900 °C, in same conditions, and was named NS-Gel _a900.

2.3 Pyrene carbon polymer

2.3.1 Materials

Pyrene (98%, Alfa Aesar), chlorine gas (99.9%, CK Special Gases Ltd.), aluminium
chloride (99% anhydrous, Acros Organics), nitric acid (65%, Merck KGaA), melamine
(99%, Sigma-Aldrich), trithiocyanuric acid (TTCA, 95%, Alfa Aesar), Nafion (5 wt.% in
alcohol and water, Sigma-Aldrich), and 20% platinum on carbon black (Alfa Aesar) were

directly used in experiments and no additional modification or treatments were made.
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2.3.2 Synthesis of tetra-chlorinated-pyrene (CPy)

In a typical process, 2.47 mmol of pyrene was dissolved in 50 mL of dichloroethane
(DCE). Chlorine gas was slowly bubbled to the reaction mixture for 1 h. Note. Cl, is a
toxic gas therefore experiments should always be carried out in a fumehood. The
apparatus setup had a trap fitted and the gas-end was connected to a large water tank. The
reaction mixture was then heated to 60 °C for 8 h, with constant slow supply of Cl gas.
The mixture was washed with DCE several times to remove unreacted species and

vacuum-dried to obtain a fine powder.

2.3.3 Friedel-Craft polymerisation of pyrene and CPy (PyG)

1 mmol of pyrene and 1 mmol of CPy were dissolved and stirred in 20 mL of DCE. Then,
2 mmol of anhydrous aluminium chloride was slowly added to the mixture. After the
addition, the mixture was refluxed at 80 °C for 8 h. The obtained black/reddish brown

mixture was filtered and washed with DCE and methanol to remove unreacted species

and AICls.

2.3.4 Thermal reduction and exfoliation of PyG (rPyG)

10 mg of PyG was placed in a quartz tube and thermally treated in a vertical furnace in

air for 30 mins at 350 °C.
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2.3.5 Oxidation process to few-layer PyG (PyGO)

50 mg of PyG was placed in a flask and 10 mL of nitric acid was added slowly under
stirring. The volume of acid used was the amount needed to fully wet/disperse the powder.
The mixture was refluxed at 80 °C for 8 h with vigorous stirring. The obtained slurry

mixture was thoroughly washed with deionised water until pH ~7 and freeze-dried.

2.3.6 N-or N, S- doping of PyG (NPyG/NSPyG)

10 mg of PyG sample was mixed with 100 mg of either melamine or TTCA and then
annealed at 900 °C for 3 h under N2 flow. Samples were denoted as NPyG and NSPyG
depending on the dopants. Note. High temperature annealing of doping precursors alone
result in full decomposition however with a carbon substrate, chemical reactions take
place with the fragments of precursors (formed during decomposition) i.e. elemental

dopingISl, 157'

2.3.7 N-or N, S- doping of PyGO (NPyGO/NSPyGO)
Similar to the preparation of NPyG and NSPyG, doping of PyGO was achieved by using

10 mg of PyGO instead of PyG.

2.3.8 Thermal reduction of GO (rGO)

Prepared GO was placed in a quartz tube and was subjected to heating at 300 °C in a
vertical furnace in air for 30 min to thermally reduce GO. Initial brown colour of GO

changed to black fluffy powder.
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2.4 Yields

Precursors

Yield

GDC_700

GDC_800

GDC_900

GDC_1000

GO

AGO_900

N-CD

NS-CD

N-CD@gf

NS-CD@gf

RGel

N-CD@gf_a900

NS-CD@gf_a900

Glucose — 500 mg
DCDA - 500 mg

Graphite—5¢

GO — 30 mg

CA-299¢
DCDA-1.31g

CA-299¢
TU-119¢

GO - 100 mg
CD -20 mg

GO - 100 mg

CD@gf — 30 mg

217 (= 18) mg

167 (£ 20) mg

155 (£ 14) mg

121 (+ 15) mg

5.21 (+0.11) g

8.67 ( 0.07) mg

1.43 (£ 0.15) g

1.16 (£ 0.13) g

21.44 (+0.21) mg

20.35 (+ 0.33) mg

30.04 (+ 0.39) mg

9.02 (+ 0.14) mg

8.73 (£ 0.21) mg
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Precursors Yield

CPy Pyrene — 500 mg 731 (= 25) mg
Pyrene — 202 mg
PyG 470 (x 31) mg
CPy — 340 mg
rPyG PyG — 10 mg 7.41 (£0.27) mg
PyGO PyG — 50 mg 29.42 (x 0.75) mg
NPyG 2.89 (x 0.13) mg
NSPyG PyG/PyGO — 10 mg 2.73 (+ 0.26) mg
melamine/

NPyGO trithiocyanuric acid — 100 mg 2.25 (£ 0.11) mg
NSPyGO 1.94 (+ 0.17) mg

2.5 Structural characterisation

XRD was used for phase identification. Samples were prepared by first grinding the
powder sample and packing into a borosilicate capillary tube. Patterns were collected
between 2° and 60° using a STOE Stadi-P (Cu Ko radiation, A = 1.5406 A). Chemical
composition and chemical bond identification were studied by XPS. Samples were
grinded and adhered to a carbon tape on an XPS sample grid. Results were collected using
a Thermo Scientific K-alpha (Al source, 1486.6 eV) with flood gun. To obtain repeatable
results, 3 regions of each sample was measured and average atomic percentages were

calculated. Obtained XPS data were analysed using CasaXPS software and all data were
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calibrated to the C 1s peak position using adventitious carbon at 285 eV. For each high-
resolution elemental scan, FWHMSs of all fittings were constrained to have equal
contribution to the overall energy fitting. Ratio of 2:1 was applied for the p-orbital
splitting. Morphology of materials were determined by SEM and the images were taken
using a JEOL JSM-6301F instrument in the secondary electrons imaging mode. Small
amount of powder for each sample was adhered to a carbon tape on a SEM sample stud.
Morphologies, phases, and elemental composition of materials were also recorded by
TEM and EDS ona JEOL JEM 2100 (LaBs filament) and an Oxford Instruments X-MaxN
80-T Silicon Drift Detector (SDD) fitted to a TEM machine — EDS images were taken in
the dark-field imaging mode. High-resolution TEM images were obtained using a Titan
G2 Cube 60-300 instrument at the accelerating voltage of 60 kV — images were acquired
from Korea Institute of Science and Technology. All TEM samples were prepared by
sonicating small amount in MeOH and depositing on a holey-carbon film coated copper
grid. Physical appearance and the atomic thickness of materials were shown by the AFM
images and were attained by a Keysight Technologies 5600LS AFM instrument.
Attenuated total reflectance infra-red spectra (ATR-IR) were obtained using a Bruker
Tensor 27 FTIR spectrometer. Mass spectroscopy data was collected using an Agilent
6510 Q TOF mass spectrometers (ESI). Raman spectroscopy was used to calculate the
ratio of D and G bands (Ip/lg) of carbon samples, out-of-plane and in-plane vibrations of
defects/disorder and hybridised carbons. Raman spectra of bulk powder samples were
obtained by using a Renishaw Ramascope (514.5 nm laser) in ambient conditions. BET
analyses provided information on surface area, pore size distribution, and total pore
volume. BET isotherms of nitrogen adsorption—desorption were measured using

Quantachrome Autosorb-iQC at 77 K, liquid N2. Sample mass was greater than 10 mg
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for all measurements to reduce errors. All recorded BET data were analysed using
ASiQwin software — for pore size distribution calculations, QSDFT and BJH methods
were applied to measure micro/meso-pores with effects of chemical heterogeneity and

surface roughness.

2.6 Electrochemical characterisation

To determine the feasibility of the materials for oxygen electrocatalysis, materials were
electrochemically tested in the water splitting region (~1.23 V vs. RHE). All
electrochemical tests were carried out at room temperature using Metrohm Autolab
PGSTAT302N with a three-clectrode system: Ag/AgCl (in saturated KCI) reference
electrode, carbon rod as a counter electrode, and a glassy carbon coated working electrode
where material of interest was casted on the surface. Aqueous KOH (0.1 M) electrolyte
was used and saturated by Oz (>99.5%) or N2 (>99.998%) purge prior to the
measurements. Bubbling of either O2 or N> was kept the same to maintain saturation. For
the preparation of active catalyst, 2 mg of sample was added to 480 uL DI water and 20
puL Nafion mixture and sonicated for 1 h to achieve a homogeneous ink. 5 pL of the ink
suspension was drop-casted onto the glassy carbon (GC) tip (3 mm diameter) and dried
at 60 °C. Active catalyst loading was fixed to ~0.28 mg cm2 for all samples. Increasing
the mass loading generally increases the total charge transferred on the electrode i.e.
increase the observed current density. However, with a high mass loading, not all surfaces
of the catalyst will participate in the electrochemical reactions (especially with limited
RDE-GC tip area)®®®. Fresh electrolyte was used for each batch of experiments to

minimise cross-contamination; a separate cell/electrode was used for Pt/C measurements.
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Cyclic voltammetry (CV) scans were performed between —0.8 and 0.2 V versus Ag/AgCl
with a scan rate of 10 mV st for ten cycles. Linear sweep voltammetry (LSV) curves
were recorded using a rotating disk electrode (Metrohm) at the potential range of —0.8 to
0.2 V versus Ag/AgCl system with sweeping voltage of 10 mV st and varying rotation
speed, 400, 800, 1200, 1600, and 2000 rpm, to study ORR capabilities. Electrode rotation
is required to constantly feed excess O to the surface of the electrode in an aqueous setup.
OER measurements were taken at the potential range of 0.2 to 1.0 V versus Ag/AgCl with
rotation speed of 1600 rpm. When compared to literature, standard rotation speed of 1600
rpm was used for both ORR and OER. Measurements were repeated (either 2 or 3 times)
for consistency. The effect of current/resistance of the cell was not considered (no iR
compensation) in any of the obtained data. From the RDE results, electron transfer
number, n, was measured using the K-L relation correlated from the current densities

measured. The K—L equations are as follows*®®:

B = 0.62nFC, (D,) v /¢
J =nFKC,

where J is the measured current density (normalised by the geometric area of the
electrode), J. and Jk are diffusion and kinetic limiting current densities, B is the Levich
constant determined by the inverse value of the slope of a straight linear fitting of the
measured current densities, w is the angular rotation velocity of the electrode, F is the
Faraday constant (96485 C mol™), Cy is the Oz concentration dissolved in KOH solution

(1.2 x 10°° mol cm®), Dy is the O diffusion coefficient in electrolyte (1.9 x 10° cm? s?),
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and v is the Kinetic viscosity of the KOH electrolyte solution (0.01 m? s1)0 A
chronoamperometric test was performed at —0.3 V versus Ag/AgCl for ORR and 0.7 V
versus Ag/AgClI for OER with constant RDE rotation of 1600 rpm to measure the stability

of samples.

The recorded Ag/AgCI reference electrode potentials were converted to RHE potential

range using the following relations:

Erve = Eusag/age +0-197+0.059pH

ERHE = Evs.Ag/AgCI +0.964

Consequently, the RHE conversion is defined by the addition of 0.964 V to measured

potentials in 0.1 M KOH systems.
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Chapter 3 : Highly defective and active
electrocatalyst via high temperature

polymerisation of carbon monomer

3.1 Introduction

Advancement of many energy storage and conversion devices evolved from
electrochemical setups to electrocatalytic systems'® 162, However, the complexity of
oxidation/reduction mechanisms (involving electron transfer process at the surface) still
limits the full potential of many conversion devices. In terms of material fabrications,
graphene or carbon variants have widely been applied either as a conductive substrate for
an electrode or as the catalyst/active material due to high electron conductivity, large
surface area, tunability, material stability, and cost'®® % Many studies demonstrate
structural modifications of graphene with either metals or heteroatoms to generate active
centres for oxygen electrocatalysis®® %6, This is achieved by fine tuning the electronic
properties of the graphene surface to be able to donate and/or accept electrons. Elemental

doping on graphene occurs at defect sites and around remaining oxygen moieties from
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post-reduction of graphene oxide. Doping heteroatoms, especially nitrogen, to graphitic
carbons has shown remarkable electronic properties toward electrocatalytic reactions
with change in electron density and minimal alteration of the structure*®. Heteroatom-
doping can be carried out either in-situ with prepared graphene or via post-treatment with
dopant precursors®®” 18 Neither method can control the doping concentration fully
however in-situ method does offer a more even doping distribution throughout the

material.

Carbonisation can be easily achieved by annealing monomers at high temperature
(>500 °C)*% 170 Thermal decomposition and rearrangement of monomers result in more
stable and ordered structures as well as elemental doping and effective removal of
remaining branched functional groups with an increase in electronic conductivity. As the
temperature increases, the carbonisation degree increases. The high-temperature assisted
bottom-up approach avoids the use of strong acids/oxidising agents, and the process is
less complex to setup'™ 172 compared to hard-template annealing processes and some

bottom-up polymerisation methods!” 174,

In this chapter, annealed carbon polymers were synthesised using readily available
organic compounds, glucose and dicyandiamide, to be tested as oxygen electrocatalysts.
Material preparation consists of 2-step annealing process; first target temperature to be
just enough to decompose the organic compounds in order for the initial polymerisation
to take place followed by the desired high temperature carbonisation. Low temperature
polymerisation is necessary to maintain the carbonaceous framework at high temperature
conditions. A wide range of carbonisation temperature was studied (700-1000 °C) to
understand the temperature effect on heteroatom concentration in substrates, defect

formations, and electrocatalytic activities.
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3.2 Results and discussion

3.2.1 Carbonisation via a single 2-step heat treatment

¢ D-glucose

R
Carbonisation

&. N2 T T T T

N;‘

Dicyandiamide

Graphitic carbon polymer

Figure 3.1 Schematic representation of the GDC sample preparation via polymerisation

of glucose and DCDA at high temperatures.

The schematic synthesis procedure of annealed carbon polymer (GDC) is illustrated in
Figure 3.1. All GDC samples were prepared in a single carbonisation process in bulk with
no additional treatments. In a typical reaction, two monomers were dry-mixed and
subjected to first annealing process at 300 °C for 3 h under N2 to carry out bulk
polymerisation followed by the high temperature (ranging from 700-1000 °C)
carbonisation process. An initial polymerisation step, prior to the high temperature
(>700 °C) carbonisation, was necessary to prevent the full decomposition of monomers
(decomposition temperatures of glucose and DCDA are ~185 °C and ~255 °C) and to

ensure polymerisation processes to take place. Polymerisation steps may include
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reactions such as amide/imine formations and substitution reactions between O and N
groups in glucose and DCDA. The high temperature treatment then removes
unreacted/unstable oxygen moieties to improve overall electronic conductivity with the

increased carbonisation degree of the material*"> 176,

3.2.2 Structural analyses — 2D carbon polymer with surface

defects

Obtained GDC samples (GDC_700, GDC_800, GDC_900, and GDC_1000) were all a
few layers 2D sheet-like substrates similar to GO sheets (TEM images shown in Figure
3.2) — AGO sample exhibited many wrinkles and twisted/folded porous 3D structure.
Carbonisation temperature changes did not impact the overall structure of GDC samples
however, as seen in higher magnification images (Figure 3.3), an increase in surface
roughness of GDC_800, GDC_900, and GDC_1000, compared to GDC_700, was shown.
This flake-like surface of GDC samples may be due to irregular bonds formed between
glucose and DCDA upon annealing in contrast to perfectly arranged honeycomb lattices
in graphene. The image contrast of the polymers suggest that the polymer thickness was
reduced at temperatures greater than 700 °C with higher degree of exfoliation. Detailed
changes in surface morphologies of GDC samples are shown in SEM images in Figure
3.4. A fairly smooth surface was observed for GDC_700 whereas all other samples
exhibited surface defects. Occurrence and the size of defects increased with the increase
in annealing temperature — in agreement with the high-magnification surface TEM

images in Figure 3.3.
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Figure 3.2 TEM images of (a) GDC_700, (b) GDC_800, (c) GDC_900, (d) GDC_1000,

(e) GO, and (f) AGO_900.
67



Figure 3.3 High magnification TEM images of (a) GDC_700, (b) GDC 800, (c)
GDC 900, and (d) GDC_1000 showing surface roughness.

Surface area and pore sizes/volume is crucial to ORR and OER with oxygen gas diffusion
in/out of the materials. BET N adsorption-desorption isotherms provide essential insights
to predict both surface and pore structures’” 178, The N, adsorption-desorption isotherms
of all GDC samples were collected under 77 K (shown in Figure 3.5). All isotherms

exhibited the shape of Type | BET isotherm with micropores!’® 18 _ commonly seen in
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activated carbons. General increase in both specific surface area and pore volume was
observed as the carbonisation temperature increased; the results congruent with TEM and
SEM images (Figures 3.2-3.4). 2D-sheet structures of polymers resulted in low surface
area and pore volume compared to 3D porous frameworks. Nonetheless, GDC samples
displayed increased area and volume than compared to GO. All values from BET results

are tabulated in Table 3.1.

All GDC samples exhibited broad (amorphous nature coming from the bulk
polymerisation) but distinct graphitic (002)-like peaks in XRD measurements at around
25° (Figure 3.6). Peaks at lower angle, compared to graphite, indicated the increase in
interlayer spacing (0.36 nm compared to 0.34 nm of graphite at around 26.5°) due to the
formation of fragments and defects at high annealing temperatures. Presence of O and N
functional groups (from monomers used) may also contribute to amorphism*®-183, Higher
diffraction peaks, (100), (101) and (004) at 42°, 45° and 55°, were either very weak in

signal or not observable for GDC samples.

Raman spectra of graphitic carbon materials exhibit intense peaks at around 1350 and
1600 region, corresponding to the D and G bands*®* &, D band is the vibrations measured
by the presence of defects and/or disorder in carbonaceous systems and G band is the in-
plane vibrations of sp? hybridised carbons; the relative D to G ratio (Ip/lc) provides a

rough estimate of the disorder of carbon materials!8® 8,
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Figure 3.4 Low and high-magnification SEM images of (a),(b) GDC_700, (c),(d)
GDC _800, (e),(f) GDC 900, and (g),(h) GDC_1000 showing surface roughness. Scale

bar of 1 um.
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Figure 3.5 N adsorption-desorption isotherms of GDC_700, GDC_800, GDC_900, and
GDC_1000.

Table 3.1 The specific surface area and pore volume of GDC samples and GO.

Specific surface area (m?g?')  Pore volume (cm® g?)

GDC_700 197.05 0.13
GDC_800 206.09 0.13
GDC_900 227.21 0.14
GDC_1000 181.65 0.12
GO 0.06 0.0001
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Broad peaks, regions around 2500-3200 cm™, can be assigned to the combination of 2D,
2D’, and D+D’ bands typically shown in graphene!®*. With the presence of dopants along
with high temperature carbonisation process, the Ip/lg ratios calculated from the Raman
spectra were 0.89, 0.93, 0.92, and 0.92 for GDC_700, GDC_800, GDC 900, and
GDC _1000, respectively (Figure 3.7). Close Ip/lc values of 800-1000 °C samples
suggested that there were no major changes to the overall defect chemistry. Typical Ip/lc
ratios of GO and graphite are 0.85 and 0.05. Increased disorder/defects, shown by the
high Ip/lg values of GDC_800, GDC_900, and GDC_1000, describe the increase in
surface roughness (shown in TEM images in Figure 3.3 and in SEM images in Figure

3.4).

\_______...\ GDC_1000
35

LS R GDC_900
2
2]
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Figure 3.6 XRD patterns of graphite, GDC_700, GDC_800, GDC_900, and GDC_1000.
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Figure 3.7 Raman spectra of GDC_700, GDC_800, GDC 900, and GDC_1000; the inset
is the close-up of D and G band region with relative Ip/lg ratio.

3.2.3 Chemical analyses — carbonisation and N-doping

Chemical properties of all GDC samples were investigated using XPS technique. The
overlay of survey spectra (Figure 3.8) displayed typical N-doped carbon polymer signals
with intense C 1s peak. The concentration of N 1s peak decreases with the increase in
temperature — this is due to the loss of -NH- groups at higher temperature'®, Aromatic N
groups are more stable than the sp® hybridised functional groups®. No other elements
were found during the measurement in all measured 3-regions. Although not absolute
values with XPS sensitivity of 0.1 at. %, however, is expected to have little influence on

chemical and electrochemical properties of samples.
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Figure 3.8 (a) XPS survey spectra of GDC_700, GDC_800, GDC 900, and GDC_1000.

(b) XPS survey spectra of all GDC samples between 380-420 eV; close-up view of N 1s
region.
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Table 3.2 XPS elemental composition of GDC samples, GO, and AGO. Survey spectra

of each sample were recorded at multiple locations to obtain the average.

C N @) Avg. C Avg. N Avg. O
(at. %) (at. %) (at. %) (at. %) (at. %) (at. %)

76.6 17.2 6.2

GDC_700 77.1 17.8 5.1 77.0 17.5 55
77.4 17.6 5.0
82.6 13.2 4.2

GDC_800 82.1 13.6 4.3 82.3 13.6 4.1
82.3 14.0 3.7
86.4 8.3 5.3

GDC_900 87.0 8.3 4.7 86.8 8.3 4.9
87.1 8.4 4.5
90.0 3.7 6.3

GDC_1000 90.0 4.0 6.0 90.3 3.9 5.8
90.7 4.1 5.2
67.4 32.6

GO 67.6 — 32.4 67.6 — 324
67.9 321
96.3 3.7

AGO_900 97.5 — 2.5 97.0 — 3.0
97.2 2.8
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A summary of all elemental composition of all GDC samples is presented in Table 3.2.
As mentioned earlier, less stable N functional groups were removed resulting drop in N
concentration from 17.5% to 3.9% with the increase in annealing temperature - this also
resulted in increase in carbonisation degree. High temperature-assisted carbonisation of
GDC samples led to significantly lower concentration of oxygen, averaging around 5%
compared to 32.4% in GO. High oxidation degree of carbon substrates provides many
reaction centres to dope different elements to the material'®® %1 however this is not
necessary in GDC samples as catalytically active N sites are already present and the low
concentration of O improves the overall electronic conductivity as electrocatalysts!®?,
However, values of O of all GDC samples were not as small as 3.0% of AGO_900 with
effective eliminations of oxygen functional groups achieved by highly exfoliated

graphene layers.

To scrutinise the chemical environment, high resolution XPS elemental spectra of C 1s
and N 1s were analysed (Figure 3.9) —all chemical bonds and associated binding energies
are tabulated in Table 3.2 and 3.3. In C 1s spectra, C=C, C-O/C-N, C=0/C=N, and n- ©*
satellite interactions were exhibited at binding energies of around 284.8, 286.1, 288.1,
and 290.2 eV, respectively'®3. Binding energies of single- and double-bond O overlap
with the energies of single- and double-bond of N; hence the combined fittings. In N 1s
spectra, 3 major types of N environments (pyridinic, pyrrolic, and graphitic N) and
oxidised N were present at binding energies of around 398.4, 399.6, 400.9, and 403.2

evl94
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Table 3.3 Quantification of XPS deconvoluted C 1s peaks and associated chemical

environments.

% of deconvoluted C 1s peak fittings and binding energies

- ¥
c=C C-O/C-N C=0/C=N )
satellite
51.2% 36.5% 8.0% 4.3%
GDC 700
(284.8 eV) (286.0 eV) (288.2 eV) (290.0 eV)
55.1% 32.8% 7.9% 4.2%
GDC 800
(284.8 eV) (286.0 eV) (288.1 eV) (290.1 eV)
60.4% 29.0% 7.2% 3.4%
GDC 900
(284.9 eV) (286.1 eV) (288.4 eV) (290.5 eV)
67.8% 19.0% 8.4% 4.8%
GDC_1000
(284.9 eV) (286.2 eV) (288.0 eV) (290.2 eV)
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environments.

Table 3.4 Quantification of XPS deconvoluted N 1s peaks and associated chemical

% of deconvoluted N 1s peak fittings and binding energies

Pyridinic N Pyrrolic N Graphitic N Oxidised N
49.8% 9.1% 36.5% 4.6%
GDC_700
(398.2 eV) (399.6 eV) (400.6 eV) (403.0 eV)
43.7% 7.9% 42.3% 6.1%
GDC_800
(398.3eV) (399.6 eV) (400.8 eV) (403.2 eV)
35.4% 7.1% 50.0% 7.5%
GDC_900
(398.4 eV) (399.6 eV) (401.0 eV) (403.4 eV)
27.6% 6.7% 51.6% 14.1%
GDC_1000
(398.4 eV) (399.4 eV) (401.1eV) (403.0 eV)

As the carbonisation temperature increased, the C-O/C-N bond contribution (to total C 1s
signal intensity) decreased and C=C (a mix energy of sp® and sp? of aromatic carbon)
increased. Although the decrease is observed for the combined C-O and C-N contribution,

which occur at the same energy in the C 1s spectrum, the loss is mainly from the removal
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of pyridinic or sp® N, as observed in the decreasing amount observed in the N 1s spectra.
This is also confirmed in the O 1s overlay in Figure 3.10 where shape and intensities of
all O 1s spectra of all GDC samples remained almost identical. Generally, the oxygen
concentration should decrease with respect to increase in annealing temperature due to
cleavage of less-stable oxygen functional groups. Here, GDC samples did not follow this
trend - it is possible that there was a small oxygen leak during annealing. Also, there

might be some oxygen moieties trapped in bulk of GDC samples.

As explained earlier, doping nitrogen to graphitic carbon framework significantly
enhances the ability for a metal-free carbon substrate to catalytically reduce oxygen?®’,
Especially, it is imperative to maximise the percentage of graphitic N in any graphitic
carbon substrates as it provides the most oxygen reactive sites during ORR*°. At higher
temperatures, increased conversion of graphitic N was revealed, reaching up to 51.6% of
the total N amount (expected to show improved electrocatalytic performances)?®® 19,
Concentration of pyrrolic N, a nitrogen in a 5-membered aromatic carbon ring structure,
was limited to less than 10% and the percentage contribution was very close for each
sample. The oxidised N group may have come from polymeric bond between N and O of
DCDA and glucose. Since intensities of O energies remain unchanged with ascending
temperature, the observed increase in the amount of oxidised N does not necessarily
equate to larger population of N-O bond; rather, difference in ratios of the bonds as some

pyridinic N centres are removed.
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Figure 3.10 Overlay of XPS O 1s spectra of GDC_700, GDC_800, GDC_900, and
GDC_1000.

In Figure 3.11, similar to GDC samples, high resolution C 1s scan of AGO_900 exhibited
intense carbon-carbon peaks arising from the high aromaticity of graphene. GO displayed
completely different peak shape with larger contribution of C-O and C=0 from the harsh
oxidation step®’- 1%, The oxidation of GO occurs primarily on the surface which can be
thermally reduced/eliminated easily upon high temperature annealing to increase electron
conductivity and a tuneable bandgap®®. Since there are no N species present in AGO_900
sample, C-O and C=0 peak intensities (usually where C-N and C=N energies overlap)

are reduced compared to GDC samples?®.
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Figure 3.11 High resolution C 1s XPS spectra of (a) AGO_900, and (b) GO.
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3.2.4 Electrocatalytic performances of GDC polymers

All samples were directly tested as synthesised to study materials’ behaviour under
oxygen reactions conditions as possible cathode materials for metal-air batteries. In any
electrochemical setups, all electrodes are not in the ideal conditions and a difference in
the potential (iR) drop can be seen®. Electrocatalytic performances of a material can
increase up to 20% in value with iR-compensation depending on the measured electrode
resistance of a cell?2, However, this contribution is not applied to any of the tests and the

results shown are as measured (not iR-corrected).

Initially, CV scans were measured in Oz-saturated 0.1 M KOH electrolyte (Figure 3.12).
General shapes and depths of the current responses were observed throughout samples.
Oxygen reduction peaks were evident at around 0.58 V versus the reversible hydrogen
electrode (RHE) suggesting a successful oxygen redox reaction. Compared to other
samples, the oxygen redox response of GDC_700 in CV was recorded at a lower potential
at around 0.55 V implying lower oxygen electrocatalytic activities. To further investigate
the oxygen reduction mechanisms, linear sweep voltammetry (LSV) tests were conducted
in 0.1 M KOH with 10 mV s at the rotating disk electrode (RDE) rotation speed of 1600
rpm with continuous bubbling of O, (Figure 3.13a). The electrocatalytic activity of
GDC_700 was noticeably lower than the other 3 GDC samples with the current density
reaching 1.88 mA cm? as expected from the CV measurement. The highest current
response was achieved for GDC_900 with ~2.47 mA cm followed by GDC_800, then
GDC_1000 at 2.34 and 2.28 mA cm. Using the K-L equation, the maximum theoretical
current density at 1600 rpm (assuming a complete 4e— transfer) should be 5.7 mA cm?,
normally achieved by Pt/C?%% 2% Reduced current responses of GDC samples suggest

incomplete/insufficient oxygen conversion reactions taking place on the RDE surface.
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Figure 3.12 CV curves of GDC_700, GDC_800, GDC_900, and GDC_1000 measured
in Oz-saturated 0.1 M KOH with the scan rate of 10 mV s.

Since all samples were polymerised and carbonised at high temperatures, observed onset
potentials (Eonset), the point at which oxygen conversion starts to occur, were all roughly
at 0.75 V (equating to 480 mV overpotential from 1.23 V vs. RHE for water-splitting).
Tafel slopes of the LSVs at 1600 rpm were obtained (Figure 3.13b). The Tafel slope
provides Kinetics of electrochemical/electrocatalytic reactions in response to change in
applied potential and generally is obtained around the Eonset Value — lower calculated slope
value signifies smaller required overpotential?®. GDC_900 exhibited the lowest Tafel
value of 100.1 mV dec™ whereas GDC_700 with the slowest electrocatalytic activities

showed the highest value, 129.9 mV dec?, in accordance with the CV and LSV results.
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Figure 3.14 ORR LSV curves recorded at different rotation speeds (rpm) and the K-L
plots of (a),(b) GDC_700, (c),(d) GDC_800, (e),(f) GDC_900, and (g),(h) GDC_1000.
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The correlation of varied rotation speed to measured current and potential is calculated
using Koutecky-Levich (K-L) equations?®. LSV curves at different rotation speeds and
corresponding K-L relations of all samples are shown in Figure 3.14. Calculating, using
the equations provided in the experimental section, an estimated calculation of the number
of electron transfer (n) in the associated oxygen electrocatalytic reaction can be obtained.
Although the measured current densities of GDC_800, GDC_900, and GDC_1000, at any
rotation speeds, were higher than GDC_700 sample, the electron transfer number of
GDC_700 was the highest, with the value of 2.59 (closest to theoretical 4-electron transfer
oxygen reactions). The difference between measured current densities at 0.2 VV to 0.5 V
for GDC_800, GDC _900, GDC_1000 is greater than that of GDC_700 with increased
gradient. As the K-L relation is calculated from the inverse of the measured current
density at a given potential, a steep drop in measured current in LSV lead to lower value
of n, as shown in GDC_800, GDC 900, and GDC_1000. However, larger current
densities observed in this region suggest better oxygen diffusion mechanisms?%” 208 with
carbonisation temperature above 800 °C. Also, the first observed steep gradient of LSV
curves of GDC_800, GDC 900, and GDC_1000, at the region between 0.41-0.72 V,
imply faster oxygen reduction Kinetics than GDC _700. It can be assumed that the
improved oxygen permeability is achieved with the increase in surface area and pore

volume resulting in more efficient oxygen conversion at the same measured cell potential.
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Figure 3.15 LSV curves in the OER region for all samples in 0.1 M KOH with rotation
speed of 1600 rpm.

OER LSV curves of all samples were measured between 1.2 to 2.0 V vs. RHE in 0.1 M
KOH with 10 mV s? at 1600 rpm (shown in Figure 3.15). GDC_1000 displayed the
largest current density of 0.68 mA cm however the OER capabilities of GDC polymers
were significantly lower compared to conventional OER materials such as RuO2*
exhibiting Eonset at 1.4 V vs. RHE with current density greater than 10 mA cm2. Other
reported N-doped graphene/carbon materials?®® 21° reached the same current density of

10 mA cm with less than 420 mV required overpotential.
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In N-doped carbon, it is reported that the most OER active sites are pyridinic N sites with
the electron-withdrawing ability!!® 21, As revealed in the XPS analyses, the high
temperature carbonisation has decreased the concentration of the pyridinic N the most in
all GDC samples, leading to reduced OER performances with low measured current
density. Also, the high OER potential may often lead to oxidation of N-doped

carbon/graphene materials which can reduce the long-term stability?'?.

3.3 Conclusion

In summary, a simple carbonisation of glucose and DCDA, widely available organic
monomers, can result in the formation of 2D N-doped carbon polymers, as active oxygen
electrocatalysts for metal-air batteries and fuel cells applications. Combined structural
and chemical characteristic features typical of both GO and AGO were observed in GDC
polymers using techniques such as TEM and XPS. Increased carbonisation temperature
resulted in increase in surface roughness of GDC polymers, to provide more oxygen
accessible surface area and pores. Furthermore, the carbonisation degree and the ratio of
the concentration of graphitic N, the most ORR active site in N-doped carbon substrates,
grew with the annealing temperature. Out of all GDC samples, GDC_900 exhibited the
highest current density of 2.47 mA cmin the ORR region, which could be a result of the
balance between surface disorder and the carbonisation/graphitic N concentration. GDC
samples still lack in conversion efficiency and kinetics, compared against the Pt/C
benchmark for ORR with around 5.7 mA cm measured current density and less than 250
mV overpotential. Also, GDC polymers demonstrated insufficient OER performances

(current densities less than 1 mA cm, where most OER electrocatalysts reach more than
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100 mA cm at 2 V vs. RHE and 10 mA cm? at the overpotential of only around 350-
400 mV) to be utilised as a bi-functional oxygen electrocatalyst which might be due to
eliminations of electron-withdrawing groups at high carbonisation temperatures and the
instability of materials at the high measured potential. If more active centres are
introduced to the annealed carbon polymers via heteroatoms co-doping as well as the
stable structure to maintain the functional groups, both ORR and OER capabilities could
enhance. With the right selection of reagents, temperature-programmed annealing process

can be very useful to easily prepare 2D electrocatalysts.
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Chapter 4 : Utilising functionalised carbon dots

as non-metal bi-functional electrocatalyst

4.1 Introduction

Electrification of transport and the development of smart electricity grids have led to
significant advancement in electrochemical energy storage systems, both in volume and
in capacity, to reduce the environmental impact associated with the combustion of fossil
fuels. Electrocatalysts are key components in clean energy conversion/storage devices
including fuel cells, electrolysers, and metal-air batteries?*®. Depending on the choice of
metal, theoretical specific energy of a Zn-air battery can reach at least five times more

than of LIB technology, to be the next-generation high-energy source®.

Recently, many studies have focused on utilising metal-free carbon-based materials, with
N, S, P, and B heteroatom doping, to replace existing transition metal species, and even
noble metals, in low-cost systems showing good cyclability'*® 24, In particular, carbon
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dots (CDs), a few nanometre scale 0O-dimensional derivatives of carbon, have emerged as
potential transition/noble metal substitute for many applications?'® 216, CDs consist of a
mixture of sp? graphite-like and amorphous carbon in quasi-spherical morphology?*’ and
are synthesised either via top-down or bottom-up approaches with varied sizes (width up
to 20 nm and height ranging from few to multiple layers?!®). Size and edge effects are
vital in catalysis as the reaction generally happens near newly introduced functional
groups, which result in the formation of electron-rich and/or structural defect sites around
the edge planes?'®22°, CDs can provide more catalytically active sites by both surrounding
edges and multiple layers, along with many functional groups??: 222, However, despite
the attempts of utilising CDs in electrocatalysis, the performance of CD-containing ORR
electrocatalysts has not reached the level of noble-metal catalysts and there are no reports
exploiting OER with CDs?232?7_ |t is unclear whether this unsatisfactory performance is
due to the undefined CD syntheses, binding of CDs to the substrate, substrate pore

blockage, or the functional groups around CDs.

In this chapter, heteroatom-doped CDs embedded on graphene substrates, which were
synthesised from a simple hydrothermal approach followed by heat treatment, were used
to clarify the compatibility of CDs and the substrate, and to examine the effect of different
functional groups in CDs. Different combinations of heteroatom (N and N-S) doped CDs
were prepared by a hydrothermal process using carefully selected reagents in order to
exclude any undesirable elements from the reaction. Obtained catalysts all showed
considerable improvement in performance, as metal-free catalysts, simply by the addition
of CDs to the reaction mixture. After thermal treatment optimisation, electrocatalytic
activities in both ORR and OER regions were comparable to conventional Pt/C and Ir/C
with extremely high current densities for a given catalyst loading.
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4.2 Results and discussion

4.2.1 Embedding of CDs on porous graphene framework
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Figure 4.1 Schematic illustration of the CD-embedded porous carbon (CD@gf)
preparation where green spheres represent carbon dots (N or N, S-doped) and red
spheres represent heteroatom dopants (either O, N or S). Reaction scheme of CD

fabrication is shown below.

The schematic synthesis procedure of heteroatom-doped CD-embedded porous graphene
(CD@gf) is illustrated in Figure 4.1. Heteroatom co-doped CDs and highly porous
CD@gf samples were both prepared in bulk by a simple hydrothermal approach and the

highly exfoliated graphene oxide (GO) sheets with abundant oxygen-containing
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functional groups were synthesised by an improved Hummers' method®®. Hydrothermal
processes are often used to prepare and modify sizes, and structural/chemical properties
of CDs by simply varying the reaction conditions (e.g. types of reagents, concentration,
reaction temperature)??, Effective isolation of single- to few-layered GO was achieved
by providing sufficient time for the oxidising agent to diffuse fully into water (TEM
image as shown in Figure 4.2a-b)??°. Many oxygen-containing groups, such as hydroxyl,
carbonyl, and carboxyl (XPS results in Figure 4.2c-d), not only allow sufficient GO
dispersion in water?®, but also the oxygen sites may interact with functionalised
heteroatoms of CDs. Under hydrothermal conditions, reduced graphene oxides are
formed via random reassembling (folded, twisted, and wrinkled manner) and
pores/defects of the hydrogel are occupied by CDs to generate many catalytically active
sites?®!. The overall carbon to oxygen (C/O) ratio of GO was 1.96 and observed XPS
peaks at energy of 285.1, 287.2, and 288.4 eV correspond to C-C/C=C, C-O, and C=0/0O-

C=0 bonds.
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Figure 4.2 (a),(b) TEM images of few layers GO, (c) XPS survey spectrum of GO, and
(d) High-resolution C 1s spectrum of GO.

4.2.2 Heteroatom-doped CDs

Heteroatom-doped CDs were successfully synthesised via simple hydrothermal-assisted
condensation polymerisation reactions. CDs were measured to be in the range of 3-20 nm
in diameter, evidenced by AFM (Figure 4.3a-b) and TEM images (Figure 4.3c-d). Heights
of CDs differ from few layers to multiple layers/clumps of carbon as shown by the

diversity in the AFM height profile.
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Figure 4.3 (a) AFM topology of well-dispersed NS-CD with height profile at high
magnification. (b) Low magnification AFM topology of NS-CD. (c) TEM images of NS-
CDs in low magpnification. (d) High magnification TEM image of NS-CD with recorded

height and interlayer spacing; inset is the corresponding reduced-FFT image.

TEM particle size distribution of NS-CD is shown in Figure 4.4 with average particle size
of 8.5 nm. As shown in TEM images in Figure 4.3, the observed interlayer spacing of

(100) of 0.24 nm and the (002) lattice fringe of graphene of 0.34 nm (reduced-FFT image
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showing the six-fold symmetry)?322% the structures of CDs are defined to be a mixture
of amorphous and graphitic-like phases. The presence of D and G bands in Raman
spectra®>2%7 (properties described in the previous chapter) and broad observable peaks in
XRD around 22°, slightly lower than (002) plane!®, were observed for all CD samples
(Figure 4.5). Incorporation of heteroatoms (both N and S being bigger atoms than C with
more available valence electrons) can lead to increase in amorphous nature of graphitic

substrates and increases the number of defect sites in the given structure.
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Figure 4.4 Particle size distribution of NS-CD obtained from low-magnification TEM

image; the average particle size is 8.5 nm.

97



XPS results provided the chemical properties of heteroatom-doped CDs (Figure 4.6); C
Is spectrum of NS-CD exhibited C-C, C-O/C-N/C-S, and C=0 bonds at binding energies
of 284.8, 285.8, and 288.4 eV, respectively®*’-2*°_ Binding energies of heteroatom to
carbon bonds (of N and S) overlap with the energies of both single and double carbon-to-
oxygen bonds showing increase in fitted peak intensities. The N 1s spectrum
demonstrates the presence of pyridinic N (=398.1 eV), pyrrolic N (=400.0 eV), and
graphitic N (401.2 eV), suggesting that sp?/sp® nitrogen species are generated during the
reaction. The energy of amine groups (-NH.) overlap with those of pyrrole groups and is
conflated?®-242, Binding energies of sulphur are around 162.3 and 163.5 eV for the thiol
group (S-H) on the surface, 163.7 and 164.9 eV for the thiophene-S (C-S, C=S, spin—orbit
coupling of S 2p), and 167.1 eV for the sulphur oxide (SOx)?*%2*2. O 1s high-resolution
spectrum indicates C=0, C-O, O-C=0, and S=0 bonds at 530.8, 531.5, 532.1, and 533.6
eV, respectively?®® 240 Similar binding energies were observed for N-CD as NS-CD.
Surface heteroatoms (either N or N/S) are revealed by the survey scans and the
contribution of sulphur reduced the C=0 bond contribution in NS-CD sample which is
shown in Figure 4.7. N and S bonds of N-CD and NS-CD are also evidenced by the ATR
results (Figure 4.8) and observed heteroatom stretching vibrations (1655, 1384/1172 cm™*
of C=N/C-N, and 1179, 644 cm™* of C=S/C-S)**32% suggest the existence of the
heteroatoms within carbon structures in accordance with the XPS results. Increased
formation of carbon saturated N species, pyridinic N and graphitic N, was found with NS-
CD compared to N-CD sample (shown in Table 4.1). Other precise elemental analyses of

CDs are difficult to obtain due to the hygroscopic nature of prepared CDs.
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Figure 4.5 (a) Raman spectra of N-CD and NS-CD between 1200-1700 cm™ region, and
(b) XRD patterns of N-CD and NS-CD, exhibiting (002) graphitic plane.
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Figure 4.8 ATR-IR spectra of GO, N-CD, and NS-CD between 4000-400 cm™.

Table 4.1 Elemental quantification of N-CD and NS-CD obtained from XPS; percentage

of pyridinic N, pyrrolic N, and graphitic N of the nitrogen fitting contribution shown.

C N S 0] PyridN PyrrolN  G-N

(at. %) (at. %) (at. %) (at. %) (%) (%) (%)

N-CD 62.7 10.4 — 26.9 4.1 87.9 8.0
NS-CD 65.9 8.9 3.4 21.8 7.5 74.5 18.0
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4.2.3 Heteroatom-doped CD embedment on graphene

Heteroatoms-doped CD embedded graphene samples were synthesised by mixing the two
in DI water followed by the hydrothermal process — reactions between heteroatom
functional groups in CDs and oxygen functional groups around edges/defect sites in
graphene oxide. The (001) plane of carbon appears with increased interlayer spacing of
graphene/graphite (typically from the introduction of oxygen functional groups on the
surface of each graphene/graphite layer during the chemical oxidation process); the
higher oxidation degree of GO, the lower the (001) diffraction peak location. Upon
thermal reduction (hydrothermally or via annealing), many oxygen functional groups are
removed resulting in restoration of graphene/graphite layer-to-layer interactions close to
(002) plane. Distinct peaks of (001) plane at around 11.1° of GO and (002) plane of
graphitic carbon are shown for all samples in the XRD results (Figure 4.9a). All
hydrothermally reduced graphitic framework samples, RGel, NS-CD@qgf, and NS-
CD@gf a900, exhibited broad (002) peaks at around 21.0° indicating an overall
amorphous nature but varied short-range order of the reassembled graphene sheets. The
effect of incorporated CDs broadened the (002) peak compared to the sample without
CDs. Further broadening of (002) peak can be seen with annealing as additional
fragmentation and defect formation take place. The (100) plane is shown for all samples
at roughly 42.0°. Raman spectra show 0.86, 0.93, and 1.08 Ip/lg ratio of RGel, NS-
CD@gf, and NS-CD@gf a900, respectively (Figure 4.9b). Close Ip/lg values of RGel
and NS-CD@gf suggest that there are no major changes in defect chemistry with the
embedded CDs. However, the observable increase in the Ip/lg ratio, compared to the
untreated one, is seen with the annealed sample, which can be attributed to the formation

of hierarchical porous structures of carbon with more defect sites available?”: 248, From
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N2 adsorption-desorption isotherm (Figure 4.9c), the BET surface areas of for NS-CD@gf
and NS-CD@gf a900 were 264.66 and 559.59 m? g~! with micro- and mesopores
present?*®. Both isotherms exhibited type IV isotherm shape meaning that the general pore
width is larger than the critical width for gas adsorption!’® 8%, Gereneral increase in pore
diameter across the complete range for NS-CD@gf_a900 was displayed compared to the
one without annealing step (Figure 4.9d). All BET specific surface areas and pore

volumes are represented in Table 4.2.

Hydrothermally reduced graphene oxide hydrogels can vary in size only by altering the
pH conditions; more dense and electrically conductive structure formed in the acidic
condition?®. However, sizes of hydrogels formed at different pH do not differ
significantly when the concentration of GO suspension used for hydrothermal synthesis
remains the same. Embedment of CDs in graphene is demonstrated by direct comparison
of the physical size of hydrogels obtained from the hydrothermal process: NS-CD@gf
shows significantly larger dimensions than that of RGel sample as shown in the photo in
Figure 4.10. Both SEM and TEM images (Figure 4.11) reveal highly porous and
fragmented carbon frameworks which are expected to facilitate easy penetration of

oxygen molecules during electrocatalytic processes.
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Figure 4.9 (a) XRD patterns of graphite, GO, RGel, NS-CD@gf, and NS-CD@gf_a900.
(b) Raman spectra of RGel, NS-CD@gf, and NS-CD@gf_a900; the inset is a close-up of
D and G band with calculated Ip/ls ratio. (c) N2 adsorption-desorption isotherm of NS-
CD@gf and NS-CD@gf _a900, and (d) BET pore size distribution curves obtained using
QSDFT and BJH methods for calculations.
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Table 4.2 The total BET specific surface area and pore volume of all samples.

Specific surface area (m?g?')  Pore volume (cm?® g1)

RGel 345.02 1.82
N-CD@gf 255.88 1.76
NS-CD@gf 264.66 1.73
N-CD@gf_a900 550.20 3.19
NS-CD@gf a900 559.59 2.54

Figure 4.10 Photo of hydrothermally prepared RGel sample (left) and NS-CD@gf
sample (right).
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Figure 4.11 SEM images in (a) low, (b) high, and TEM images in (c) low, (d) high
magnification of N-CD@gf_a900. SEM images in (e) low, (f) high, and TEM images in

(9) low, (h) high magnification of NS-CD@gf_a900.
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Figure 4.12 TEM images of NS-CD@gf _a900 at (a) low and (b) high magnification
illustrating the embedment of NS-CDs. Same region EDS mapping images showing
different elements of the NS-CD@gf a900 framework; (c) overlap, (d) C, (e) N, and (f)
S.

Generally, to prepare a hierarchically porous carbon, a template material is used which
then requires an additional non-environmentally-friendly etching process™®® 2°1, Instead,
use of highly exfoliated graphene leads to a simple effective way of preparing porous
substrates. Embedment of CDs to a graphene substrate is confirmed in low- and high-
magnification TEM images (Figure 4.12); CDs can be observed as particles with darker
contrast around either the edges or the voids on the plane of the graphene layer. Same

region TEM-EDS elemental mapping of nitrogen and sulphur further illustrates the
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presence of heteroatoms from NS-CDs on carbon as the only origin of heteroatoms

embedded to the graphene framework is from the CDs.

Table 4.3 Quantification of elements obtained from XPS for all CD-embedded graphene

samples.
C N S O
(at. %) (at. %) (at. %) (at. %)
N-CD@gf 83.7 1.6 — 14.7
N-CD@gf_a900 94.9 1.0 — 4.1
NS-CD@gf 87.4 5.2 0.7 6.7
NS-CD@gf_a900 95.4 1.4 0.4 2.8

XPS results of the CD-embedded graphene and thermally treated samples show change
in overall composition of elements (Table 4.3). Atomic weight percentages of both N and
S decrease for annealed samples as thermally unstable/weak bonds (-NH2 and -SH) break
at high temperature. XPS elemental scans of NS-CD embedded graphene samples (Figure
4.13) and N-CD embedded graphene samples (Figure 4.14) are shown. Noticeable
conversion of N groups to graphitic N is achieved via high temperature annealing
processes of CD-embedded graphene hydrogels!®. Although the concentration of
graphitic N (most responsible for lowering the overall free energy of ORR) and the total
amount of heteroatoms coming from the CD-embedment are not significantly high

compared to some reported literature (at. % of N usually greater than 5%)67: 252 253
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effective embedment of CDs together with the effects of dual-heteroatom doping (N and

S) boosts the overall catalytic performance.
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Figure 4.13 High resolution elemental scans of NS-CD@gf; (a) C 1s, (c) N 1s, and (e) S
2p. Spectra for NS-CD@gf _a900 are shown; (b) C 1s, (d) N 1s, and (f) S 2p.
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Figure 4.14 High resolution elemental scans of N-CD@gf; (a) C 1s, and (c) N 1s. Spectra
for N-CD@gf_a900 are shown; (b) C 1s, and (d) N 1s.

4.2.4 Oxygen electrocatalysis of CD-embedded graphene

All samples are used directly as synthesised and electrochemically tested to understand
the materials' potential as cathodes for metal-air batteries. The ohmic potential drop has
not been applied to any of the tests (not iR-corrected). Initially, CV scans are measured
in N2/Oz-saturated 0.1 M KOH electrolyte. Distinct oxygen reduction peaks are shown
only when oxygen is purged to the electrolyte solution suggesting a successful oxygen

redox reaction (Figure 4.15).
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Figure 4.15 CV curves of NS-CD@gf _a900 and Pt/C obtained in N2/O saturated 0.1 M
KOH with the scan rate of 10 mV s,

Reduction peak current of the Pt/C sample is at 0.82 V vs. RHE whereas the peak of the
NS-CD@gt a900 sample is around 0.71 V. Differences in current densities (of Oz and
N2) from CV scans are 1.25 and 1.53 mA cm™2 for Pt/C and NS-CD@gf a900,
respectively, suggesting that the NS-CD embedded graphene has better electrical
response than Pt/C in the O»-saturated alkaline condition. LSV curves of N-CD@gf, NS-
CD@gf, N-CD@gf a900, and NS-CD@gf a900 samples exhibit outstanding
electrocatalytic activities in an alkaline solution, with current responses either similar to

or greater than Pt/C, despite being metal-free (Figure 4.16a). The performance of the NS-
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CD sample is as expected with possible poor conductivity from high oxygen
functionalities®™*. Onset potential (Eonset) Of @ sSample is determined by extrapolating the
point at which the change in electrical response occurs at the ORR condition. Although
the Eonset and the half-wave potential (half of the total measured current density, E1) of
NS-CD@gf a900 are around 0.93 and 0.75 V (slightly lower potentials than those of Pt/C
at 0.98 and 0.84 V), the limiting current density reaches 7.71 mA cm2 at 1600 rpm in 0.1
M KOH electrolyte, surpassing all CD-embedded samples and even higher than 5.55 mA
cm 2 of Pt/C current response by approximately 38% - current measured at Ei2 is also
greater. Note that both thermally treated CD (N and NS) embedded samples exceed the
limiting current density of Pt/C; performance enhancement of catalysts is realised by the
intrinsic catalytic activities of CDs. The same trend is observed for the ORR results of
CD@gf and CD@gf a900 samples; N, S dual doping exhibits the highest activity
followed by the single N-doping. Tafel slopes of all samples were obtained to study the
relationship of the rate of ORRs with the attained overpotentials (Figure 4.16b). The value
for the Pt/C (76.1 mV per decade) is smaller than the rest suggesting that the oxygen
adsorption process is fast on the surface of the Pt/C. Still, the values of N-CD@gf a900
and NS-CD@gt a900 are 83.3 and 83.2 mV per decade, very close to that of Pt/C. The
Tafel values of N-CD@gf and NS-CD@gf were 93.1 and 82.4 mV per decade,
respectively. RDE-LSV measurements were collected at different rotation speeds
(ranging from 400 to 2000) as shown in Figure 4.17 and Figure 4.18. NS-CD@gf a900
outperformed all counterparts at any rotation speed, and the performance was comparable
to the benchmark, Pt/C. K-L relations can be extrapolated from measured current
densities of different rotations. Steady linear slopes suggest that the reaction kinetics is

of first order with respect to the dissolved oxygen concentration in the electrolyte system.
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Figure 4.16 (a) Combined LSV curves for ORR of all prepared samples in O2-saturated
0.1 M KOH at 1600 rpm. (b) Tafel plots of all samples obtained from LSV curves.
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Figure 4.17 LSV curves at different rotation speeds and corresponding K-L plots for
(a),(b) NS-CD, (c),(d) RGel, (e),(f) N-CD@qgf, and (g),(h) NS-CD@gf.
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Figure 4.18 LSV curves at different rotation speeds and corresponding K-L plots for
(a),(b) N-CD@gf _a900, (c),(d) NS-CD@gf _a900, and (e),(f) Pt/C.
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The n value, electron transfer number, of NS-CD@gf a900 is calculated to be around
3.96 (approaching 4, theoretical value at a successive 4e— reduction pathway) for the
potential range of 0.2-0.5 V versus RHE, implying effective oxygen reduction reactions.
K-L values of N-CD@gf a900 and Pt/C are 3.89 and 3.73, respectively; again, a high
electron transfer number is obtained by the annealed N-CD carbon sample. The initial
small hump in the ORR at low rotation suggests the peroxide formation; however, it
gradually decreases with the increase of oxygen feed - approaching stable 4e—

processes?>.

To validate the effect of CD embedment on catalysis, the RDE result of NS-CD@gf a900
is compared to the NS-Gel a900, annealed-direct-heteroatom-doped graphene gel
samples with no CDs (Figure 4.19). The observed ORR overpotential of the direct
heteroatom-doped sample (Eonset = 0.94 V) is only slightly smaller than the CD-containing
samples, but the measured current density is only about half (~4.46 mA cm 2) of the latter,
which in fact is even lower than that of the untreated N-CD@gf and NS-CD@gf. It can
be presumed that the direct heteroatom-doped defect sites are more accessible for the bulk
oxygen migration and hence lead to a low overpotential®®®. Yet, a high number of vacant
active sites can be provided by rich core/edge doping of heteroatoms in CD-embedded
graphene framework resulting in improved ORR activity. Also, to understand the
influence of annealing temperature, the RDE results of NS-CD@gf a800, NS-
CD@gf 2900, and NS-CD@gf al000 were studied. Slight increase in the activity is
shown at carbonisation temperature of 800 °C with improved diffusion properties
compared to the untreated sample. However, it can be assumed that at 800 °C there are
still some oxygen functionalities interfering with the performance as well as the low
conversion ratio of graphitic N7,

117



o
1

Current density (mA cm?)
IS
1

——NS-Gel_a9%00
-8 —NS-CD@gf_a800
—NS-CD@gf_a%900
—NS-CD@gf_a1000
-10 T T T T T T T T T T
0.2 0.4 0.6 0.8 1.0
Potential (V vs. RHE)

Figure 4.19 LSV curves of NS-Gel_a900 (without the CD embedment), and temperature
controlled NS-CD embedded graphene samples in 0.1 M KOH with 1600 rpm.

Table 4.4 XPS elemental quantification of temperature controlled NS-CD embedded

graphene samples.

C N S O Pyrid N PyrrolN G-N

(at. %) (at. %) (at. %) (at. %) (%) (%) (%)
NS-CD

92,5 2.1 0.7 4.7 59.1 22.2 18.7
@gf a800
NS-CD

95.4 1.4 0.4 2.8 33.7 5.9 60.4
@gf _a900
NS-CD

96.2 1.2 0.3 2.3 35.4 16.4 48.2
@gf _al000
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Figure 4.20 High resolution XPS spectra of NS-CD@gf a800 (a) N 1s and (b) S 2p, and

of NS-CD@gf al1000 (c) N 1s and (d) S 2p.

At 1000 °C, on the other hand, despite the increase in rate of conversion with 60 mV

reduction in overpotential (improved Kinetics with low oxygen and high graphitic N), the

loss of sulphur-containing groups (Table 4.4 and Figure 4.20) results in no change in

limiting current density?>®, compared with 800 °C. The optimum temperature of annealing

is 900 °C with the oxygen level low enough to give rise to good conductivity and high

graphitic N concentration while preserving sulphur components in CD-graphene

materials.
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Figure 4.21 ORR LSV curves of NS-CD@gf a900, NS-CD@gf a900(s) with halved CD
amount, and NS-CD@gf_a900(h) with doubled CD concentration.

The amount of CD embedment was varied in order to clarify the effect of the active site
densities provided by the CDs. As shown in Figure 4.21, when the amount of NS-CD
used is halved in the NS-CD@gf a900(s) sample, the current response is significantly
reduced with Eonset at 0.86 V compared to the original sample (NS-CD@gt a900). As the
addition of NS-CD is doubled in the sample, NS-CD@gf a900(h), the current density
and Eonset increase slightly to =5 mV cm 2 and 0.88 V, respectively. The SEM images of
the following samples (Figure 4.21) show that the morphologies of the graphene substrate

are more or less the same when the CD amount is halved.
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Figure 4.22 SEM images of NS-CD@gf a900(s) in (a) low and (b) high, and NS-
CD@gf_a900(h) in (c) low and (d) high magnification.

This suggests that the reduction of electrocatalytic performance for the halved sample is
governed by the decreased number of active sites; for the same reason, the Eonset of NS-
CD@qgf _a900(h) is slightly higher than that of NS-CD@gf a900(s) sample. However, as
the amount is doubled, the pores of the graphene start to close up, as noted in the high-
magnification image of NS-CD@gf a900(h) as shown by the BET surface area and pore
volume (Table 4.5). This may be due to agglomeration of CDs around the pores and edges

of graphene sheet, hence restricting the access to some of the active sites within.
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Table 4.5 BET specific surface area and pore volume for CD amount controlled samples.

Specific surface area (m?g?')  Pore volume (cm?® g1)

NS-CD@gf_a900(s) 545.12 3.07

NS-CD@gf_a900(h) 428.34 2.15

To evaluate the OER feasibility, all CD-containing samples were tested for OER activity
in an alkaline solution - in the potential range of 1.2-2.0 V versus RHE at a rotation speed
of 1600 rpm (Figure 4.23). Ir/C activity is obtained from literature®® . Eonset Values are all
either very close to or less than 1.6 V. It is clear that NS-CD@gf a900 sample has the
lowest overpotential and the highest current response over the tested potential range,
compared with other catalysts. Eonset and the potential at 10 mA cm™2 for a given catalyst
(E10) of NS-CD@gf a900 are 1.52 and 1.68 V, respectively, compared to 1.48 and 1.58
V of Ir/C in 0.1 M KOH. Interestingly, the contribution of sulphur is apparent toward the
OER performance. In CD@gf samples, the minor influence of sulphur only increases the
activity of NS-CD@gf by a small amount, compared with N-CD@gf. However, after
thermal treatments of the gel samples, a notable enhancement of NS-CD@gf a900 OER
activity is realised (30 and 60 mV difference in Eonset and Ejio compared to N-
CD@gf_a900). The corresponding Tafel slope of NS-CD@gf a900 (87.5 mV per decade)
also confirms the best rate of OER against 460, 448, 208, 126, and 106 mV per decade of
NS-CD, RGel, N-CD@gf, NS-CD@gf, and N-CD@gf a900 catalysts, respectively.
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Figure 4.23 (a) Combined LSV curves for OER of all samples in Oz-saturated 0.1 M
KOH at 1600 rpm. (b) Tafel plots for OER of all samples obtained from LSV curves.
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A high-concentration alkaline electrolyte can promote OER processes as the
concentration of hydroxyl ions increases. In 1.0 M KOH, NS-CD@gf a900 exhibits
exceptional OER activity with 1.49 V (Eonset) and 1.59 V (E1), =100 mV less
overpotential than at 0.1 M KOH solution, and comparable OER performance to that of

Ir/C - also, very close Tafel value (58.3-54.1 mV per decade of Ir/C).

The influence of CDs and the dopant elements, N and S, has been investigated.
Substituting heteroatoms (slightly different electronegativity compared to carbon) alters
the surface charge densities of graphene. With higher electronegativity than carbon,
nitrogen groups can draw charge density toward them from neighbouring carbons. The
effect of the electron lone pairs on the graphitic and pyrrolic nitrogen (electron donating)
together with slightly positive carbon sites makes oxygen adsorption more viable. In the
case of sulphur, similar electronegativity to carbon leads to imbalanced orbital states,
which contributes to high spin density of surrounding carbons?®; leads to increase in the
ORR activity compared to a pristine graphene. Other studies also suggest further
reduction in adsorption energies for N, S dual doping where carbons located adjacent to
graphitic N and thiophene S exhibit the maximum spin density - responsible for ORR
activity. In contrast, OER activities are facilitated by pyridinic nitrogen (electron-
withdrawing group) together with edge thiophene groups; the rate of adsorption of the
negatively charged water oxidation intermediates (OH- and OOH-) is favoured?®® 262,
Heteroatom functional groups in CDs provide many catalytically active centres in given

defect sites.
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Long-term ORR and OER current responses of the NS-CD@gf a900 are obtained from
chronoamperometric curves in Figure 4.24; NS-CD@gf a900 is more stable than Pt/C
with current retention kept to 88% compared to 73% after 60 000 s. This further suggests
that CD embedment induces ORR capabilities with good regeneration of electrocatalysts
under constant oxygen reduction - this is also the case for the stability of OER. However,
at the higher OER potential region, oxidation of the carbon catalyst is inevitable with

stability decrease to around 75% only after 5 h.
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Figure 4.25 Combined LSV curves of N-CD@gf a900, NS-CD@gf a900, and
conventional catalysts displaying the bi-functionality in water splitting (ORR/OER)

region.
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In Figure 4.25, the oxygen bi-functionalities of N-CD@gf a900 and NS-CD@gf a900
samples are evaluated against the results of the Pt/C + Ir/C pair. Overall performances of
CD-embedded samples are slightly low on both ORR and OER compared to the combined
noble catalyst. However, the AE values (potential difference between 3 mA cm™2, ORR,
and 10 mA cm™2, OER) obtained are 0.99 V (N-CD@gf a900) and 0.91 V (NS-
CD@gf _a900) against the Pt/C + Ir/C (0.77 V). The value is further reduced to 0.82 V

for NS-CD@gf a900 if the OER result is from 1.0 M KOH.

4.3 Conclusion

In summary, an outstanding metal-free porous graphene framework with the embedment
of heteroatom-doped carbon dots as bi-functional oxygen electrocatalysts for metal-air
batteries has been developed via a facile and scalable hydrothermal approach and
subsequent annealing process. The prepared sample, NS-CD@gf a900, exhibited
substantial increase in the catalytic behaviour (38% increase in current density) and
stability (current attenuation of 12%) compared to the performances of benchmark
oxygen electrocatalysts (Pt/C + Ir/C). The synergistic integration of dual N,S doping
lowers the activation barrier for oxygen molecule adsorption on carbon for conversion
processes to take place (evidenced by the difference between N-doped sample and N,S-
doped sample). However, rather than occupying defect sites of highly porous graphene
with a few number of dopants, embedding carbon dots provides numerous active centres,
generated by nitrogen and sulphur species. This strategy of controlling the size/functional

groups of carbon can be readily scaled up and applied to improve and develop cost-
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effective metal-free oxygen electrocatalysts to replace noble-metal catalysts for large-

scale energy storage and conversion systems.
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Chapter 5 : Two-dimensional carbon substrate as
sole bi-functional electrocatalyst; Friedel-Craft

assisted polymerisation of pyrene

5.1 Introduction

Oxygen electrocatalysis is an essential part of these technologies, such as fuel cells,
electrolysers, metal-air batteries, and has been predominantly delivered by noble-metal-
containing catalysts despite their inherent drawbacks (scarcity, cost, dissolution, leaching,
and deactivation of catalyst)?®3, Transition-metal containing compounds (e.g. oxides,
nitrides, sulphides, and carbides) have been widely investigated as replacements however,
metal-based catalysts suffer from low selectivity, active-site poisoning, poor stability, and

require carbon substrates®® 264,

Graphene has been exploited in many electrochemical systems, in both non-precious
metal-containing materials and metal-free frameworks, due to its chemical, electronic,

thermal, and electrocatalytic properties®®> 266, Typically, preparation involves harsh
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chemical oxidation of graphite to graphene oxide using concentrated acids followed by
heteroatom doping via either hydrothermal or thermal reduction®®®. Although the
procedure is widely carried out, non-selective oxidation reactions on the surface lead to
random oxidation/doping sites, and defect/pore formation which cannot be controlled.
Often, silica templates are used together with graphene oxide to create porous frameworks
with micro-, meso-, and macro-pores, however post treatment processes possess

environmental issues associated with HF acid etching to obtain the desired porosity*°® 267

268

Preparations of aromatic carbons via catalyst-assisted polymerisation is common with
well-known procedures, such as Suzuki-coupling reactions, where organoboron species
and halide species are polymerised assisted by palladium complexes. R. Fasel, K. Miillen,
and their co-workers explored various bottom-up fabrications of atomically precise
graphene nanoribbons and carbon allotropes using small aromatic monomers?6°-27%: any
sizes or iteration of graphitic carbon structures are synthesised varying the monomers
used. Reagents for such reactions are widely available with mild reaction conditions and
with a less toxic nature. However, palladium is scarce?’? and traces of metal species
remain even after extensive work-up/removal processes?’327°, Syntheses also involve
multiple complex organic reactions. Recently, covalent organic frameworks (COFs),
ordered 2D materials with controllable channels of pores throughout the structure, have
been studied as a possible candidate for many energy applications including oxygen
electrocatalysis?’®278, This control of assembling desired frameworks can be achieved by
varying precursors and linkers — molecules act as building blocks to generate specific
sizes and pore dimensions. Despite the structure fine-tuning, catalysts preparations in
inert conditions followed by complicated further treatments can restrict possible scale-up
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of catalyst syntheses. Thus, modification to the covalent link formation is necessary?’®
280 Friedel-craft acylation processes are also capable of preparing macro-polymers using
anhydrous aluminium chloride?®-283, Use of AIClIs is simple, facile, and cheap as well as
aluminium being a non-ORR/OER active catalyst?®* 285 unlike many precious metal

catalysts.

In this chapter, ordered 2D metal-free carbon sheets were successfully synthesised via
Friedel-craft assisted polymerisation followed by heat treatments. The monomer, pyrene,
was carefully selected to form an aromatic carbon polymer with repeated domains and
pores. Use of precious metals was avoided and the number of reactions involved was
minimised to reduce the complication of materials syntheses. The properties of the as-
prepared substrate were physically and chemically analysed to determine its potential to
replace graphene/graphene oxide. Polymers were then annealed with dopants (N and S
containing) to fabricate heteroatoms-doped aromatic polymers as possible oxygen

electrocatalysts for cathode materials in metal-air batteries and fuel cells.
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5.2 Results and discussion

5.2.1 Formation of 2D pyrene polymer

A possible/expected overall reaction scheme is illustrated in Figure 5.1. Following the
literature reaction scheme?®, chlorination of pyrene was carried out by bubbling Cl. gas
slowly to the pyrene and DCE mixture and then heated to 60 °C for 8 h with steady supply
of Cl. The obtained CPy and pyrene were subjected to Friedel-Craft assisted
polymerisation process assisted by the anhydrous aluminium chloride as a catalyst. As
polymerisation occurs, the macro-polymeric nature of pyrene carbon polymer darkens the
colour appearance of the powder (dark reddish brown/black shown in Figure 5.2).
Fluffiness of the powder also illustrates the air pockets of the polymer formed by the

repeated pores/defects.

Chlorination

Figure 5.1 Schematic illustration of the formation of 2D porous pyrene polymer via

thermal treatment (rPyG).

132



Figure 5.2 Photo of as prepared PyG with dark reddish brown/black colour.

5.2.2 Chlorinated-pyrene and pyrene polymer substrate

Tetra-chlorinated-pyrenes (CPys) were prepared in bulk and the chlorination process was
first confirmed by ATR-IR (Figure 5.3). A strong peak, corresponding to C-Cl bond, was
seen around 833 cm™ to confirm a successful chlorination of pyrene’. Likewise, a weak
C-H stretch signal just above 3000 cm™ and a distinct single peak shown around 1940
cm? for C-H bending suggest that mainly the tetra-chlorinated CPy had been
synthesised?® — the intensity of the C-H stretch signal at around 3000 cm™ will be higher
for less Cl-substituted pyrenes (single-, bi-, or tri-chlorinated pyrenes) with more C-H
groups in the structure and more characters of aromatic C-H bending/C=C stretching
peaks will be present between 2000-1600 cm? with different C-Cl contribution?,
However, since there are no additional separation or isolation processes involved, weak

signals of less Cl-substituted pyrene?®® can be observed with characteristic peaks below
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2000 cm for CPy sample. Other observed peaks at ranges between 1600-1300 cm™ and

1000-700 cm'® correspond to C-H and C=C bending of alkanes/alkenes.
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Figure 5.3 (a) ATR-IR spectra of CPy between 4000-400 cm™*; the inset is a close-up
between 2000-400 cm™. (b) Overlay of the CPy FT-IR spectra; the red line is the obtained

experimental data and the black line is from the literature?®°,
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The tetra-chlorinated structure of CPy was further evidenced in the mass spectrum (Figure
5.4) where the main fragment peaks matched with the theoretical peaks of the tetra-
chlorinated compound. Isotopic peaks of CPy were also observed with a small difference
in m/z values — possibly from the presence of *C or 3'Cl isotopes. Traces of less-
substituted pyrenes were also observed with different masses; the chlorination process is
carried out in bulk which cannot be controlled in order to synthesise selective Cl-doped
pyrene molecules. The m/z values of 190.92, 235.92, 307.85 may originate from
chlorodimethyl-naphthalene (a fragment of pyrene), single-chloro pyrene, and tri-chloro
pyrene. An additional separation step (such as column chromatography) can be

considered here, however this will further complicate the overall process.

Morphologies of the pyrene polymer (PyG) and thermally reduced pyrene polymer (rPyG)
were identified as 2D macroscopic sheets by TEM images (Figure 5.5). It is found that
the flask used during the polymerisation is acting as a substrate for the polymer growth.
The surfaces of both as prepared pyrene polymer samples were more rough and uneven
compared to the smooth GO sheets. The thermal reduction process showed some degree
of exfoliation of PyG to form rPyG with TEM images showing less contrast with fewer
layers. High-resolution TEM images of rPyG at high magnification reveal the detailed

surface morphology (Figure 5.6).
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Figure 5.4 Obtained mass spectrum of CPy in (a) full range, and (b) close-up between

335-345 m/z. (c) Theoretical mass spectrum with expected mass.

During the polymerisation, a pyrene unit is bound to the neighbouring pyrene with a

single sp® bond which is free to rotate about the axis. The formation of in-plane bonds

leads to the expected 2D substrate however the out-of-plane linkage can result in

domains/islands of interconnected pyrene structure, hence the roughness and unevenness
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of PyG and rPyG observed. Many pores in both PyG and rPyG stacked layers contribute
towards the uneven surfaces as well. Steric hinderances of hydrogens may lead to slightly
tilted chair or fan conformation of the polymer?®l. At high atomic-scale magnification,
honeycomb structures, arising from fused aromatic carbon rings in pyrene, are found with
empty voids (possibly repeated pores formed between pyrene units) suggesting successful
Friedel-Craft assisted polymerisation of pyrene and CPy. As mentioned earlier, less
chlorinated-pyrene (single-, bi-, and tri-chlorinated) monomers exist?*® from the synthesis
of CPy, and these less-substituted variants lead to incomplete polymerisations
contributing to the roughness of the substrate. With incomplete/termination of
polymerisation processes with less Cl-substituted pyrenes, some of the observed pore
sizes are larger than expected and may also have out-of-plane linkage around them.
Possible variations of pyrene units are shown in Figure 5.7a. Note that larger units of
pyrene (greater than 6, following similar patterns as in Figure 5.7a) may also exist and
contribute to the surface roughness. In Figure 5.7b, possible locations of different sized
pyrene units have been identified from the observed domains/islands of the rPyG
substrate in the high-resolution TEM image and they are in close match with the
dimensions of different pyrene units — dimensions of a single pyrene unit are displayed
in Figure 5.7c. Domains/islands identification is only an assumption based on the
dimensions of pyrene units and may not be the exact size or the orientation of pyrene

units.

BET N2 adsorption-desorption measurements of PyG and rPyG were obtained (Figure
5.8). BET specific surface area were calculated to be 154.17 and 257.15 m? g* and the
total pore volume of 0.231 and 0.875 cm® g for PyG and rPyG, respectively. For a 2D-
sheet polymer, the measured surface area is reasonable (compared to CD-embedded
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graphene in Chapter 4) however, since there are no extreme structural changes via
wrinkles/folding/twisting mechanism of the substrate, the obtained total pore volume is
small compared to high temperature treated materials. Large extent of the pore volume
contribution for rPyG is coming from pores sized around 5 nm or less in diameter and the
value is much higher than the values seen with CD-embedded graphene samples. Small
pores in PyG are not accessible (as seen in the pore-size distribution curve in Figure 5.8b)
without the additional thermal reduction/exfoliation step. There was a very small

contribution of meso-pores, sized >10 nm, for PyG sample.

XRD patterns of PyG and rPyG were compared against GO and rGO samples (Figure
5.9a). Except from GO with (001) plane at 10.2°, all displayed a broad peak around 22°
corresponding to the (002) plane of reassembled graphitic sheets (graphite XRD reference
shown in Chapter 3 and 4). Broad low intensity peaks were observed at lower angle,
around 7° and 12°, for both PyG and rPyG. These peaks may represent a small fraction
of irregular/amorphous pyrene units in a partially polymerised pyrene polymer (similar
to reported heptazine units?®?). ATR-IR of PyG and rPyG, against CPy, is shown in Figure
5.9b. Compared to CPy, after the Friedel-Craft polymerisation and the thermal treatment,
the intensity of the main C-Cl peak decreased as chlorine groups were removed from the
substrate. Many aromatic and alkane/alkene C-C, C=C, and C-H contributions also

decreased as meso- and/or macro-polymers of monomers were formed.
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Figure 5.5 TEM images of (a),(b) PyG, (c),(d) rPyG, and (e),(f) GO at low and high

magnifications showing different surface morphologies.
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Figure 5.6 High resolution TEM images of rPyG at high magnifications showing surface
roughness with islands/domains of pyrene units. Atomic resolution of rPyG shows

honeycomb structures of pyrene units with voids (pores).
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Figure 5.7 (a) Molecular variations of possible pyrene units. (b) High resolution TEM
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single pyrene molecule.
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Investigation of the defect chemistry was carried out using Raman spectroscopy in the D
and G band regions between 1000-2000 cm™ (Figure 5.10). As expected, rGO exhibited
D and G band*®* 2%3 at around 1357 and 1593 cm™ with Ip/l ratio of 0.86. Raman spectra
of PyG and rPyG were almost identical to one another and displayed different distinctive

bands — 1208, 1241, 1365, 1395, 1479,1580, and 1616 cm™, respectively.
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1000 1250 1500 1750 2000

Raman shift (cm™)

Figure 5.10 Raman spectra of rGO, PyG, and rPyG against pyrene in the region between
1000-2000 cm,

144



Locations of these peaks matched with the pyrene reference sample but were broader,
resulting from bulk polymerisation of pyrene and CPy. Bands between 1350-1500 cm™*
and 1500-1650 cm? can be identified as C-C stretching modes, similar to D and G bands
of the rGO material as shown. The region between 1000-1300 cm™ is attributed to the C-
H in-plane bending vibrations, present in pyrene units with many interconnected sp?

bond8294-296

XPS analysis provided the chemical composition of GO, rGO, PyG, and rPyG. Survey
scans for all samples are shown in Figure 5.11 and the summary of all elemental
composition of PyG and rPyG is tabulated in Table 5.1. After polymerisation process of
PyG, there were still some Cl moieties seen, as expected. The concentration of Cl was
approximately 2 at. % which dropped to 0.8 at. % after thermal treatment for rPyG. There
were no traces of aluminium detected by the survey scans, hence there would be minimal
contribution of Al to as-prepared PyG and rPyG samples — 0.1 at. % XPS sensitivity
expected to have little influence on chemical and electrochemical properties of samples.
A small increase in the concentration of O is observed for rPyG — the high resolution XPS
scan of C 1s (Figure 5.12) exhibits a small round shoulder formed at higher binding
energies (>288 eV) which correlates to oxygen functional groups bound to carbon?®" 2%,
It is assumed that the oxygen functionalities were introduced while Cl-groups were

thermally removed during pyrolysis of the polymer.
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Figure 5.11 XPS survey spectra of GO, rGO, PyG, and rPyG samples.

Table 5.1 XPS elemental quantification of PyG and rPyG.

C Cl O
(at. %) (at. %) (at. %)
PyG 93.3 2.4 4.3
rPyG 88.1 0.8 11.1
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Figure 5.12 High resolution XPS spectra of PyG (a) C 1s, (b) Cl 2p. Spectra
corresponding to (c) C 1s, and (d) CI 2p of rPyG.

High resolution XPS C 1s scans of PyG and rPyG were identical with peaks at 284.7 and
286.1 eV attributed to C-C (combined carbon energy for aromatic rings) and C-Cl bonds.
There were no obvious differences between the fitting of C-Cl contribution in both PyG

and rPyG however, Cl 2p scans exhibited different binding energies.
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Figure 5.13 High resolution XPS C 1s spectra of (a) GO, and (b) rGO.

With the harsh oxidation step for GO, strong carbon-to-oxygen peaks were observed in
the C 1s scan (Figure 5.13). The majority of the oxygen functional groups were removed
after deploying thermal reduction to form rGO; C-O bonds and C=0 bonds eliminated
and released as CO and CO- gases®®. As seen from the C 1s of PyG and rPyG, there were
no oxygen species present; this may be either the oxygen gas in the instrument chamber

or entrapped in pyrene polymers given off during the XPS measurement.

5.2.3 Oxidation of pyrene polymer to form porous substrate

Structural and chemical modifications of PyG are necessary to utilise pyrene polymers as
a potential oxygen electrocatalyst — the remaining concentration of Cl and bulk structures
of polymers reduce overall conductivity?®® and limit oxygen diffusion®; an increase in
porosity and highly active electrocatalytic centres are required. Figure 5.14 illustrates the
preparation of highly porous pyrene polymers via harsh acid oxidation of the substrate

followed by high temperature annealing.
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As prepared PyG was oxidised in concentrated nitric acid and was heated to 80 °C for 8
h. After neutralisation to obtain the etched pyrene polymer, it was subjected to

annealing/doping process at 900 °C under N2 gas flow for 3 h.

Figure 5.14 Schematic diagram illustrating the preparation of oxidised pyrene polymer

(PyGO) and annealed highly porous pyrene polymer (NSPyGO).

From the obtained TEM images of PyGO (Figure 5.15), the strong acid etching of the
polymer substrate is apparent with randomly formed rips and tears. The surface
morphology of PyGO is completely different to those of PyG and rPyG (previously shown
in Figure 5.5). As a conductive substrate, rips and tears of PyGO may not be desirable as
structure defects will undeniably influence the electronic/electrical conductivity and
resistance (important for some certain applications) however, in electrocatalysis,
especially with metal-free carbon materials, some degree of structural imperfections (in
both micro and macro-scale) is necessary to promote electron donations/withdrawals for
catalytic reactions as well as diffusion of gas molecules/ions®® 31, Harsh oxidation with

concentrated acid damages the carbon sheets and form defect sites.
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Figure 5.15 TEM images of PyGO at different magnifications.

Substantial differences are observed after structural transformations of pyrene polymers
via high temperature annealing (NSPyGO shown in Figure 5.16); an extremely porous
morphology was seen in the TEM images of NSPyGO sample. A honeycomb structure,
observed in the high magnification images, implies that the polymer still retained its
graphitic-like nature. Low contrast of the substrate also suggests that the folded and

twisted structure of pyrene polymer is only a few layers. Visible pore sizes are
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considerably smaller than the pores revealed in NSPyG and NS-CD@gf_a900 samples
(from Chapter 4) in the TEM images in Figure 5.17. The ordinary folding/twisting
mechanism of smooth 2D carbon sheets lead to relatively porous substrate with removal
of unstable functional groups and breakage of some weak sp® bonds®®% 3%, At high
carbonisation temperature, as a result of harsh oxidation process, the exhibited rips and
tears of PyGO fragment to generate a much-refined microporous media. When the
substrate is bulky (with multiple layers), it is difficult to promote folding/twisting
mechanisms to form porous media; NSPyG exhibits a less porous nature, prepared from
bulk polymer, PyG (compared to using oxidised PyGO sample). Harsh oxidation step
may assist the formation of highly porous substrate. Many macro-pores are observed in
the NS-CD@gf_a900 sample due to thermal assisted structural alterations of exfoliated

graphene oxide.

Carbon phases of annealed and heteroatom-doped samples, NPyG, NSPyG, NPyGO, and
NSPyGO, were confirmed by XRD with observable (002) peaks at around 22.3° (Figure
5.18a). Compared to bulk untreated (PyG) and low temperature treated polymers (rPyG)
as seen in Figure 5.9a, high carbonisation pyrene samples do not display the broad, low
intensity peaks at the lower angle (7-12°). Most of the irregular pyrene units and partially
polymerised regions may have reassembled at high temperature into an ordered graphitic-
like structure. The graphitic nature was also verified by the presence of distinct D and G
band in Raman spectra (Figure 5.18b). The bending and stretching modes of C-H,
observed in the pyrene reference, disappeared and only D and G bands were detected?®
just like the rGO sample shown in Figure 5.10. The Ip/lc ratio of NPyGO and NSPyGO

were calculated to be 0.92 and 0.93; as a result of porosity and defect sites in the structure.
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Figure 5.16 TEM images of NSPyGO at various low magnifications (a),(c),(e) and high-

resolution TEM images at high-atomic resolution magnifications (b),(d),(f).
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Figure 5.17 TEM images of NSPyG at (a) low and (b) high magnifications. TEM images
of NS-CD@qgf a900 sample (prepared as mentioned in Chapter 3) at (c) low and (d) high

magnifications.

Very low intensity D and G characters were shown with PyGO sample, suggesting the
oxidation/etching process removes a lot of sp* contribution of the formed pyrene polymer.
NPyG and NSPyG samples also exhibited similar Raman spectra with only D and G bands;

ratios were 0.88 and 0.91, again slightly higher with N and S doping.
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Figure 5.18 (a) XRD patterns of NPyG, NSPyG, NPyGO, and NSPyGO, the

carbonised/heteroatom-doped samples. (b) Raman spectra of PyGO, NPyGO, and
NSPyGO.
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No Cl was detected for all sample in both XPS survey and in high-resolution CI scans
(Figure 5.19). Hence almost all Cl moieties have been removed either by thermal cleavage
or N-, S- dopants substitution reactions during annealing which can also increase the
conductivity of the substrate. The summary of all elemental composition of
annealed/doped samples is presented in Table 5.2. Unlike the hydrothermal syntheses
where reagents are efficiently mixed in-situ with solvents, polymers and dopants are dry-
mixed prior to the thermal/doping process. This was to minimise/prevent the formation
of oxygen functional groups. Doping concentrations of N and S in pyrene samples are not
high; particularly, doping on bulk polymers, NPyG and NSPyG, less than 1 at. % of the
nitrogen are observed. A higher observed concentration, around 4-5 at. %, of exhibited
heteroatoms for annealed oxidised polymers (NPyGO and NSPyGQO) may be due to more
reactive sites provided by the polymer oxidation. Nitric acid assisted polymer oxidation
not only provide fragmented substrate for improved gas diffusion, but also more reactive

centres to promote heteroatom doping.

High-resolution C 1s spectra of NSPyG, NSPyGO (Figure 5.20), NPyG, and NPyGO
(Figure 5.21) all exhibited similar peak shape; dominant C-C/C=C peak for aromaticity
followed by C-to-heteroatom peak, and oxidised carbon (C=0) peak. Again, the same
trend in peak shape was observed for N 1s spectra for all samples. Due to high temperature
carbonisation/doping process, contribution of graphitic-N was higher than the pyridinic-
N. In some cases, pyrrolic-N peaks were found but the energy mostly overlapped with

both pyridinic- and graphitic-N and were omitted.
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Table 5.2 Obtained XPS elemental quantification for all annealed doped-pyrene

polymers.
C N S O
(at. %) (at. %) (at. %) (at. %)
NPyG 88.9 0.5 — 10.6
NSPyG 88.4 0.8 2.0 8.8
NPyGO 89.3 4.7 — 6.0
NSPyGO 85.8 4.3 4.1 5.8

Energies of the observed oxidised-N for all samples were not fitted to the high-resolution
analyses as it is difficult to distinguish the low contribution of oxidised-N against the
background signal. Sulphur scans of NSPyG and NSPyGO displayed 2 environments:

aromatic 5-membered-ring thiophenic S and oxidised sulphonic S groups?4%: 242,
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Figure 5.20 High resolution XPS spectra of (a) C 1s, (c) N 1s, and (e) S 2p of NSPyG
and (b) C 1s, (d) N 1s, and (f) S 2p of NSPyGO.
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Figure 5.21 High resolution XPS spectra of (a) C 1s, and (c) N 1s of NPyG and (b) C 1s,
and (d) N 1s of NPyGO.

5.2.4 Oxygen reduction reactions of highly porous pyrene

polymers

All samples are used directly as synthesised and electrochemically tested to understand
the potential as the ORR catalyst. The ohmic potential drop of the system has not been
applied to any of the test results (not iR-corrected)?®’. CV scans of all samples are
measured in O-saturated 0.1 M KOH electrolyte (Figure 5.22). Oxygen reduction peaks
were shown at 0.69, 0.78, 0.79, 0.84, and 0.88 V vs. RHE for PyGO, NPyG, NSPyG,
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NPyGO, and NSPyGO, respectively. Compared to the CV oxygen reduction peak of Pt/C
at 0.82 V (displayed in Chapter 4), there is roughly 60 mV reduction in overpotential for
NSPyGO sample which implies better kinetics*®*. NSPyG and NPyGO also exhibited
higher reduction potential than the Pt/C sample. The LSV curves of NPyG and NSPyG
(Figure 5.23a) exhibited highest current densities of 2.92 and 3.40 mA c¢m, which are
slightly lower than 4.48 mA cm of N, S-doped graphene hydrogel annealed at 900 (NS-
Gel_a900 sample in Chapter 4). The half-wave potentials (E1/2) were 0.66 and 0.70 V for
NPyG and NSPyG. Lower potentials of doped PyG samples suggest that the electronic
conductivities are not as good as in graphene samples. However, even with doped-PyG
samples, dual doping of N and S enhanced current responses of the NSPyG sample
(increased onset potential, half-wave potential and the total current density) compared to
single-heteroatom-doped NPyG. For the oxidation process, NPyGO exhibited 0.8 V E12
value (100 mV reduction compared with the un-oxidised samples) and a slight increase
in maximum current density to 3.68 mA cm. The reduction in overpotential suggests
that with oxidation of pyrene polymers, the active sites are easier to access for oxygen
molecules, hence providing improved Kkinetics. The NSPyGO sample exhibited
outstanding electrocatalytic oxygen reduction activity in 0.1 M KOH with both the
current density and Kinetic responses (Eonset and E12) very close to Pt/C. Kinetics in
electrocatalysis is governed by the adsorption ability of the electrode material, usually
greatest with metallic species. Despite being metal-free, NSPyGO exhibits Eonset 0f 0.98
V and 5.08 mA cm current density (compared to 0.98 V and 5.55 mA c¢cm of Pt/C) —
only 8.5% difference in observed current densities and very close to the maximum
theoretical current density of 5.71 mA cm? at 1600 rpm (using K-L relations in the

Experimental section). E1» of NSPyGO and Pt/C are 0.86 V and 0.84 V vs. RHE.
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Figure 5.22 CV curves of PyGO, NPyG, NSPyG, NPyGO, and NSPyGO samples
obtained in O,-saturated 0.1 M KOH with the scan rate of 10 mV s,

The synergistic effect of N and S noticeably increase the electrocatalytic abilities as
shown by the differences in NPyGO and NSPyGO. Tafel slopes of all samples were
extrapolated at the intersection between the linear kinetic region (around 1.0-1.2 V) and
the linear kinetic/diffusion drop region from the ORR-LSV measurement (Figure 5.23b).
Both highly porous annealed pyrene polymers, NPyGO and NSPyGO, exhibit exceptional
Tafel values of 63.1 and 61.8 mV dec™ which are lower than of 76.0 mV dec™ of Pt/C.
The low Tafel value, together with good Eonset and Eir, demonstrate efficient ORR
kinetics realised by the highly porous pyrene matrix with N and S active sites®%®.
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Figure 5.23 (a) Combined ORR-LSV curves for all prepared samples in Oz-saturated

KOH at 1600 rpm. (b) Tafel plots of all samples calculated from the above LSV curves.
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Figure 5.24 LSV curves at different rotation speeds (400-2000 rpm) and corresponding
K-L plots for (a),(b) PyGO, (c),(d) NPyG, and (e),(f) NSPyG.
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Figure 5.25 LSV curves at different rotation speeds (400-2000 rpm) and corresponding
K-L plots for (a),(b) NPyGO, and (c),(d) NSPyGO.

Tafel values of NSPyG, NPyG, and PyGO were 92.5, 93.9, and 91.0 mV dec?,
respectively. These values are comparable to hydrothermally prepared CD-embedded

graphene samples (in Chapter 4).

Figure 5.24-5.25 show LSV curves and corresponding K-L plots for all samples. The
electron transfer number, n, was calculated to be 4.15 for NSPyGO - a value close to 4
suggests that very effective catalytic reaction kinetics and diffusion take place. However,

a value, greater than the theoretical successive 4 electron reduction pathway for oxygen
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reactions, suggests that there are small amount of side reactions taking place during the
ORR-LSV measurement contributing to the higher electron transfer number. The n values
were not high for NPyGO and NSPyG however, due to high porosity in the NPyGO
sample and the co-doping of N and S in NSPyG sample, they both displayed reasonable
values, 3.40 and 3.18 respectively, despite being non-metal substrates. However, the K-
L relation applies with the assumption that the process is homogeneous (the same
activation and diffusion areas) and that there are no errors obtained from the surface area,
concentrations, and applied potentials®®. Therefore, calculated n values, from the LSV

curves with K-L equation, are approximation with intrinsic errors.

A long-term ORR stability test of NSPyGO was conducted by repeating the LSV
measurement 1000 times in O»-saturated 0.1 M KOH with constant rotation at1600 rpm
(Figure 5.26). LSV cycling method is selected as the long-term stability test to observe
the changes in LSV curves with respect to increase in number of LSV cycles — associated
kinetics and diffusion. The current retention after 1000" was around 89% with increase
in overpotential by only 7.7 mV at measured E1> — stability measurement duration was
approximately 95 000 s. Stable ORR capabilities of NSPyGO was achieved with
minimum Kinetic reduction; only a small decrease in current density was observed as a
result of continuous rotation of the RDE. The ORR-stability of NSPyGO is similar to CD-

embedded graphene samples in Chapter 4, and better than the Pt/C.
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Figure 5.26 1000-cycles stability test of NSPyGO with constant rotation at 1600 rpm.

5.3 Conclusion

In summary, a desirable 2D porous pyrene polymer has been successfully synthesised via

a Friedel-Craft polymerisation process. The choice of catalyst, anhydrous aluminium

chloride, can be easily removed after the reaction and is not catalytically active (for

ORR/OER) therefore does not contribute to the performance of energy application

devices. The as-prepared polymer exhibited surface roughness with domains/islands

(observed in high-resolution TEM images) due to free rotation movements around the sp®

linkage of monomers and possible allotropes/fragments of the pyrene units. Repeated

pores and defects from the pyrene polymer, PyG, was fragmented further with rips and
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tears after acid oxidation to form PyGO which was then subjected to an annealing/doping
process to form a highly porous annealed pyrene polymer. The N and S dual doped sample,
NSPyGO, exhibited substantial improvements in the Kinetics associated with
electrocatalysis, with Eonset and E1/2, 0.98 V and 0.86 V of NSPyGO, and 0.98 V and 0.84
V of Pt/C, being either the same or surpassing the potential of Pt/C, despite being a metal-
free carbon catalyst. The observed current density of NSPyGO was also very high (5.07
mA cm?), only 8.5% lower than Pt/C. From the K-L relations, the electron transfer
number, n, was found to be 4.23 (slightly higher than 4), suggesting the successive 4
electron transfer process leading to efficient ORR. The exceptional catalytic performance
of NSPyGO is realised by the highly porous pyrene polymer structure providing effective
oxygen diffusion pathway as well as many catalytically active sites. N and S co-doping
also exhibited a synergistic effect shown in both oxidised and non-oxidised samples,
compared to single-heteroatom-doping. With separation of desired chlorinated monomers
for controlled polymerisation, Friedel-Craft acylation polymerisation processes offer
simple and facile syntheses of carbon substrate that can be scaled up. Monomer selections

can also be changed to modify pore sizes of the substrate.
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Chapter 6 : Conclusion and future work

Advancement of technologies as well as global environmental challenges have increased
the public awareness and have accelerated the growth of energy sectors. LIBs have
dominated the consumer electronics and the electric vehicle markets however they are
gradually reaching the maturity stage with limitations on energy/power densities. Oxygen
electrocatalysis, for metal-air batteries and fuel cells, is promising as it offers higher
energy density with enhanced safety features provided by the aqueous electrolyte setup.
Replacing noble-metal counterparts, Pt/C and Ir/C or RuO; catalysts, in ORR and OER
is imperative to implement wide commercialisation of devices utilising electrocatalysis.
With electrocatalytic performances and cost in mind, this thesis outlined various bottom-
up carbon preparation methods to carefully design and synthesise desired morphologies

of carbon substrates.

In many preparations of non-metal oxygen electrocatalysts, overall performances greatly
depend on the deployed annealing/doping temperature - especially, when materials are
synthesised via a single temperature-controlled carbonisation process, as described in
Chapter 3. Widely available organic monomers, such as glucose and DCDA, can undergo
a thermally assisted polymerisation process to form 2D N-doped annealed carbon
polymers (GDCs). An initial low-temperature polymerisation step was necessary to
preserve the carbon matrix prior to high temperature treatments. Varying the annealing
temperature of GDC polymers (from 700-1000 °C), it was found that 900 °C generated
optimum surface roughness with accessible pores/defects for efficient oxygen diffusion

into the structure as well as the concentration of graphitic N to provide many ORR active
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sites. There is a fine balance between surface disorder and the graphitisation degree of

the polymer (oxygen activity vs. electronic conductivity).

In electrocatalysis, the number of accessible active sites governs the Kinetics and overall
measured current densities of materials. Chapter 4 introduces the utilisation of
heteroatoms-doped carbon dots embedded on a graphene substrate as a possible bi-
functional oxygen electrocatalyst. Carbon dots, nano-sized derivatives of carbon with
multiple layers, provide many exposed functional groups which, after heat treatments,
become ORR active centres. Rather than occupying a single defect site within graphene
(or carbon) matrix with only a couple heteroatoms as active sites, heteroatoms-doped CD
embedment offer numerous active sites; the number of active sites to defect/edge sites is
multiplied by a few factors. Embedment of CDs were carried out via hydrothermal
process followed by high temperature carbonisation. As shown in Chapter 3, the sample
prepared at 900 °C, NS-CD@gf a900, exhibited the highest -electrocatalytic
performances with the limiting current density reaching 7.71 mA cm? at 1600 rpm
(surpassing 5.55 mA cm of Pt/C). Even the single N-doped CD embedded graphene
sample, N-CD@gf a900, exhibited 6.40 mA cm2, 15% increase from the Pt/C ORR
current density. Direct heteroatom doping of N and S on graphene exhibited almost
halved ORR performance compared to NS-CD@gf a900, suggesting the enhancement
with decorated CDs. Oxygen reduction kinetics was not as fast as the precious metal Pt/C
catalyst with the observed Eonset, E12, and measured Tafel slope, however the CD-
embedded graphene samples managed to retain 88% of the current after the long-term
ORR test with constant rotation. OER performances were also comparable to the Ir/C

reference. Also, it was found that the co-doping of N and S significantly increased the
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oxygen electrocatalytic reactions in both ORR and OER conditions compared against the

single N-doped samples.

Graphene and other carbon allotropes are excellent electric/electronic conductors for
many applications. For electrocatalysis, graphene, in particular, is prepared via the
oxidation of graphite for many reasons: oxidation exfoliations and abundant surface
functional groups to be chemically modified. However, the oxidation process (preparation
of GO) involves uncontrollable fragmentations of layers which lead to random pore and
defect formations. In Chapter 5, the pyrene carbon polymer was prepared via bottom-up
Friedel-Craft polymerisation process. The catalyst used, anhydrous aluminium chloride,
was all washed out after polymerisation process — no contribution of Al metal to the
electrocatalysis of the prepared carbon. High-resolution TEM images revealed uneven
surfaces of the pyrene polymer with domains/islands of smaller pyrene units. After acid
oxidation, the polymer formed rips and tears due to many sp® bonds breakage. High
temperature carbonisation/heteroatoms doping led to formation of highly porous pyrene
polymers — the observed micropores were in much smaller pore sizes than the pores seen
with annealed graphene in chapter 4. Along with N and S dual doping (proved to be
efficient in chapter 4), the porous NSPyGO sample displayed Eonset and E12 0f0.98 V and
0.86 V which is either the same or surpassing the observed potentials of Pt/C (0.98 V and
0.84 V), despite being a metal-free carbon electrocatalyst. The measured current density
was 5.07 mA cm?, very close to the value of Pt/C and the corresponding electron transfer
number, n, was calculated to be over 4. Although the limiting current density was not as
high as CD-embedded graphene samples with many active sites provided by CDs, the
high ratio of micropores resulted in improved oxygen diffusion and conversion kinetics
throughout the porous pyrene polymers.
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Carbon materials, whether soft/hard carbons, can be modified structurally or chemically
to be more efficient oxygen electrocatalysts. Although all materials outlined in this thesis
are synthesised in bulk without any complex setups or treatments, still lack in product
selectivity when formed. It is necessary to propose new controllable syntheses with high
product conversion rate. For instance, readily available organic compounds can be used
in polymerisation processes to reduce number of reaction steps and to minimise by-
product formations. Preparations of graphitic substrates must also consider increased but
accurate formations of active sites and accessibility to improve overall kinetics and the
total number of associated conversion reactions (as illustrated in chapter 4 and 5).
Analytically, in-situ Raman, in-situ/real-time liquid TEM, simultaneous thermal analysis
and mass spectrometry, and other techniques can be utilised to further understand

correlations between structural/phase changes and electrocatalytic performances.

Numerous as-prepared carbon substrates are subjected to additional high-temperature
annealing to increase the carbonisation degree but also to increase stability of the material
(either by the removal of unstable species or phase changes) and electronic conductivity.
Both polymeric reactions and electrocatalytic conversion reactions occur around the
heteroatom/metal-centred functional groups — however, not all functional groups present
in polymers are favourable toward ORR and OER. Use of deposition methods, such as
chemical vapour or atomic layer, can be explored to synthesise precise graphitic-like few-

layered polymers with repeating ORR/OER active centres.

It is still challenging to fine-tune the oxygen electrocatalysts to be bi-functional (ORR
and OER capable) as both electron donating and withdrawing properties need to be
efficient. Especially, OER processes are difficult to achieve with non-metal carbon

catalysts. Many metallic species have variable oxidation states demonstrating different
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chemical behaviours depending on the changes made to systems. With better
understanding of carbon substrates and careful selections of metals and metallic
compounds, including Fe, Co, Ni, Mn, the switch in ORR and OER systems in metal-
anchored carbon electrocatalysts can be achieved with good conductivity (from the
carbon) and conversions (from the metal centres). Minimal metal loading, together with
high porosity, can offer efficient oxygen electrocatalyst materials that can outperform

Pt/C and Ir/C.

There are also limitations to understanding the oxygen conversion mechanism only from
experimental results; computational methods (first principle calculations, density
functional theory methods, molecular dynamics simulations) should be strongly
considered for future works to clarify molecular properties of catalysts and associated

free-energies for electrochemical/electrocatalytic storage/conversion mechanisms.

For energy storage/conversion applications, stability of different scaled-up syntheses,
casting of electrode materials, and fabrication of cells need to be scrutinised as well as
being cost-effective, safe, and environmentally-friendly. Thus, further work is needed to
revise and minimise risks associated from the very first step, electrocatalysts/electrode

preparations, to the long-term conditions in devices.

172



Appendix

Comparison of ORR/OER activities of reported metal-free carbon-based oxygen

electrocatalysts (V vs. RHE).

Bi- Mass

ORR OER ) ) Electrolyte
functional loading Ref
Eonset E= Ei1o AE mg cm KOH
This
GDC_900 0.75 — — — 0.28 0.1M
work
NS- This
093 0.77 168 0.91 0.28 0.1M
CD@gf _a900 work
This
NSPyGO 0.98 0.84 — — 0.28 0.1M
work
N, S- porous
099 0.85 1.69 0.81 0.42 0.1M 150
carbon
N-doped
092 084 166 0.82 0.30 0.1M 262
graphene
N, S- carbon
092 077 1.65 0.88 0.20 0.1 M 807
nanosheet
P, S- carbon
o 097 0.87 156 0.69 0.15 0.1M 308
nitride sponge
P- graphitic
carbon nitride 0.94 0.67 1.63 0.96 0.20 0.1 309
/carbon paper
N, P- carbon
094 085 >2.0 >1.15 0.15 0.1 148
foam
N-doped
) 0.99 0.87 — — 0.60 0.1 151
graphdiyne
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N, P, F- carbon 0.1
093 081 157 0.76 0.29 310
nanosphere (1 M OER)
N, P- covalent
097 084 1.69 0.85 0.25 0.1 MW
polymer
N- carbon
0.88 0.79 1.77 0.98 0.21 0.1 312
network
N- carbon
097 080 1.84 1.04 0.10 0.1 313
nanofiber film
Cso-SWCNTs 091 084 1.69 0.75 —_ 0.1 314
N, P, F- carbon
) 095 0.80 2.00 1.20 0.20 0.1 315
nanofiber
N- carbon 0.1
096 085 1.62 0.77 0.26 316
nanosphere (1 M OER)
N- graphene
grap 088 0.63 1.63 1.00 0.25 0.1 209
ICNT
H- substituted
) 1.02 0.85 —_ —_ 0.40 0.1 317
N- graphdiyne
N, S- graphitic
g' P 1.01 0.87 156 0.69 0.64 0.1 318
sheet with holes
N, S, P-
095 082 1.76 0.94 0.20 0.1 319
graphene
N, O- porous
090 0.78 1.58 0.80 0.26 0.1 320
carbon
N, S- carbon
096 0.78 1.67 0.89 0.13 0.1 321
nanosheet
SWCNT in N,
096 085 1.68 0.83 0.40 0.1 322
P- carbon
CNT/boron
o 086 072 181 1.09 0.85 0.1 323
nitride

* E1/2 values were compared when E.3 not available
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