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Abstract

The need to mitigate the negative environmental impacts of fossil fuel usage and
the growing scarcity of these fuels have motivated the exploration and
implementation of alternative approaches for carbon dioxide reduction and
energy storage. Porous materials have been identified as a viable solution among
the various strategies available. Porous carbons have exhibited considerable
potential for numerous applications in this domain. The present dissertation
conducts an investigation into porous carbons, with a particular emphasis on
different synthesis methods and material characterisation. Additionally, the
study examines the potential of these materials in terms of energy storage and

gas adsorption applications.

Using zeolites as templates for producing porous carbons is a hot topic as the
resultant zeolite-templated carbons (ZTCs) have a high surface area along with
a narrow pore size distribution compared to other porous carbons. However, the
extensive use of acids to dissolve the template during the synthesis of ZTCs is a
drawback. In this thesis, Chapter 3, a new approach was examined for dissolving
the template (zeolite 13X). The results show a successful removal of the
template without excessive use of acid. The methane storage using these carbons
showed a superior capacity compared to some of the already existing benchmark

materials.

Synthesising activated carbons from renewable, cheap biomass waste using two
activating agents and different synthesis routes was examined in Chapter 4. In

the approach, ginkgo leaves were converted into activated carbon for CO>



mitigation applications. The effects of the hydrothermal carbonisation
temperature, direct K.C»Os-activation, and pre-washing of the char on the
activated carbon porosities were examined. The high CO uptake at atmospheric
pressure (up to 5 mmol/g) made the samples promising candidates for post-

combustion CO> capture applications.

The direct synthesis of heteroatom-doped activated carbons using a self-
activating organic salt (potassium hydrogen phthalate) was examined in
Chapters 5 and 6. Urea and boric acid were added during the carbonisation of
the self-activating salt and led to nitrogen doping. The addition of only the urea
to the carbonisation mixture of the salt boosted the surface area and porosity of
the produced carbons and thus their CO2 adsorption. On the other hand, the
addition of boric acid to the salt-urea mixture had a negative effect on the

porosity and the CO2 uptake capacity.
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Chapter 1 Introduction
Porous materials

The porous materials occurring in nature offer a wonderful visual illustration.
Honeycomb, which is composed of multiple hexagonal cells, is an excellent
example of a porous material. The honeycomb can be considered the ‘host’
while the honeybee is the ‘guest’. Other examples of porous material found in
nature are rocks, soil and biological tissues (e.g. bones, wood and sponges). A
generally accepted definition of porous materials is those that contain pores
(cavities, channels or interstices). The features of a porous material depend on
the size, order and geometry of the pores, as well as its porosity (the ratio of the
total pore volume to the apparent volume of the material) and its composition.
These pores can be filled with fluids such as gas or liquid under different

atmospheric conditions, making them useable for a wide range of applications.

Classification of porous materials

The International Union of Pure and Applied Chemistry (IUPAC)! (1985 and
2015) recommended classifying porous materials into three classes based on
their pore size as shown in Figure 1-1: microporous materials (with pore
diameters of < 2 nm), mesoporous materials (with pore diameters between 2 and
50 nm) and macroporous materials (with pore diameters > 50 nm). The
microporous materials are divided into supermicroporous, with pores of width
between 0.7 nm and 2nm, ultramicroporous, with pores of width between 0.4

nm and 0.7 nm, and submicroporous, with pores of < 0.4nm in width. The term



‘nanopore’ refers to all three of the aforementioned types of pores, with a

maximum diameter of 100 nm.

0 0.7 2 50 100
| | ]
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Nanopore

Figure 1-1 Schematic IUPAC pore classification, according to pore sizes

Therefore, these classifications, which were derived from the study of nitrogen
(77 K) adsorption-desorption isotherms,* 2 at first appear rather arbitrary.
Despite this, they continue to serve a purpose and are widely recognised for their
validity. This classification was originally justified based on the critical diameter
of the N2 molecule (0.380 nm). The pore filling mechanism, which is
characteristic of the micropore, is rapidly attained, due to the electrostatic force
between the narrow pore walls.® The narrower pores would be about 0.7 nm to
accommodate two layers of adsorbed N2. Thus, 0.7 nm was considered by the
IUPAC to be the maximum limit of the ultramicropore. The pores of sizes
similar to the probe (N2), which accommodate a monolayer, are considered to

be the minimum pore sizes.*

Porous materials can either be classified as open or closed based on their
permeability, i.e., fluids are able to enter, exit and move along through the

network of pores extended in the material (Figure 1-2). However, all permeable



materials are also porous. In the case of materials with isolated or closed voids,

the permeability could possibly be nil.?

Figure 1-2 Schematic pore classification, according to their accessibility; ¢ — closed
pores, b — blind pores, t — transport or through pores and e — external surface.

Other pore classifications utilised by the IUPAC 2 ° are based on pore geometry.
The classification divides the pores based on the following geometrical shapes:

cylinder, slit-shape, cone-shape and ink-bottle shape as depicted in Figure 1-3.

Pore shape

Cylindrical pores

(O

Ink-bottle shaped pores

Slit shaped pores

Conical or funnel
shaped pores

Figure 1-3 Schematic pore classification, according to their geometrical shape
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Porous carbons

Carbon is one of the most abundant elements in the Universe and the nineteenth
most abundant element on Earth’s crust, forming a part of about 95% of all
known chemical compounds.® 7 Carbon materials consist mainly of carbon
atoms that are arranged to create different structures or forms. Graphite,
graphene, carbon nanotubes, fullerenes and diamonds are all examples of such
materials. Each form has unique structures, properties, applications and

fabrication conditions.®

Since ancient times, carbon materials have been utilised in a variety of ways.
Charcoal, for instance, is utilised as a generator for thermal energy and fires, and
in the 1790s, was first used as adsorbent to decolourise sugar syrup in the
English sugar industry. The graphite powder and soot are utilised for writing and
artistic purposes. Activated carbon was primarily developed during World War
| for use in air filters to remove poison gas.® All of the carbon materials are still
undergoing adaptation and development for use in a variety of environmental,

biomedical, electrochemical, electromagnetic and electronic applications.

Carbon materials containing pores of different sizes are referred to as porous
carbons, which will be the focus of this thesis. Porous carbons are used for
various applications, including purification, separation, electrochemical energy
storage, gas storage and catalysis applications.® The versatility of porous carbons
is due to characteristic properties such as high surface area, a wide range of pore
sizes, inertness, inexpensive synthesis methods, good thermal and mechanical

stabilities and hydrophobicity.!® However, the potential employment of porous



carbons depends primarily on their textural properties, including surface area,
pore size and pore volume. Microporous carbons, for example, are suitable for
the adsorption of small molecules, while mesoporous carbons are suitable for

electrochemical applications and for the separation of large molecules.

Synthesis methods of porous carbons

Activation and templating are the two fundamental methods for the synthesis of

porous carbons.

1. Activation methods
Activation is the process of synthesising activated carbon through the partial
oxidation of carbonaceous matter in order to generate pores.® 12 Typically,
certain substances (activating agents) react with carbonaceous precursors to
remove a controlled number of carbon atoms, resulting in the formation of

numerous internal pores in the activated carbon.

Activation the carbon is typically conducted by physical activation or chemical
activation. In physical activation, the carbon source is subjected to oxidising
gases (the activating agents) such as steam, ozone, carbon dioxide, or air at
temperatures typically between 800 and 1000°C. These reactive oxidising gases
are able to penetrate deeply into the bulk of the carbon source and gasify the
carbon atoms, i.e. convert them to CO2 and CO, with releasing other gases such
as H.O and CH4, which ultimately leads to the opening and expansion of pores

that were previously non-existent or inaccessible.t® 14



Another route by which the carbon can be activated is chemical activation. This
involves prior mixing of the carbon source with an activating agent and heating
the mixture, usually at high temperatures (600-1000°C) in an inert atmosphere.
A variety of activating agents have been used for chemical activation. The
activating agents could be acids, bases or salts;*? for instance, nitric acid
(HNOs),* sulfuric acid (H2S04),*® hydrochloric acid (HCI),*” phosphoric acid
(HsPQ4),’® potassium hydroxide (KOH),!® sodium hydroxide (NaOH),
hydrogen peroxide (H202),% zinc chloride (ZnCl,),? and potassium carbonate

(K2CO3)? may serve as activating agents.

Activated carbons prepared via chemical activation show superior surface area
and pore volume, compared to those activated via physical activation. Moreover,
chemical activation is more cost-effective as it requires lower activation
temperatures, a shorter preparation time and higher carbon yield than physical

activation.®

The most common and effective chemical activating agent is potassium
hydroxide (KOH).?* It has been widely used for commercial production of
activated carbon since 1978, especially since the production of the well-known
commercial activated carbons AX21 and Maxsorb.!®* KOH activation can
produce activated carbons with a good micropore size distribution and a very
high surface area of > 3000 m?/g. The widely accepted activation mechanism of

KOH is presented in the following chemical equations:*°

6KOH + 2C — 2K + 3H, + 2K,C05 (1-1)
K,CO5 - K,0 + CO, (1-2)
CO, + C - 2C0 (1-3)



K,CO5 + 2C — 2K + 3CO (1-4)
C + K,0 - 2K + CO (1-5)

This mechanism involves the dissociation of KOH and formation of potassium
carbonate at < 400°C.?® The pores are created during the activation, either
chemically by oxidising the carbon via reduction of the as-prepared K-species

or physically by gasifying the carbon atoms with the evolved CO- or other gases.

A more recent activation technique is self-activation, where the precursor itself
contains the activating agent and can therefore generate activated type carbon
during carbonisation without the need to add any other material. Such precursors
offer simple and direct ways to produce activated carbons. For example, the
metal cation in an organic salt can act as an activating agent when the organic
salt has sufficient carbon content. To create activated carbon, metal organic salts
containing a metal cation such as sodium, potassium, calcium, magnesium or
zinc and a large organic component are used.?®-3° The carbonisation of potassium
citrate, e.g. at 800°C, produces carbon with a high surface area of >2000 m?/g
without any additive and >3000 m?/g with the addition of urea.3! These surface
areas comparable with those of carbons activated by conventional activators in
traditional methods. Potassium hydrogen phthalate, another example of the self-
activating precursor, when carbonised at 800 °C can produced activated carbon
with a unimodal pore size distribution (average pore size 0.64 nm) and surface

area >1200 m?/g.323!

Sometimes the carbon sources are subjected to treatments called carbonisation
to concentrate the carbon content before the activation step. This carbonisation

step involves the thermal decomposition of the starting material and the removal



of any other elements present. The remaining carbon atoms are then arranged to
form carbon with varying stacking levels of graphite layers. The carbonisation

process can be accomplished via the following techniques:

Pyrolysis under an inert atmosphere

Typically, in this method, the raw material is heated under an inert atmosphere
at 600-900°C.®

Hydrothermal carbonisation

Hydrothermal and solvothermal reactions are usually performed in a sealed
container or high-pressure autoclave under subcritical or supercritical solvent
conditions. Hydrothermal and solvothermal reactions occur in solution, in
contrast with the solid-state reactions, which depend on raw material diffusion
at the interface.

The aqueous solution, which contains the dispersed carbonaceous raw material,
is heated under autogenous pressure at temperatures ranging from 150 to 350°C

during the hydrothermal carbonisation process.® 3338

Flash-air carbonisation

This is similar to pyrolysis, but involves low temperature thermal treatment in
the presence of air for very short periods of time. In pyrolysis, the carbon source
is decomposed by heat in the absence of oxygen and air to produce carbon-rich
products (char), oils or liquids and gases.®**! On the other hand, in flash-air
carbonisation, the raw material is heated in an inert atmosphere at temperatures
ranging from 300 to 500°C, and then a flow of air is introduced for a few minutes
before the inert flow is returned and the temperature is cooled in a quick

carbonisation process.*? 4



There are other techniques to convert raw carbonaceous materials to carbon, e.g.
heating with microwave-assistance.***’ However, overall, the carbonaceous
structure and porosity of the final product are governed by the primary
composition and the carbonisation conditions such as the temperature, rate of
heating, duration time and carbonisation medium.

Chapter 4 in this dissertation explores an examination of the production of
activated carbons by the use of two activating agents, namely potassium
hydroxide (KOH) and potassium oxalate (K2C204). The aim of this examination
was to investigate various activation procedures for the preparation of activated
carbons with different porosity levels benefiting from a biomass source, in

particular "Ginkgo leaves."

2. The template method
Porous carbons can be produced without using activating agents via templating
procedures wherein soft or hard templates may be used. Through these

procedures, the generated carbon exhibits well-defined or uniform porosity.

In the soft templating process, the structure-directing agent (e.g. surfactants) and
the carbon precursor are cooperatively assembled in solution. The templated-
precursor finally undergoes polymerisation and carbonisation then, if necessary,
the template is removed to leave behind a carbon framework with ordered spaces
and pores. The soft templating procedure has been extensively used to prepare
meso- and macro-porous carbons.!t 48%° For example, addition a controlled
amount of Pluronic-F127 to a mixture of nanosized silica (solid template) and
the thermosetting phenol resin (carbon source) improved dispersion of the silica,
the hard template, and the surface area and pore volume of the produced

carbon.®® In another example, a meso/macroporous carbon nitride was prepared



with assistance of the surfactant (Pluronic-F127) in a facile procedures by

mixing the carbon precursors with F127.52

On the other hand, in the hard templating process, a solid template with preferred
porosity is chosen, and a suitable carbon precursor is then inserted into the
template pores using chemical vapour deposition, liquid impregnation, or a mix
of the two. The carbon precursor then undergoes polymerisation and
carbonisation within the interconnected pores of the template before removal of
the template to produce carbons that are an inverse mimic of the template. Many
hard templates were used to produce micro, meso, and macroporous carbons,
e.g., pillared clays, zeolites, silicas.' > Zeolites have been extensively explored
as hard templates for producing well-controlled porous carbons. Zeolites are
microporous materials that are used in a wide range of applications, including
adsorption and catalysis. The crystal structure of zeolites is built up primarily by
Si- and Al-tetrahedra species. Their structural formula is Man (AlO2)a (SiO2)b .
cH20, where M is any alkali or alkaline earth atom that helps to balance the
negative charge of the aluminium tetrahedron, n is the charge on that atom, c is
the number of water molecules per unit cell, and a and b are the numbers of Al
and Si tetrahedra, respectively, per unit cell. The tetrahedrons, SiO4* and AlO4>
, are interlinked to form 3-, 4-, 5- and 6-member rings that extend the cages and
channels of zeolite framework (Error! Reference source not found.). The d
ifferences in the b/a value, i.e. the Si/Al ratio, create variety in zeolite pore sizes
and their properties. Faujasite (FAU-type) zeolites, for example, which are used
in this research, are commonly used in different industrial applications due to
their relatively large pores compared to other zeolites. The Si/Al ratio of FAU

zeolites ranges between 1.2 and 2.6, enabling the construction of large cages

10



(supercages, size ~1.3 nm), beside the smaller cages (sodalite cages, size ~0.73

nm).% %

Faujasite
XandY

® —

I“‘-g (77 “
Sodalite Unit "\-:" W
/ 0.57 nm
* 0.61 nm
T &g =yl
/ 0.56 nm

i X ¥ x0.53nm
SiO‘,z =or \ ZSM-5
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Figure 1-4 Development of four types of zeolite structures, copyright>

Zeolite-templated carbon

Zeolite-templated carbon (ZTC) is a type of ordered carbon resulting from the
carbon replication of zeolite pores.' 3 The controlled synthesis conditions of
ZTC generate a large surface area and narrow micropore size distributions.
Besides the high surface area, the flexibility in tailoring pore volumes and
particle sizes or shapes by choosing a suitable zeolite template makes ZTC a

good candidate for a variety of applications.'? 53 %

Structure of ZTCs

Despite the complexity of ZTC structure and the absence of ZTC crystallinity
(with respect to the carbon), like most carbon forms except graphite and
diamond, various models have been proposed to describe their structure. The

ideal, hypothesised structure of ZTC consists of connected, opened and curved

11



3D graphene sheets, see Figure 1-5.> Nonetheless, the presence of polycyclic
compounds that maintain the curvature of the ZTC framework (especially
pentagonal, hexagonal, heptagonal and octagonal rings) has been theoretically
confirmed.%” There was no presence of carbon sp® confirmed in the ZTC

framework.>®

pore entrance size : 0.74 nm
size of supercage : 1.3 nm carbon

HF/HC

zeolite Y zeolite/carbon composite zeolite templated carbon
(ZTC)

An enlarged part of the ZTC model <z2%

Figure 1-5 A diagram of ZTC synthesis, reprinted

Synthesis of ZTCs

Since more than 200 types of zeolite frameworks have been registered to date
(in the International Zeolite Association's database, I1ZA), it is crucial to select
zeolite templates with suitable pore-entrance size and pore-connectivity
dimensions in order to produce the targeted, well-defined ZTC. The ideal porous
carbon will just invert the porosity of the template zeolite. According to the
regularity of the zeolite pores, carbons replicated from zeolites should have a

12



narrow pore size distribution. The ordering of the liberated carbons from
different zeolites is confirmed by the TEM and XRD patterns.>®-%° Furthermore,
as an example, the templated carbon from zeolite 13X, which has a main pore
size of 1.3 nm, showed good agreement with the porosity of the template. This
ZTC showed a narrow PSD with a large peak at the pore size less than 1.3 nm,

at about 1 nm.%!

In terms of steps in preparation, ZTCs are made by filling the zeolite's porous
framework with a carbon precursor to adopt its reverse structure. To fill the
carbon precursor into the zeolite, two methods may be used: chemical vapour
deposition,% © liquid impregnation, or a combination of the two.5" ¢ After that,
carbonisation is performed and, in the final step, the zeolite template is dissolved

using suitable acids or bases.

Chapter 3 of this thesis investigates a sustainable approach to modify the
synthesis procedures of zeolite-templated carbons. The aim is to reduce or avoid

the use of highly corrosive acids.

Doping of porous carbons

Doping is the method by which dopant elements can be inserted into the main
material's framework. Doping carbon with heteroatoms is a method for tailoring
the different properties of carbon materials, including their electroactivity,
wettability, adsorption capacity, and physical and chemical stability. Therefore,
heteroatom-doped carbons were utilised in energy-related applications including
fuel cells, batteries, hydrogen storage, and supercapacitors.®® Nitrogen, oxygen,
sulfur, boron, and phosphorus are examples of dopants in the carbon

framework.%® % Typically, carbon doping is achieved by post-modification and

13



in-situ doping. The post-treatment method involves modifying activated carbon
with heteroatom-containing precursors at a higher temperature. In-situ doping,
also referred to as "direct doping,” is the process of adding the dopant directly

to the carbon precursor during the carbon's production processes.” %

Nitrogen is the most extensively studied dopant, and the incorporation of
nitrogen heteroatoms into carbon frameworks is a successful approach to
enhancing the gravimetric and volumetric performances of carbon-
based supercapacitors and the hydrogen or CO storage capacities of carbon
materials.%® % Since potassium-based salts are the most common activating
agents, in order to synthesise porous N-doped carbons, there were many
published papers that studied the potassium activation mechanism of nitrogen-
based carbon sources.3! 87 70 71 The general activation mechanism can be

reduced to the following main equation:

K2CO3 + C-N — KOCN + —CO:K (1-6)
~CO2K + C-N — KOCN + CO (1-7)
KOCN + C — KCN + CO (1-8)

Chapter 5 in this thesis was aimed at studying and examining the synthesis of
straightforward N-doped porous carbons starting from a potassium-organic salt,
potassium hydrogen phthalate, and urea. The influence of the elemental ratios N
to K and N to C on the development of the N-doped carbon’s porosity was
investigated. Then, in Chapter 6, adding boric acid to the straightforward
synthesis mixture of N-doped carbon (potassium hydrogen phthalate and urea)
was examined to further investigate the effects of N:K and N:C ratios on the

porosity of N-doped carbon and to produce N- and B-codoped carbons.
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Gas adsorption applications

The adsorption of molecules on porous solid adsorbents is employed in a number
of applications such as gas separation and gas storage. The adsorption of gases
onto the surfaces of solid sorbents can either be accomplished via physical or
chemical interactions. Table 1-1 summarises the differences between the two
adsorption regimes. Physical adsorption is controlled by the interaction (\Van der
Waals force) between the adsorbent and the adsorbate (the gas molecules), while
chemical adsorption is ocassioned by chemical bonding. However, the primary

distinctions between physical and chemical adsorption are reversibility and

adsorption heat.

Table 1-1 The differences between physical and chemical adsorption. 72

Property Physical adsorption Chemical adsorption
Force of adsorption Van der Waals Chemical bond
. Low High
Heat of adsorption (< 40kJ/mole) (40-400k/mole)
Selectivity Not selective Selective
Reversibility Reversible Irreversible
Adsorption rate Quick, no activation | Slow, requires activation
energy energy
. Monolayer or

Adsorption layer multilayer Monolayer
Pressure for -
monolayer P/Po=0.1 P/Po«< 0.1

Near or below boiling | Much higher than boiling
Temperature . .

point point

Significant roles are played by gases in a variety of aspects of our daily lives.
The majority of the air's components (atmospheric gases) are nitrogen (78.08%)

and oxygen (20.95%). Additionally, air contains trace amounts of helium, neon,
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methane, krypton, xenon, hydrogen and ozone, as well as argon (0.93%) and
carbon dioxide (0.03%). Human activities have led to a growth in the levels of
what are called "greenhouse gases”. Major greenhouse gases include: CO, CHa,
NoO and industrial gases: HFCs (hydrofluorocarbons), PFCs
(perfluorocarbons), and SFs (Sulfur hexafluorides). CO2, CH4 and nitrogen
oxides (NOXx) are by-products of the incomplete combustion of fossil fuels (coal,
oil, diesel and natural gas). Such an increase in these gases' concentrations
contributed to the global warming issue.” ™

In order to mitigate climate change and meet the growing global demand for
energy, the transition toward the usage of renewable energy sources for energy
production methods has become a necessity. The utilisation of greener fuels such
as hydrogen, methane and biofuels as alternatives to fossil fuels is an essential
step that can be taken besides the direct capture of the carbon emissions from
the different emission sources.” 7

For the capture, storage, or separation of GHG, a variety of solid adsorbents have
been studied and applied commercially. Porous carbon adsorbents are preferred
for these applications over other well-known adsorbents like zeolites and
innovative adsorbents like metal organic frameworks (MOF) or covalent organic
frameworks (COF) due to their distinct properties. These properties of porous
carbons include chemical inertness, low atomic weight, moderate to high
powder packing density, and stability under various working conditions.”’
Carbon dioxide is a major component of the gaseous effluent produced by a
variety of industrial processes, with power plants that depend on fossil fuels
being the largest contributor (40% of CO). Physical adsorption of CO2 onto

porous materials is attractive mode of reducing such emissions and can be more
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effective compared to existing commercial CO> separation techniques such as
amine or water scrubbing. Physical adsorption has low energy requirements, is
cost-effective, does not require extra water or chemicals and can be scaled to a
wide range of temperature and pressure conditions. On the other hand, the
amine-based commercial methods have a lot of challenges, like the generation
of unwanted by-products, high energy regeneration of the absorber due to the
chemical nature of the adsorption process, high corrosion (due to the nature of
the amine absorbers) and low cost efficiency.’®

Methane may be used as a cleaner energy source as it burns more cleanly and
produces less CO. compared to other fossil fuels such as coal. The main human-
made sources of methane are believed to be the production of livestock, natural
gas extraction and transportation operations, landfill emissions and coal
mining.”

For methane to be useful as a fuel, it must first be separated from other gases,
purified and then stored using an efficient and effective method. For commercial
uses, compressed natural gas (CNG) and liquefied natural gas (LNG), which
consist mainly of methane are already being used. However, CNG faces a variety
of challenges, including the need for high-pressure containers that can
accommodate the necessary high storage pressure (200-300 bar) for an extended
duration. On the other hand, for LNG, the need to maintain a -161°C temperature
necessitates the requirement of specialised equipment. An alternative to CNG
and LNG is adsorbed natural gas (ANG). In ANG, the natural gas is adsorbed
on the surface of a porous material at a significantly lower pressure compared to
CNG and storage can occur at much higher temperature than for LNG.80-83

Numerous studies have examined and evaluated a wide range of adsorbents for
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8 metal-

methane storage, including activated carbons,*> 888 carbon fibers,
organic frameworks (MOFs),%-% silica,** % and zeolites.*> % Porous carbons
are among the most effective methane storage materials due to their high
porosity, high specific surface area and good chemical and thermal stability.
Effective methane storage is attractive as it goes beyond the simple use of natural
gas to include renewable sources of methane via upgrading biogas to
biomethane. Such upgrading involves separating the methane, which accounts
for 40-70% of biogas, from the carbon dioxide, which accounts for 25-60%.°"
% Porous carbons!®-19 and other porous materials, including zeolites,'%* 1% and
metal organic frameworks (MOFs), may be used in the CH4/CO; separation.'%:
107

The motivation for this thesis arose from the harmful environmental impacts
caused by fossil fuel-derived energy, which prompted the fabrication of porous
materials for applications in energy storage and carbon dioxide mitigation. The

thesis examined the possible uses of porous carbons in terms of energy storage

and gas adsorption applications.

The methane storage capacities of the synthesised carbons and zeolite templated
carbons (ZTC) were investigated in the third chapter of this thesis. The fourth
chapter investigated the use of synthesised activated carbons derived from
renewable biomass waste, called Ginkgo leaves, for the aim of CO> capture. The
doped porous carbons prepared in chapters 5 and 6 were evaluated in terms of

CO. capture and uptake capacity in comparison to conventional adsorbents.
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Chapter 2 Characterisation techniques

Different methods, including chemical and physical characterization, were used
to obtain a comprehensive understanding of the samples. This chapter presents
a summary of the methods and techniques used to characterise the samples in
this thesis. Thermalgravimetric analysis (TGA), powder X-ray diffraction
(XRD), textural features from nitrogen isotherms using the Brunauer, Emmett,
and Teller (BET) theory, Raman spectroscopy, scanning electron microscopy
(SEM), and elemental analysis using elemental microanalysis (CHN) or X-ray
photoelectron spectroscopy (XPS) are the methods used to analyse porous
carbons. This is in addition to the carbon dioxide and methane uptake

application.
1. Thermal analysis

Thermal analysis refers to techniques that reveal changes in the chemical and
physical properties of materials as a function of heating to set temperature(s).
Thermal analysis techniques provide information regarding the thermal stability,
decomposition behaviour, compound formation, phase transformation, and
dehydration temperature of substances. We can determine the presence of
impurities, the composition of the biomass starting materials, and the percentage
of ash in the biomass.

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) are
two of the main thermal analysis techniques for solid materials. The TGA
technique automatically records the variation in sample weight as a function of
temperature and is plotted out as a thermogravimetric analysis curve with steps
representing major sample changes. DTA, on the other hand, monitors the

25



temperature difference (and behaviour variations) between a sample and an inert
reference sample.!

In this study, thermogravimetric analysis was conducted from 50 °C to 1000 °C
with a heating rate of 10°C/min under the flow of air. The thermogravimetric
analyzer used was a TA Instruments Discovery or TA Instruments SDT Q600

analyzer.

2. Powder X-Ray Diffraction (PXRD)

Powder X-ray diffraction (PXRD) is a very useful analytical technique for
characterising the crystal structure, lattice parameters, crystal morphology, and
crystallite size of materials. The technique was pioneered by Max von Laue in
1912, who discovered that crystalline substances act as a diffraction grating for
X-rays, similar to the atomic-scale plane spacing in a crystal lattice.? The term
"powder" means that the crystalline domains are randomly oriented in the
sample.® The X-ray diffraction pattern is unique for each crystalline substance;
therefore, comparing the crystal structure of an authentic material to that of an
unknown one provides information about the structure of the material under
investigation. Accordingly, the XRD patterns can be compared with reference
patterns from the XRD database and thus yield information about the crystalline
structure of a sample. The positions and intensities of the peaks are used for
identifying the underlying structure (or phase) of the material. In the experiment,
a monochromatic X-ray source is utilised. In other words, the wavelength of the
radiation is fixed, and the angle 6 between the sample and the X-ray source is
varied (by rotating the incident beam tube with the detector, see Figure 2-1) so

that diffraction from many planes can be measured. Bragg’s Law (Equation 2-
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1) can be used to determine the crystal structure of materials from the diffracted

X-rays:

niA=2dsin@ (2-1)

Here, A is the wavelength of the incident X-ray beam, d is the lattice spacing, 0
is the angle between the incident X-ray beam and the reflecting crystal plan, and
n is an integer representing the order of the reflection (in practice, usually
considered 1). Bragg's Law states that diffraction occurs when two factors are
met: the incidence angle is equal to the scattering angle, and the path length

difference is equal to an integer multiple of the wavelength.

XRD can be used to study partially crystalline and amorphous materials, but the
detail of the output data decreases with crystallinity. Diamond, graphite, hard or
soft carbon, ZTCs, and graphene can be distinguished using this method.
Scientist can also study graphitizability—the ability of turbostratic carbon

materials to develop to a graphite structure at high temperature.

The samples were prepared in a deep-well holder (diameter 10 mm, zero
background plate) and the surface levelled with a minimum amount of pressure
to reduce the introduction of preferred orientation stacking. Data were collected
using a Malvern PANIytical Xpert MPD operating (see Figure 2-1) in Bragg-
Brentano geometry equipped with PIXcel area detector and a sealed tube Cu
source operating at 40 kV and 40 mA. A Johansson focussing beam
monochromator selected pure Ky radiation (A = 1.5405A) which was then
passed through 0.04 rad Soller slits to reduce axial beam divergence.

Programmable Divergence Slits and Programmable Anti-Scatter Slits were used
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in automatic mode to match the prepared sample length (20 mm). A fixed mask
matching the prepared sample width (20 mm) and a fixed 1° anti-scatter slit were
used in the incident beam path. Data were collected at room temperature with a
step size of 0.013° in continuous mode and at a scan speed of 18.870
seconds/step. The sample holder was spun with a duration per spin of 8 seconds.
The instrument is regularly calibrated using a silicon pressed powder sample. X-
ray diffraction was used to investigate the presence of impurities and detect

phases in the samples.

Figure 2-1 X-ray diffractometer and schematic representation of Bragg's law

28



3. Textural properties — N2 physisorption

Experimentally, the physical adsorption of some gases is used to characterise
the surface area and pore size/volume of porous solids. It is usually carried out
at the boiling temperature of the gas to ensure that the gas particles will properly
cover all of the solid surface.® ” Nitrogen is a common gas that is used for
measuring porosity and surface area by physisorption. The amounts of adsorbed
and desorbed nitrogen at relative pressure points are measured to build the
isotherm of the sample. Manometric methods are typically adopted for dosing
and then evacuating certain amounts of nitrogen into the porous sample within

a range of relative pressures between 10~" and up to 1.

The International Union of Pure and Applied Chemistry (IUPAC) classified
adsorption-desorption isotherms into six main types based on the analysis of a

large range of nitrogen isotherms (Figure 2-2).

29



I(a) I(b)

ﬂ\
HT
Ht

IV(b)

Amount adsorbed ——————

Relative pressure ————— m—

Figure 2-2 IUPAC classification of physisorption isotherms. The arrows represent
adsorption or desorption direction.’

Type | isotherms are typically obtained in the case of microporous materials.
Because of the small pore width and high adsorption energy, the high uptake at
low pressures results in strong adsorbate-adsorbent interactions. This is followed

by a plateau; in this case, the accessibility of the pore volume controls the
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limiting uptake. Type I-a forms in narrow micropore widths, while the presence
of narrow mesoporosity produces Type I-b isotherms. Most activated carbons
are classified as Type | isotherms, or sometimes a mix of Type | with Type Il or
IV. Type Il isotherms arise by adsorption on non-porous or microporous
materials. Unrestricted mono-multilayer adsorption occurs in these materials up
to high p/p°. The knee in this isotherm, referred to as "Point B," indicates the
completion of the monolayer adsorption and the start of the multilayer
adsorption. A weak distinction at this point means an increase in the overlap
between monolayer and multilayer adsorption. Type Il is a reversible isotherm
along the p/p° range. It is not common, as only a few materials are produced.
The absence of Point B from this isotherm indicates strong adsorbate-adsorbate
interactions and weak adsorbate-adsorbent interactions. Type 1V is provided by
mesoporous materials. At low pressures, as in the case of Type Il isotherms,
mono-multilayer interactions take place. This is followed by pore condensation.
The hysteresis loop is the most characteristic feature of Type IV-a, which is
related to the pore condensation process inside the mesopores when the pore
width is around 40 A. With Type IV-b, a reversible isotherm appears due to
smaller pore width and closed end pores. Type V shows pore condensation and
hysteresis at higher pressures. At low pressures, the behaviour is similar to Type
Il and is caused by a lack of adsorbate-adsorbent interaction. Type V1 isotherms
are given by uniform or non-porous materials. The step shape of the isotherm

arises due to the adsorbate being adsorbed layer-by-layer.

To calculate the specific surface area from an isotherm, the Brunauer-Emmett-
Teller (BET) method’ is commonly used, and the following equation is usually

used:
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a,(BET) = n,a,,N; (2-2)

Here, nm refers to monolayer capacity (mol/g), am to the cross-sectional area of
adsorbed gas (for nitrogen molecule, 0.162 nm? at —196°C (77 °K)), and the

Avogadro constant is Na.

At first, for obtaining the monolayer capacity nm required for calculating BET
surface area (Equation 2-2), the linear form of the BET equation (called the

BET plot, Equation 2-4) should be plotted, 1/[na(1-p/p°)] versus p/p° (Figure

2.3).
P _ A cap
ng(1-p/p°) N nypC + ny C p° (2 3)
1 L &P oy

ng(1-p/p°) h ny,C ny C p°

Regularly, the linear relationship is achieved in the relative pressure range of

0.05-0.30 of the isotherm.

_r
na(1-p/p°)

! Il Il
T T T

01 0.2 0.3
p/p

0

Figure 2-3 BET plot

where na is the adsorbed amount, p/p° is the relative pressure, p° is the pure

adsorptive saturation vapour pressure at working temperature, p is the
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equilibrium pressure at working temperature, and C is the BET constant related
to the adsorption enthalpy. By getting the slope and the intercept of the BET

plot, the value for the monolayer adsorbed capacity nm can be solved (Equation

2-7):
slope = % (2-5)
intercept = ﬁ (2-6)
1
Mm = slope+intercept (2-7)

The thickness-plot (t-plot) method is adopted to determine the microporosity of
the samples. In this method, the experimental isotherm of the microporous
sample is compared with a standard isotherm of non-porous material (Type II).
This is done by replotting volumes of adsorbed gas on the microporous sample
against the thickness (t) of multilayers on non-porous reference materials, which
is obtained in this report from the following Harkins and Jura equation (Equation
2-8):

13.99 1/2 .
- [log(p/p")+0.034] a (2-8)

From the slope of the t-plot after this, the total surface area as is obtained using

the following equation 2-9:

a,(t) = 1.5468 x slope (2-9)

The micropore surface area amicro and micropore volume Vnicro are calculated

using the following:

Amicro = as(BET) — a,(t) (2-10)
Vonicro = 0.0015468 X intercept (2-11)
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The pore size distribution is obtained using nonlocal density functional theory
(NL-DFT) via Equation 2-12. This equation calculates a series of theoretical

isotherms for a series of adsorptive/adsorbent systems for a series of pore sizes.

N(L)= fv”VVZZXN(ﬁ W) F(W) dW (2-12)

N(p/p°) represents experimental adsorption isotherm data, W represents pore
width, N(p/p°,W) represents the isotherm on a single pore of width W, and f(W)

represents the pore size distribution function.

Total pore volume is taken from the total quantity of nitrogen (cm®/g) adsorbed

at p/p° = 0.99, at which point the system should be saturated.

In this work, analysis of porosity and determination of textural properties were
performed via nitrogen sorption using a Micromeritics 3Flex sorptometer. The
carbon samples were degassed under vacuum at 200 °C for 32 or 16 hours prior
to analysis (at -196 °C).The surface area was calculated using the BET method
applied to adsorption data within the relative pressure (P/Po) range of 0.02—0.35.
The total pore volume was determined from the nitrogen uptake at close to
saturation pressure (P/Po = 0.99). The micropore surface area and micropore
volume were determined via t-plot analysis. Nonlocal density functional theory
(NL-DFT) was applied to nitrogen adsorption isotherms on carbon (-196°C) to

determine pore size distribution using a slit geometry.

34



4. Elemental analysis (CHN analysis)

Carbon, hydrogen, and nitrogen (CHN) analysis is used to measure carbon,
hydrogen, and nitrogen elemental concentrations in the sample. A flash
combustion of the sample in the presence of oxygen is used at high temperatures
(800-900 °C). In this combustion process, carbon dioxide gases, water, and
nitrogen are released. These are detected and their concentrations determined by
measuring their thermal conductivity or through other detection methods such
as infrared spectroscopy.® The calculated H/C and O/C ratios demonstrate the
degree of transformation of the starting materials to polymeric carbon; in this
case (for biomass samples), the transformation of cellulose, hemicellulose, and

lignin to carbon.

Using a CE-440 Elemental Analyser manufactured by Exeter Analytical,
Elemental Microanalysis was performed to determine the C, H, and N content
of the carbon samples. During the analysis, approximately 2 mg of the samples
were burned in a high-temperature furnace (975 °C) in pure oxygen gas (Figure
2-4). The combustion products are carried through the system by a flow of
helium gas Figure 2-4). (solenoid valves A through G control the gas flow
through the system; valves H and | are used for maintenance purposes). In the
combustion tube, the combustion products pass over suitable reagents to ensure
complete oxidation and removal of unwanted by-products such as sulphur,
phosphorus, and halogen gases. Oxides of nitrogen are converted to molecular
nitrogen and residual oxygen is removed in the reduction tube, which is kept at

625 °C. The sample gases are then thoroughly homogenised to a precise volume,
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temperature and pressure in the mixing volume and this mixture is then released

into the thermal conductivity detector.

An absorption trap between the first pair of thermal conductivity cells eliminates
water from the sample gas. The differential signal measured before and after the
trap reveals the water concentration and, hence, the amount of hydrogen in the

initial sample.

A similar measurement is made of the signal output of a second pair of thermal
conductivity cells, between which a trap removes carbon dioxide, thus

determining the carbon content.

The only remaining gases are helium and nitrogen. This gas passes through a
thermal conductivity cell, and the output signal is compared to the output signal
of a reference cell through which pure helium flows. This provides the

concentration of nitrogen.

Pressure Somple Volume
Tronsducer

Combustion Feduction

Mixing

Wolume
Tube Tukbe

SCRUEBBER
SCRUEBBER

oz He
SUPPLY  SUPPLY

CE-440 FLOW SCHEMATIC

Figure 2-4 A diagram of the elemental analyser
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5. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy is one of the surface analysis techniques used
to detect the kinetic energy distribution of the emitted photoelectrons in order to
determine the composition and electronic state of the chemical compounds on a
sample surface. Photoelectron emission is produced when an X-ray from a
specific source strikes the surface of a sample, causing an electron core to be
ejected from its electronic shell (Figure 2-5). The kinetic energy (KE) of the
ejected electron is directly proportional to the binding energy (BE) of the

electron to the atom:

BE = hv — KE — @4y, (2-13)

Here, BE is the binding energy of the particular electron to the atom, KE is the
kinetic energy of the ejected electron, @spec IS @ correction factor that is
distinctive to the instrument, and u is the frequency of the incident X-ray. MgKa
(1253.6 eV) or AlK, (1486.6 eV) X-rays are typically used, which produce
photons able to interact 1-10 micrometres from the solid surface without deeply

penetrating a solid.® 1°

With this analysis, the functional states of carbon (or any other element) on the
surface of the samples can be determined.!! The relative percentages of all the
elements included in the carbon samples (including the tiny contaminants) can

be identified, though hydrogen atoms cannot be detected via XPS.

X-ray photoelectron spectroscopy (XPS) was carried out using a Kratos AXIS
ULTRA with a monochromated A1 Ka X-ray source (1486.6 eV) operated at 10

mA emission current and 12 kV anode potential. The analysis chamber pressure
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was better than 10—9 Torr. FAT (fixed analyzer transmission) mode was used,
with pass energies of 160 eV (or 80 eV) for survey scans and 40 eV for
highresolution scans. The magnetic immersion lens system allows the area of
analysis to be defined by apertures, a “slot” aperture of 300 x 700 um for
wide/survey scans and a 110 pum aperture for high-resolution scans. The takeoff
angle for the photoelectron analyzer was 90° and acceptance angle of 30° (in
magnetic lens modes). Data analysis was carried out using CASAXPS software
with Kratos sensitivity factors to determine atomic % values from the peak areas.

Charge correction was applied to the data at the processing stage.

® KE
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Figure 2-5 mechanism of electron emission in XPS

6. Scanning Electron Microscopy (SEM)

SEM images samples with a nanometer-scale resolution using an electron beam.
In the electron source, electrons are emitted from a filament and focused into a
beam. A series of lenses in the electron column then focus the beam on the

surface of the sample. As a result of the electrons in the beam interacting with
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the sample, a variety of signals are generated. These signals can be analysed in

order to obtain information regarding the surface's topography and composition.

The interactions between the electron beam and the sample generate distinct
electron and X-ray signals (Figure 2-6). The secondary electrons are one of these
signals that arise from the sample's surface or near-surface areas. It arises from
inelastic interactions between the incident electron beam and the material. The
study of a sample's surface structure is achieved by these secondary electrons.
When the incident electron beam displaces an inner shell electron and replaces
it with an outer shell electron, X-rays are produced. The emitted x-rays are used
to identify and quantify the elemental composition of a spot or a map based on
the fact that each element has a unique energy difference between its outer and

inner electron shells.t 12
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Figure 2-6 Schematic of SEM/EDX analysis
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Scanning electron microscopy (SEM) images were recorded on a JEOL 7000
microscope at 15 kV accelerating voltage. Samples were mounted using

conductive carbon double-sided sticky tape.

7. Gases uptake measurements

The adsorption isotherms of the targeted gases (CO. or CH4) were obtained
using gravimetric methods. The gravimetric technique measured the excess
uptake (fexc), from which the total storage (6;) was calculated using the following

equation:

0; = Oy + dgas X Ve (2-14)

where 6; is the total gas uptake (mmol/g), fexc is the excess uptake determined
by gravimetric measurement (mmol/g), V: is the total pore volume of the
adsorbent determined by nitrogen sorption analysis, and dgas is the density
(g/cmd) of the gas at the relevant temperature and pressure. The density was
obtained from the website of the National Institute of Standards and Technology

(http:// www.nist.gov/).
The packing density of the present samples was calculated using:

dcarbon =(1/ps + V)*  (2-15)

where dcarbon 1S the packing density of the carbon sample, ps is skeletal density,
and V¢ is the total pore volume from the nitrogen physisorption analysis. The
skeletal density of the carbons was determined from helium pycnometry and is

usually taken to be 1.5 cm®/g. In order to obtain the experimental packing
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density, carbon samples were compressed into pellets in a 1.3 cm die at 7 MPa

for approximately 5 minutes.

The targeted gas (CO2 or CHa) uptake capacity of the carbons was measured by
gravimetric analysis with a Hiden XEMIS instrument or Intelligent Gravimetric
Analysers (IGA) and a 99.9999% purity of the gas (CO2 or CHgs). Prior to
analysis, the carbon samples were degassed at 240°C at a ramp rate (10°C/min)

for 3 h. The temperature of the analysis medium was controlled using a water

bath.
exhaust T
O @ microbalance
@ )
Water bath
Gas cylinder The sample Tare
Figure 2-7 approximate scheme of the gravimetric uptake analyser
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Chapter 3 Alternative template removal method for

zeolite templated carbons

Abstract

Zeolite-templated carbons (ZTCs) are special carbons with regular pores that
reflect the pore structure of the zeolite utilised as template. Considering their
exceptional performance in numerous applications, there is a need to optimise
their synthesis processes. Safety issues related to the use of hydrofluoric (HF)
acid for dissolving the template and obtaining the actual ZTCs have hindered
the bulk manufacture of these unique carbons. We attempted to avoid using HF
in this investigation by applying KOH treatment on the zeolite/carbon composite
under thermal conditions as an alternative treatment. After introducing carbon
into zeolite pores and conducting the KOH treatment, a diluted HCI solution was
used to remove the template. The analysis showed the successful removal of the
template. Even though this alternative method resulted in the destruction of a
fraction of the original ZTC, the new ZTC demonstrated a high methane delivery
capacity comparable to that of the ZTC prepared via conventional routes

including the use of undesirable HF acid.

1. Introduction

Zeolite-templated carbons (ZTCs) are a special type of carbon, characterised by
a uniform range of pores compared to the heterogeneous porosity of activated
carbon. ZTCs show promising performance in gas storage, 2 catalysis, battery
electrodes and supercapacitor applications.® Lately, it has been hypothesised that
zeolite-templating may be a potential synthetic method to carbon schwarzites, a
class of theoretical material with fascinating properties.* ZTCs are typically
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prepared by introducing a carbon source into zeolite pores (the template), and
after removing the template, the obtained carbon has pores of the similar size
and particle shape as those on the template.>’ Different types of zeolites, such
as FAU, BEA and EMT, which contain highly 3D-ordered, interconnected large
pore arrangements, are suitable for producing ordered microporous carbon
frameworks 811

At each step of ZTC synthesis, the optimal conditions for replicating pores
faithfully must be carefully selected. First, a template with large pores must be
selected for optimal insertion of the carbon source into the majority of pores and
to prevent pore blockage. FAU, BEA- and EMT-type zeolites have large pore
sizes in addition to a 3D interconnected pore system, making them the ideal
candidates for use as templates.* Choosing the carbon source, insertion method
(chemical vapour deposition, liquid impregnation, or both) and controlling the
thermal treatment conditions are important factors that affect the replication
quality of the template pores. For example, examination of a range of
CVD/carbonisation temperatures showed that the temperatures in the range 750—
800 °C were optimal for the CVD of acetonitrile to replicate zeolite Y and X
pores without accumulation of extra carbon layers on the surface and thus
formation of graphitic stacked layers.?

Even if all steps were controlled to improve the quality of the resulting carbon,
the problem of the last step remains, which is removing the template, as a
limitation for the commercial production of ZTCs. Usually, strong acids are
employed to thoroughly dissolve the template, such as concentrated HCI and
HF. Hydrofluoric acid is the most effective reagent for the completion of

template removal. However, commercial production of ZTCs would be
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restricted due to recent concerns about HF-related health and safety risks.'® In
the same context, Park et al.** attempted to dissolve the template using diluted
NaOH and HCI solutions, with the aim of avoiding the use of HF. They found
that the weight of inorganic residues was ~2—7 % of BEA-, Zeolite Y-, and X-
templated carbons.

Here, we examined the effect of KOH activation conditions, which are usually
adopted in our group for carbon activation, on carbon/zeolite composite and thus
on ZTC, as well as whether that would ease template removal. As it is well
known, alkaline fusion is a step in one of the common techniques for preparing
zeolites from Al and Si-containing natural sources. In this step, KOH can be
successfully used to dissolve the aluminosilicate species prior to the
crystallisation of the target zeolite at temperatures up to 600 °C.*> 16 On the other
hand, a hydrothermal treatment in the presence of KOH solution can be applied
to transform FAU zeolite to CHA zeolite at low temperatures.’ In addition,
KOH is commonly used to manufacture activated carbon because it is an
efficient and successful activating agent.'®

In this work, activation of the composite facilitated the removal of the template
without the need for HF. We have explored the properties and gas uptake of the
resulting carbon materials and compared them to conventional ZTC prepared

with the use of HF to remove the zeolite framework.

2. Experimental
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2.1. Materials
Molecular sieves 13X (zeolite 13X) and furfuryl alcohol (98%) were purchased
from Alfa Aesar Company. Mesitylene (99%) was purchased from

Sigma Aldrich. Ethylene (Research grade purity) was obtained from BOC Ltd.

2.2. Synthesis procedures for ZTC

The ZTC was synthesised using procedures published in previous works.'%
Drops of furfuryl alcohol (FA) were added to 3 g of pre-dried zeolite 13X. The
FA/zeolite composite was placed in a boat and transferred to a tube furnace. The
composite was then heated under N2 flow at 80°C (with heating ramp rate of
5°C/min) for 24 hours, then at 150°C (heating ramp rate of 5°C/min) for 10
hours. The temperature was then raised (ar ramp rate of 5°C/min) and held at
700°C for 3 hours. The gas flow was changed to ethylene/ N2 (at ratio of 1:9)
for another 3 hours. Then the temperature was raised to 900°C for 3 hours (at
ramp rate of 5°C/min) with only N2 flow, followed by cooling in N2

After cooling to room temperature, the carbon/zeolite composite was divided
into a few parts. One was treated in the conventional manner by washing with
10% HF for 24 hours, followed by refluxing in concentrated HCI for 6 hours.
The resulting carbon was rinsed several times under vacuum filtration with
deionised water until the filtrate reached a neutral pH and dried at 100°C
overnight. This carbon sample is denoted as CZ13X.

Other parts of the zeolite/carbon composite were treated as described in section

2.3 below.
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2.3. Activation of carbon/zeolite composite

About 38 wt% of KOH to 30 wt% of carbon was added to a carbon/zeolite
composite. The KOH was ground first, then mixed and gently ground with the
composite. The mixture was then transferred to an alumina boat and heated for
1 hour at 600, 700 or 800 °C in a tube furnace under nitrogen flow and heating
ramp rate of 5°C/min). Following cooling, and once the temperature reached
room temperature, the template and KOH were removed by gentle stirring in a
1 M HCI solution for 48 hours, and then washed with deionised water until the
filtrate had pH 7 and dried in an oven at 100°C. The activated samples are

denoted as CZ13XT, where T is the activation temperature.

2.4.Characterisation

Powder XRD patterns of the samples were performed using a PANalytical
X’Pert PRO diffractometer with a copper Ka and a monochromator (A =
1.5405A)) at 40 kV and 40 mA with a step size of 0.02 and a 50 s time step. The
scan was performed at room temperature. The porosity and determination of
textural properties were performed via nitrogen physisorption using a
Micromeritics 3Flex sorptometer. Prior to analysis (at —196°C), the carbon
samples were degassed under vacuum at 230°C for 32 or 16 h. The surface area
was calculated using the BET method applied to adsorption data within the
relative pressure (P/Po) range of 0.02-0.35. The total pore volume was
determined from the nitrogen uptake at close to saturation pressure (P/Po =
0.99). The micropore surface area and micropore volume were determined via
t-plot analysis. Micromeritics' SAIEUS software was used to obtain PSDs of the

samples using the 2D-NLDFT method for heterogeneous surfaces. In order to
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create the most accurate PSD for carbons, the software's fitting parameter, 1,
which affects the roughness of the PSD, was adjusted between 2.75 and 3.00.
Scanning electron microscopy (SEM) images were recorded on a JEOL7000
microscope at 15 kV accelerating voltage. Samples were mounted using a

conductive carbon double-sided sticky tape.

2.5.CH4 uptake measurements

CHas uptake capacity of the carbons was measured with a Hiden Isochema
XEMIS Analyser using 99.999% purity methane at 25°C and up to 100 bar of
pressure. Prior to conducting the CHs uptake experiments, the carbons were
outgassed for 3 h at 240 °C (at heating ramp rate 10°C/min) under vacuum. The

measurements determined the excess CHs uptake directly.

3. Results

The removal of the zeolite template from the composites was tracked using
powder XRD. This is possible because the zeolite template has sharp peaks,
which should no longer exist if the zeolite has been successfully removed.
Figure 1 shows the evolution of the XRD patterns following thermal treatment
and washing of the composites. It should be noted that the zeolite peaks are
expected to be removed following washing of the thermally treated composite.
This is because the zeolite-13X template is thermally stable at all temperatures

used.

First, 30 wt% of KOH was added to the carbon/Z13X composite, which had 30%

carbon based on TGA data (not reported here), i.e., a 1:1 weight ratio of KOH
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to carbon, and heated to 600°C. The carbon/Z13X/KOH composite was washed
with 2 M HCI, but the template was not completely removed. This was
confirmed by XRD; as depicted in Figure 3-1 (b), the carbon/Z13X composite
treated with KOH at 600 °C and then washed with 2 M HCI has significant
template residual peaks. As shown in Figure 3-1 (a), the XRD peaks from zeolite
disappeared after a second wash using the conventional wash, i.e., a solution of

10% HF and refluxing in concentrated HCI.
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Figure 3-1 PXRD patterns of conventional ZTC, KOH-treated carbon/zeolite at
600°C using a 1:1 weight ratio of carbon to KOH (after two different wash steps, a &
b ), and the template zeolite 13X.
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3.1. Zeolite-templated carbons

3.1.1. X-ray diffraction

The powder XRD patterns of the conventional sample (CZ13X), and the three
carbon samples (CZ13XT), which were produced after treatment of the
composites with KOH under thermal treatment at 600, 700 and 800°C, are
presented in Figure 3-2. The conventional sample, without any KOH treatment,
showed the main peak of zeolite-templated carbon at 26 = ~7°, which
corresponds to a d-space = ~14 A in FAU zeolite.1% 11 14.1° Therefore, the carbon
successfully replicated the structure of the template. On the other hand, the XRD
patterns of the CZ13XT samples obtained via treatment with KOH (Figure 3-3)
showed that the peak expected at 26 of 7° is shifted to a lower angle or that the
peak is less well developed. This indicates that the treatment with KOH had
disrupted the carbon replication in some way. A possible activation reaction of
the carbon by KOH or a solid-solid reaction between KOH and zeolite-13X
could disrupt the regularity of the carbon and or template with the overall effect
that the resulting carbon is less well ordered. The wide and weak graphitic peak
at 20 = 23° in carbons treated at 600 and 700°C (Figure 3-2) may be caused by
a number of different mechanisms. First, this peak could appear after adding
KOH when the few graphitic layers inside the cages were stacked after the cage
geometry was reduced to a smaller dimension. Second, this peak could be
inherited from the main ZTC before any treatment, as the previous existence of
this peak will not be clearly confirmed due to its overlap with a high-intensity
peak at 20 = 7°. The intensity of the peak at 5° in KOH-treated samples

decreased with increasing temperature, which would be tentatively explained by
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ongoing reaction/s to destroy the Z13X replication until finally, at 800°C, an

activation reaction broke down any ’zeolitic’ ordering in CZ13X800.
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Figure 3-2 PXRD patterns of conventional ZTC and KOH-treated carbon/zeolite
samples
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Figure 3-3 PXRD patterns of the template, zeolite13X/carbon composite, the
conventional ZTC and KOH-treated carbon/zeolite samples
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3.1.2. SEM analysis

The SEM images of the conventional sample (CZ13X) showed replication of the
morphology of the zeolite template as shown in Figure 3-4-7. For the CZ13XT
samples, the replication of morphology was to a lower extent. However,
interestingly, the particles of these samples still retain many of the features of
zeolite morphology — particularly the size of the particles and sharp edges
(Figure 3-8). This means that some replication does still take place even though

the fidelity is somewhat lower than that of the conventional ZTC.

15.0kV  X17,000 1um WD 10.1mm

150KV X55000 100nm WD 10.1mm

Figure 3-4 SEM images of conventional zeolite-
templated carbon
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CZ13X600

SEI 15.0kV X12,000 1um WD 10.1mm

65,000 100nm WD 10.1mm

Figure 3-5 SEM images of carbon obtained from
KOH-treated carbon/zeolite at 600°C
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CZ13X700

SEI 15.0kV  X12,000 Tum WD 10.1mm

¢

\\
— -
SEI 15.0kv  X55,000 100nm WD 10.1mm

Figure 3-6 SEM images of carbon obtained from
KOH-treated carbon/zeolite at 700°C
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CZ13X800

3 —
SEI 15.0kV  X18,000 Tum WD 10.1mm

Figure 3-7 SEM images of carbon obtained from KOH-
treated carbon/zeolite at 800°C
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15.0kV LED

Figure 3-8 SEM image of the zeolite-13X template.

3.2. Template removal

3.2.1. Thermal analysis

Thermal analysis of the carbon/template composite and KOH-treated samples
revealed the presence of template residues (see Figure 3-9). The KOH-treated
sample heated at the highest temperature (800°C) contained the lowest residues,
2%. For the samples treated at 600 and 700°C, the residues were 8% and 17%,

respectively. Thus the CZ13X800 sample may be considered as being close to
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being fully carbonaceous while the other samples still contain significant
amounts of inorganic matter. This clearly indicates that a high temperature is
essential for template removal via the method described here or that longer

washing times are needed.
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Figure 3-9 TGA curves of the samples

3.2.2. Carbon/Zeolite-composite reaction with KOH

In order to understand the nature of the KOH reaction with the carbon/zeolite
composite, the PXRD patterns were collected for the carbon/zeolite/KOH
composite before dissolution of the inorganic components by HCI. In addition,
the PXRD patterns of the annealed zeolite with 30 wt% KOH were collected
(Figure 3-10). Apparently, a reaction between Z13X and KOH occurred that
produced potassium aluminium silicate as the main phase (compared with the

ICDD reference: 00-032-0731 for Ki1.25Al1.25Si0.7504). Consequently, the crystal
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structure of the template (Zeolite X) was destroyed by heating with KOH at the
targeted temperatures. This is shown by a comparison of the XRD patterns of
the calcined template at 700°C (Z13X700) and the reference peaks of the zeolite

X with the other patterns after KOH treatment.
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Figure 3-10 PXRD patterns of calcined zeolite13X at 700°C (Z13X700),calcined
zeolite13X with KOH heated at 600 and 800°C (Z13XKOH600 and Z13XKOH800,
respectively) and calcined zeolite13X/carbon composite with KOH heated at 600°C

under N2 flow (C@Z13X+KOH600).
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The SEM images of the annealed zeolite/KOH at 700°C (Figure 3-11) showed
a change in the surface of the octagonal-structure of the zeolite particles, unlike
the conventional template particles (Figure 3-8), which suggested that the
template reacted with KOH. Besides that, the SEM images showed the fusion of

a number of zeolite particles together due to a reaction with KOH.

SEI #150KkV X13000  1gm WD 119mm

SEl 150KV X8300  1um WD 119mm S NSEl | 150kv X11.000 Tgm WD 119mm

Figure 3-11 SEM images of calcined zeolite 13X with KOH heated at 700 °C under
N2 flow

3.2.3. Surface area and porosity

The nitrogen sorption isotherms of the samples, as shown in Figure 3-12, are
type | in accordance with IUPAC classification. Type | isotherms are usually
found in microporous materials, which are accompanied by a high amount of
gas adsorption at the very low relative pressures driven by pore-filling

mechanisms in pore sizes less than 2nm.2° The conventional ZTC sample,
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exhibited high adsorption in the low-pressure range, and surface area of 2939
m?/g with 55% of its surface area arising from micropores (Table 3-1). The
surface area and pore volume of the conventional ZTC are close to those of ZTCs
prepared at similar conditions by Masika (ca. 3300 m?/g and 1.6 cm®/g).1% 2L.For
samples prepared via treatment with KOH at 600-800°C, the surface area
decreased to 34-71% of that of conventional ZTC. As mentioned above for the
XRD patterns, the peak at 20 = 7° was shifted and decreased in intensity,
accompanied by a loss of pore sizes of around 1 nm (Figure 3-12) in the PSD
curves. Also, the small peak at 23° confirmed a formation of stacked graphitic
layers, which could be another reason for the decrease in surface area. According
to these results, KOH seems to lead to the destruction of the crystal structure of
zeolite X, or there was possibly a targeted activation of the carbon inside the

zeolite cages of a size of ~1.4 nm.
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Table 3-1 Textural properties of the samples

Surface area ? Pore volume °
Sample SA Sp SbR ' Smeso Sp Vi Vbr Vp Vimeso Vp Vor
m?lg = m?g mig mg % cm¥g cmilg cm¥g cmdg % %
CZ13X 2939 1610 3442 1329 55 151 1.22 0.62 0.89 41 381
CZ13X600 1012 909 1110 103 90 0.49 04 037 012 76 82
CZ13X700 1351 1001 1427 350 74 065 051 039 026 60 78
CZ13X800 2101 783 2186 1318 37 124 0.78 031 093 25 63

2 SA is the BET surface area, Sy is the micropore surface area, Spr is the
Dubinine-Radushkevich surface area, Smeso is the mesopore surface area
obtained by subtracting Sy from SA, and % is the percentages of micropore
surface area (Dubinine-Radushkevich).

b\t is the total pore volume, Vpr is the Dubinine-Radushkevich micropore
volume, V|, is micropore volume, Vmeso is the mesopore surface area obtained
by subtracting Vmicro from Vt, and % is the percentages of micropore volumes.

3.2.4. Methane uptake

The gravimetric excess uptake isotherms of the conventional and KOH-treated
samples were obtained under the same conditions, which included measuring
them at room temperature (25°C) and applying a pressure of 0-100 bar. It was
expected that the uptake of the KOH treated samples would be lower than that
of the conventional sample since the treatment decreased the porosity of the
samples. The excess methane uptake isotherms of the samples are displayed in
Figure 3-13 and Table 3-2. The conventional ZTC sample has the highest
gravimetric uptake compared to the samples heat-treated with KOH in the range
of 5-100 bar; however, there is a clear difference in the capacity for gravimetric
uptake between the conventional sample and the heat-treated samples. The
difference grew steadily as the pressure increased, reaching its maximum at 70

bar. Thus, at 70 bar, the difference was between 24 and 30%.
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The excess methane uptake capacity of the conventional ZTC sample (Table
3-2) was 14.0 and 14.9 mmol/g at 65 and 100 bar, respectively, which is close
to the values reported in the literature for such material. At 25°C and maximum
pressure (90 bar), the methane uptake capacity of a ZTC-3 sample was reported
to be 14.1 mmol/g,?? which is very similar to our results. The uptake obtained by
FAU-ZTC at 65 bar showed 0.26 g/g capacity,?® near to that of the conventional
sample (0.23 g/g) at the same pressure and temperature.

The difference in the gravimetric uptake between the treated samples with KOH
at different temperatures was small, see Table 3-2. The maximum differences
were 0.4, 1.0, and 1.3 mmol/g at 35, 65, and 100 bar, respectively. However, the
differences in the volumetric uptake between them were 28, 28, and 26
cm3steicm?® at 35, 65, and 100 bar, respectively. Since the volumetric uptakes are
dependent on the packing density, which mainly depends on the overall sample’s
textural properties,?*?" the treated samples showed higher volumetric uptake
capacities compared to the conventional ZTC. The amount of the increase in the
total volumetric uptake compared to the conventional ZTC was 24, 26, and 30
cm3steicm?® at 35, 65, and 100 bar, respectively. The treated sample at 800 °C
showed the closet gravimetric and volumetric uptake capacities to the
conventional ZTC. According to the TGA results, this closeness to conventional
ZTC uptake capacity is due to the removal of most of the template for
CZ13X800 compared to CZ13X600 and CZ13X700, which were composed of

17 and 8% residues, respectively, resulting in pore blocking.
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Figure 3-13 Methane uptake of the samples at 25°C

Table 3-2 Methane uptake of the samplesK OH-treated

CHauptake = Total CH4 uptake 2 | Total CH4 uptake &P
mmol/g /g cm3stp.cm3
35 65 100 35 65 100 35 65 100
bar bar | bar bar bar bar  bar @ bar | bar
CZ13X 115 14.0 149 0.19 023 024 164 199 212
CZ13X600 89 9.6 103 0.13 0.15 /0.16 188 | 225 | 242
CZ13X700 85 9.9 107 014 016 |0.17 191 @ 225 | 241
CZ13X800 88 106/116 0.14 @ 0.17 /019 163 & 197 | 216

Sample

® Total uptake was calculated from; 6t = G« + dcra X V1, where; 6y is the total uptake,
Oexc is the excess uptake, dcus is the density (g/cm?) of methane gas under the prevailing
temperature and pressure, and Vr is the total pore volume (cm?/g) of the samples from
nitrogen isotherms.

®Volumetric uptake obtained from the calculated packing densities using pDineo =1 /
(VT+1/p), where; pDueo is the theoretical packing density (g/cm®), Vr is the total pore
volume (cm®/g) of the samples from nitrogen isotherms, and p is the He density
(skeleton density) of the samples (ZTCs: 1.9 g/cm?, activated carbons: 1.5 g/cm?).
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Methane uptake results were compared with other carbon samples synthesised
by the activation of different carbon sources: biomass (ginkgo leaves) and
synthetic organic salt (potassium hydrogen phthalate). Figure 3-15 summarise
the uptake results of CZ13X and CZ13XT in comparison with the other activated
carbons that were prepared in Chapters 4 and 5. Their synthesis procedures and
characterisation details will be found in the next chapters. In Table 3-3, there is

an extra comparison with materials from other references.

Table 3-3 Methane uptake and working capacities of the samples and different
carbons

Sample Total CH4 uptake Total CH4 uptake Working capacity ¢ (we/@r) ¢
(9/g) @ (cm3stpcmd) @b (cm3stp.cm3)

3bbar | 65bar | 100bar | 35bar | 65bar | 100bar 35-5 65-5 100-5
CZ13X 019 | 023 | 024 | 164 | 199 212 | 113(0.69) | 149(0.75) | 162(0.77)
CZ13X600 013 | 015 | 0.16 | 188 | 225 242 | 112(0.60) | 149(0.66) | 166(0.69)
CZ13X700 014 | 016 | 0.17 | 191 | 225 241 | 115(0.60) | 148(0.66) | 165(0.69)
CZ13X800 014 | 017 | 019 | 163 | 197 216 | 100(0.61) | 134(0.68) | 153(0.71)
QOCOGELF'ZOX' 018 | 021 | 022 | 134 | 155 | 162 | 79(0.59) | 101(0.65) | 108(0.67)
f&%’;HC?’OO' 018 | 022 | 024 | 117 | 144 | 157 | 77(066) | 104(0.72) | 117(0.75)
ACGLF-
skoH.800¢ | 017 | 019 | 019 | 130 | 148 153 | 74(0.57) | 91(0.62) | 96(0.64)
AcGLFw-
skoH.800¢ | 017 | 019 | 019 | 126 | 141 144 | 68(0.54) | 83(0.59) | 86(0.60)
PU0.5900 f 0.18 | 021 | 0.22 | 133 | 155 165 | 76(0.57) | 98(0.63) | 108(0.65)
PU0.25900 f 0.17 | 020 | 0.21 | 145 | 169 182 | 81(0.56) | 105(0.62) | 118(0.65)
AX-21% 154 | 203 237 | 101(0.66) | 151(0.74) | 185(0.78)
MOF-5% 150 | 215 256 | 121(0.81) | 186(0.87) | 227(0.89)
PCN-14% 202 | 239 264 | 121(0.60) | 158(0.66) | 183(0.69)
HKUST-1% 225 | 263 281 | 145(0.65) | 183(0.70) | 201(0.72)
Mg2(dobdc)?® 200 | 230 252 | 106(0.53) | 137(0.59) | 159(0.63)
Co2(dobdc)® 221 | 249 259 | 103(0.47) | 131(0.53) | 141(0.55)
Ni2(dobdc)?® 231 | 260 277 | 105(0.45) | 133(0.51) | 151(0.54)

aTotal uptake was calculated from; 6r = fgxc + dcra X V1, where; 67 is the total uptake, Oex is
the excess uptake, dcna is density (g/cm?®) of methane gas, and Vr is the total pore volume (cm®/g)
of the samples from nitrogen isotherms.

®\Volumetric uptake obtained from the calculated packing densities using pDeor =1/ (VT+1/p),
where; oDineor is the theoretical packing density (g/cm?), Vr is the total pore volume (cm®/g) of
the samples from nitrogen isotherms, and p is the He density (skeleton density) of the samples
(ZTCs: 1.9 g/cm?, activated carbons: 1.5 g/cmd).

¢ Working capacity is the difference in uptake between the uptake at different pressures (35, 65,
and 100) bar and the uptake at 5 bar. The values in parenthesis ¢ represent the ratio of working
capacity ‘we’ (cm3ste.cm®) to total uptake (storage capacity) ‘Or” (cm3sre.cm).

¢ Activated carbons derived from biomass sources, " are N-doped activated carbons derived from
organic salts.
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Based on the data in aterials from other references.

Table 3-3 Methane uptake and working capacities of the samples and different

carbons
Sample Total CH4 uptake Total CH4 uptake Working capacity ¢ (wc/@T)¢
(9/g) @ (cm3STP.cm-3) &b (cm3STP.cm-3)
35bar | 65bar | 100bar | 35bar | 65bar | 100bar 35-5 65-5 100-5
CZ13X 019 | 023 | 024 | 164 | 199 | 212 | 113(0.69) | 149(0.75) | 162(0.77)
CZ13X600 013 | 015 | 0.16 | 188 | 225 | 242 | 112(0.60) | 149(0.66) | 166(0.69)
CZ13X700 014 | 016 | 017 | 191 | 225 | 241 | 115(0.60) | 148(0.66) | 165(0.69)
CZ13X800 014 | 017 | 019 | 163 | 197 | 216 | 100(0.61) | 134(0.68) | 153(0.71)
nge'-':'zox' 018 | 021 | 022 | 134 | 155 | 162 | 79(0.59) | 101(0.65) | 108(0.67)
ﬁg(%lecsoo- 048 | 022 | 024 | 117 | 144 | 157 | 77(0.66) | 104(0.72) | 117(0.75)
AcGLF-
JKOH-g00¢ | 17 | 019 | 019 | 130 | 148 153 | 74(0.57) | 91(0.62) | 96(0.64)
AcGLFw-
JKOH-g00¢ | 017 | 019 | 019 | 126 | 141 144 | 68(0.54) | 83(0.59) | 86(0.60)
PU0.5900 f 0.18 | 021 | 0.22 | 133 | 155 165 | 76(0.57) | 98(0.63) | 108(0.65)
PUO0.25900 f 0.17 | 020 | 0.21 | 145 | 169 182 | 81(0.56) | 105(0.62) | 118(0.65)
AX-2128 154 | 203 237 | 101(0.66) | 151(0.74) | 185(0.78)
MOF-528 150 | 215 256 | 121(0.81) | 186(0.87) | 227(0.89)
PCN-1428 202 | 239 264 | 121(0.60) | 158(0.66) | 183(0.69)
HKUST-128 225 | 263 281 | 145(0.65) | 183(0.70) | 201(0.72)
Mg2(dobdc)?® 200 | 230 252 | 106(0.53) | 137(0.59) | 159(0.63)
Co2(dobdc)® 221 | 249 259 | 103(0.47) | 131(0.53) | 141(0.55)
Ni2(dobdc)?® 231 | 260 277 | 105(0.45) | 133(0.51) | 151(0.54)

aTotal uptake was calculated from; 6T = GExc + dCH4 x VT, where; T is the total uptake, OExc
is the excess uptake, dCH4 is density (g/cm3) of methane gas, and VT is the total pore volume
(cm3/g) of the samples from nitrogen isotherms.
b Volumetric uptake obtained from the calculated packing densities using pDtheor =1 /
(VT+1/p), where; pDtheor is the theoretical packing density (g/cm3), VT is the total pore volume
(cm3/g) of the samples from nitrogen isotherms, and p is the He density (skeleton density) of

the samples (ZTCs: 1.9 g/cm3, activated carbons: 1.5 g/cm3).

¢ Working capacity is the difference in uptake between the uptake at different pressures (35, 65,
and 100) bar and the uptake at 5 bar. The values in parenthesis ¢ represent the ratio of working
capacity ‘wc’ (cm3STP.cm-3) to total uptake (storage capacity) ‘4T’ (cm3STP.cm-3).

¢ Activated carbons derived from biomass sources, " are N-doped activated carbons derived from

organic salts.
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, the conventional ZTC sample, CZ13X, displayed the highest working capacity
under our measurement conditions, delivering 77% of the stored gas at 5 bar
after being subjected to the maximum charging pressure of 100 bar. This result
was determined by comparing the sample's working capacity at 5, 35, 65 and
100 bar, as shown in. The working capacities of the treated samples with KOH
were lower than that of the conventional ZTC due to their lower porosities. The
CZ13X800 showed higher working capacity than CZ13X600 and CZ13X700.
The activated carbon, AcGLHC300-4800, showed the same amount of
gravimetric methane uptake as conventional ZTC when subjected to the same
conditions as the other carbons in the table at 100 bar. The total porosity of the
conventional ZTC enhanced its volumetric uptake and, thus, the working
performance of this sample among the other adsorbents, even those with the
same gravimetric uptake, as can be seen in Table 3-3. A comparison of the
working capacity with the common adsorbent in the literature, revealed that the
delivering percentage of the conventional ZTC is comparable with that of the
activated carbon AX-2128 but with a lower working capacity by 23 cm3ste.cm™,
Moreover, another comparison showed the low volumetric and working
capacities of the conventional ZTC compared to MOFs adsorbents (MOF-5 and
HKUST-1) that showed high CHa uptake capacities (256 and 281 cm3®stp.cm™
uptake capacity at 100 bar, respectively) and working capacities as well (227
and 201 cm®ste.cm™ uptake capacity between 5 and 100 bar, respectively).?
Despite the superiority of the MOFs capacities compared to our sample, the
mechanical stability of the MOFs are poor, as it is known,? compared to the

higher mechanical stability of the ZTCs and the carbon samples, in general.



Since the poor mechanical stability cause them to lose their high porosities and

uptake capacities after a few cycles of use.

The methane uptake capacity is basically controlled by the pore size; this is due
to the lack of a dipole or quadrupole in the symmetrical CH4 molecule.®® The
analysis of the uptake results from the viewpoint of the pore size effect showed
that the uptake at low pressures is governed by the presence of smaller pores, <
9 A. The uptake on the samples in the pressure range 0-5 bar (Figure 3-14)
showed similar gravimetric capacities, but after that, i.e., at pressures higher than
5 bar, the capacity varied (see Figure 3-13) according to the sample’s surface

area and pore volume.
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Figure 3-14 Methane uptake of the samples at 25 °C

CZ13X, CZ13XT, and activated carbon samples lied in two sets of gravimetric

isotherms at low pressure, giving two uptake capacities in the pressure range



0—5 bar, as shown in Figure 3-15. In these findings we notice that the
gravimetric uptake of samples and the activated carbon AcGLHC300-4800 had
similar capacities in the pressure range of 0-5 bar (Figure 3-15). On the other
hand, the other activated carbons in the figure showed another similar behaviour
but with higher capacities in the same pressure range. The reason for these two
different capacities in the 0-5 bar range could be caused by two ranges of
porosities. According to Figure 3-15 and Figure 3-16, a greater number of
micropores with pore sizes smaller than 0.9 nm improved the adsorption up to 5
bar, whereas the uptake at maximum pressure, 100 bar, increased as presence of
the small mesopores increased. However, the pore size may not be the only

factor that controls the adsorption at low pressure in the samples under study.
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Figure 3-15 Methane uptake of the samples and activated carbons from biomass and
metal organic salt sources at 25 °C, until 100 bar and 5 bar
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Figure 3-16 2D-NLDFT pore size distribution using a heterogeneous surface model

The relationships between the gravimetric uptake and the surface areas and the
pore volumes derived from the samples and other activated carbons are
presented in Figure 3-17-Figure 3-22. Figure 3-17 and Figure 3-20, show no
clear effect of the micropore volumes and micropore surface area on the CH4
uptakes at 65 and 100bar. Figure 3-18 and Figure 3-21, show that the CH4
uptakes at 35, 65, and 100 bar are dependent on the mesopore volumes and
mesopore surface area. Figure 3-19 and Figure 3-22, show that the CH4 uptakes
at 1 bar seem to be dependent on the total pore volumes and BET surface area,
however, the uptakes at 35, 65, and 100 bar are clearly dependent on the same

factors.
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In summary, all the samples (i.e., CZ13X and CZ13XT) showed higher working
capacity in the pressure ranges 5-35 bar, 5-65 bar, or 5-100 bar than the other
carbons in the Table 3-3. The conventional ZTC sample CZ13X delivered 77%
of its storage capacity and AcGLHC300-4800 delivered 75% of the adsorbed
methane at 100 bar, as shown in the "w¢/6Gr" column; these two are the highest
among the other samples in the table. In addition to micropores, these two

samples had a lot of small mesopores and a large surface area, which enhanced
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their delivering capacity. The samples that contain the majority of microporosity
showed lower delivery capacity. The examined template removal in this study
led to a decrease in the delivered storage capacity of the best removal condition
(i.e., in CZ13X800) by 6% compared to the conventional sample. As can be seen
in Figure 3-23, the conventional ZTC sample showed no change in capacity even
after being subjected to three successive adsorption cycles, which is expected
due to the high mechanical stability of ZTC® 2122 compared to the MOFs and

other crystalline materials.
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In this study, the carbon/zeolite composites have been treated with KOH in an
attempt to ease the removal of the template. In summary, the effect of KOH
activation conditions on zeolite template removal from carbon/zeolite
composites showed a partial removal after heating to 600°C with a 17 wt%
residue of the template. This residue affected the porosity of this sample and
thus also its methane uptake capacity. On the other hand, increase in temperature
at which the KOH treated carbon/zeolite composite is heated to 800°C facilitated
removal of the template following dissolution using diluted HCI. Consequently,
the porosity was improved by this enhanced removal of the template residues.
The results showed that the template was removed by HCI without needing to
use HF. The reaction between KOH and the template aided in dissolving the
template by generating soluble species in HCI. Although the porosity of the
carbons obtained from KOH treatment decreased compared to the conventional
ZTC prepared with use of HF acid, they showed higher volumetric methane
uptakes and working capacities of methane storage in the range of 5-100 bar

compared to other carbon adsorbents.
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Chapter 4 Synthesis and Characterisation of Porous
Carbon from Biomass
Abstract

In this study, the synthesis of KOH-activated carbon from ginkgo leaves
hydrochar is investigated. In addition to direct activation of the leaves,
potassium oxalate is being studied as a milder activating agent for the activation
of air-carbonised leaves. The carbon produced by direct activation of the leaves
with potassium oxalate has nearly similar textural properties to the carbon
produced from air-carbonised leaves. To determine the effect of the inorganic
content on the porosity of the activated carbon, the activation of washed and
unwashed char was compared; the results generally demonstrated that the impact

of the inorganic content was modest.

The highest surface area (3366 m?/g) was for the carbon prepared at
KOH/hydrochar ratio of 4 for hydrochar prepared via hydrothermal
carbonisation at 300 °C. This sample had the highest CO uptake of 23 mmol/g

at 25 °C and 20 bar.

1. Introduction

In recent years, attempts to control carbon dioxide emissions have gained a great
deal of attention, as carbon dioxide is the principal human contributor to climate
change.! Various strategies, such as moving from fossil fuels to renewable
energy and capturing carbon, are being applied in order to reduce greenhouse

gas emissions.1® CO; capture by physical adsorption using porous carbons as
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adsorbents is considered as a promising alternative technology to the traditional
amine-based liquid absorption process. This is due to carbon’s inexpensive cost,
extensive availability, large surface area, easy-to-design pore structure, surface

functionalization, and low regeneration energy.*®

There are several techniques for manufacturing porous carbon. Typically,
carbonisation of raw materials (biomass or synthetic sources) is followed by
activation of the carbonised product.® The activation can be conducted by
physical activation when oxidising gases such as carbon dioxide and steam are
employed.’® The gas is passed through appropriate precursors at high
temperatures (800—-1000 °C).!! During this process, the carbon (the carbonised
product) is transformed into carbon dioxide and carbon monoxide, which are
then released with the consequence that pores are generated in the carbon
structure. On the other hand, chemical activation is another method through
which carbon may be activated. In chemical activation, the carbon precursor is
mixed with an activating agent and heated at high temperatures (600-1000 °C)
in an inert environment for a shorter time than in the physical activation.? 2
There are many activators used as activating agents, including nitric acid
(HNO3), sulfuric acid (H2SO4), phosphoric acid (HzPO4), potassium hydroxide
(KOH), sodium hydroxide (NaOH), hydrogen peroxide (H20>), zinc chloride

(ZnCly), and potassium carbonate (K.CO3z).** 14

Biomass has become one of the most desirable starting material for porous
carbon production, owing to renewability and cost-effectiveness. This chapter
will focus on the synthesis and characterisation of porous carbons from biomass

sources, namely ginkgo leaves. Ginkgo trees, which are seen as decorative trees,
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have been widely planted everywhere along streets, in parks, etc. in many
countries. The leaves and crop of ginkgo trees are employed for medical and
nutritional applications.'® Although the leaves are used for producing medical
products, huge amounts are discarded as organic waste. Such waste, which is
rich in carbon can be converted to carbon materials. Here we explore the
synthesis of activated carbons from the ginkgo leaves using various
carbonisation methods. Prior to activating the samples, hydrothermal
carbonisation or flash air-carbonisation were employed to enrich the carbon
content. The samples are investigated as CO> storage materials in a 0-20 bar

pressure range at room temperature.

2. Experimental
2.1. Synthesis procedures

The biomass source in this study was ginkgo leaves, which were purchased from
Amazon. Any remains of the stems or impurities were removed before grinding
the leaves to a fine powder. The conversion methods of the ginkgo leaves to char

and activated carbons are summarised in Scheme 1.

The powdered ginkgo leaves were converted to carbon using flash air
carbonisation. Briefly, the ginkgo leave powder was placed in a boat and inserted
into an oven. The temperature was raised to 400°C (at ramp rate of 10°C/min)
under nitrogen gas flow. Once temperature arrived at 400°C, the gas flow was
switched to air only for 4 minutes, then cooled down to room temperature under
anitrogen gas flow. The obtained carbon by this air carbonisation procedure was

designated as GLF.
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The air-carbonised ginkgo leaves (GLF) were activated using potassium oxalate
(PO) at a PO/GLF weight ratio of 2. The activated carbons obtained were
designated as ACGLF-.nox-T, where n is the PO/GLF ratio and T is the activation
temperature. The inorganic content of the washed, air-carbonised ginkgo leaves
was removed so as to explore how it affected the activation process. The air-
carbonised sample was washed in 2 M HCI for several days before being rinsed
with water and dried overnight. In this case, the air carbonised sample designated
as GLFw and the activated sample is denoted as AcGLFw-nox-T. Simple direct
activation of the powdered ginkgo leaves was also performed, and the resulting
samples were designated as AcGL-nox-T-D, where n is the PO/GL ratio and T

is the activation temperature.

Hydrothermal carbonisation of the ginkgo leaves was also explored. To prepare
the hydrochar, 3.2 g of ginkgo leaves and 10 ml of H20 (320 g/I) were mixed in
a 45-ml stainless steel autoclave, heated for 2 hours at 250°C and then allowed
to cool to room temperature. The product (hydrochar) was recovered by
filtration, washed several times with deionised water and then dried in an oven
at 100°C overnight. The hydrochar was activated using potassium hydroxide,
and the obtained samples were designated as ACGLHCT1-xT2. Here, T1 denotes
the temperature of hyrothermal treatment of the hydrochar, x denotes the

KOH/hydrochar ratio and T2 denotes the activation temperature.

The activation protocols for all the carbon sources in this chapter (raw leaves,
hydrochar, or air-carbonised) are summarised in Scheme 2. For activation, the
activating agents (PO or KOH) were thoroughly ground and mixed in an agate

mortar with the carbon precursor followed by heating in a tube furnace to the
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required temperature (at ramp rate of 5°C/min) and held for one hour under a N
atmosphere. After cooling, the activated samples were washed with 2 M HCI
and then with distilled water until the filtrate attained neutral pH. The resulting

samples were then dried at 100°C overnight.

VRN

Ginkgo leaves

-
T

Direct activation

Hydﬁtjﬁmal

carbonization Flash air-carbonization AcGL-nox-7-D
HCGL GLF n is PO/GL ratio

T is activatjon

~— tMe

HCT1-xT2 ( \
cGLF-nox-

T1 is hyrothermal temperature . .
n is PO/GLF ratio
x is KOH/HC ratio

. . T is activation temperature
T2is actWeratu re \j

AcG LF-nKOh-T

n is KOH/GLF ratio

Tis activ@erature

Scheme 1 Conversion methods of ginkgo leaves to carbons

Carbon source

+ L stirring in Dyl ¢
Outlet gasess; .
Activating agent > & r —> diluted HCl, —> ?g;ogca
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activation in a tube furnace
600 — 800 °C

Scheme 2 The protocol for activating the carbon sources
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2.2.Characterisation

Powder XRD patterns were performed at room temperature using a PANalytical
X’Pert PRO diffractometer with a copper Ka and a monochromator source (A =
1.5405A) at 40 kV and 40 mA with a step size of 0.02 and a 50 s time step. The
porosity and determination of textural properties were performed via nitrogen
physisorption using a Micromeritics 3Flex sorptometer. Prior to analysis (at —
196°C), the carbon samples were degassed under vacuum at 230°C for 32 or 16
h. The surface area was calculated using the BET method applied to adsorption
data within the relative pressure (P/Po) range of 0.02-0.35. The total pore
volume was determined from the nitrogen uptake at close to saturation pressure
(P/Po = 0.99). The micropore surface area and micropore volume were
determined via t-plot analysis. Micromeritics' SAIEUS software was used to
obtain PSDs of the samples using the 2D-NLDFT method for heterogeneous
surfaces. In order to create the most accurate PSD for carbons, the software's
fitting parameter, 4, which affects the roughness of the PSD, was adjusted
between 2.75 and 3.00. Scanning electron microscopy (SEM) images were
recorded on a JEOL7000 microscope at 15 KkV accelerating voltage.
Thermogravimetric analysis (TGA) was performed on a TA Instruments Q6000
TGA system. CHN elemental analysis was performed using an Exeter Analytical

CE-440 Elemental Analyser.
2.3. CO2 uptake measurements

CO: uptake capacity of the carbons was measured with a Hiden Isochema
Intelligent Gravimetric Analyser (IGA-003) at room temperature and up to 20

bar of pressure. Prior to conducting the CO. uptake experiments, the carbons

22



were outgassed for 3 h at 240 °C (at heating ramp rate 10°C/min) under vacuum.

The measurements determined the excess COz uptake directly.

3. Results

To convert the ginkgo leaves to activated carbon, first the powdered leaves were
mixed and ground with KOH and heated to different temperatures to examine
the easiest and most direct way to prepare the activated carbon. The yield from
this approach was mostly nil and thus insufficient for any further analysis. Thus,
the activation of the hydrochar of the ginkgo leaves was examined. Because of
the corrosive properties of KOH on the activation equipment, impurities were
produced when KOH was employed. Figure 4-1 depicts XRD peaks of alumina,
which is the material of the combustion/activation boat, as a result of the harsh
effect of KOH during the activation. In order to avoid corrosion of the
combustion boat and any contaminants that could come from the corrosion, it
was preferred to utilise PO, a milder activation agent. Air-carbonisation was
chosen due to its high carbon yield and the avoidance of extra steps, such as
filtration, required in hydrothermal carbonisation.*® The XRD investigation, as
depicted in Figure 4-1, shows the presence of calcium salts in the air-carbonised
leaves; thus, their impact on the porosity of the activated carbon was briefly

investigated.
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Figure 4-1 PXRD patterns of some activated carbons derived from the
hyrochars of ginkgo leaves before an extra HCI wash and the patterns of
washed and unwashed air-carbonised ginkgo leaves

3.1.Carbons derived from ginkgo leaves hydrochar

3.1.1. Nature, textural properties and elemental composition of carbons

The hydrochars prepared hydrothermally at 250 or at 300°C produced a filtrate
with a high concentration of yellow pigments (see Figure 4-2). The yellow
solution may contain flavonoids, which can be examined and recycled by

concentration to be a source of carbon'” 8 for future optimisation.
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Figure 4-2 Photographic image of the yellow colour of filtrate after hydrochar
filtration

The hydrothermal carbonisation at 250°C for 2 hours increased the elemental C
content by 15%, while O decreased by 14% and N by ca. 1%, according to the
elemental composition of the raw leaves and the hydrochar in Table 4-1.
Likewise, carbonisation at higher temperature of 300°C increased the C content
by 21%, while O decreased by 19% and N by ca. 1%, compared to the raw
leaves. However, the H content was largely unchanged by the hydrothermal
carbonisation, which is consistent to what has previously been reported.'®2° In
regard to the yield of the obtained hydrochar, it decreased by increasing the

carbonisation temperature from 61% for 250°C to 50% for 300°C.

The elemental composition of KOH-activated hydrochars shows that the C
content of activated carbons ranges from 76 to 88 wt%. The maximum C content
(88 wt%) is observed for carbon activated (AcGLHC300-4800) from HCGL300,
which has a greater carbon content, compared to that from HCGL250
(AcGLHC250-4800). The H/C atomic ratio of activated carbons is significantly
lower than that of hydrochars as a result of the greater C content and the
significant decrease in H content. Similarly, the N/C and O/C ratios exhibit a

significant drop in the samples following activation.
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Table 4-1 elemental compositions (CHN) of raw ginkgo leaves, their hydrochars and
the activated samples

Chemical composition

Sample C% | H% | N% | O% | O/C | N/C | HIC
Raw GL 454 | 6.1 | 42 | 443 | 0.7 | 0.08 | 16
GLHC250 60.5 | 5.7 31 | 308 | 04 | 004 | 11
GLHC300 66.0 | 6.2 29 | 249 | 03 | 004 | 11

AcGLHC250-2-600 | 76.4 | 1.2 18 | 206 | 0.2 | 0.02 | 0.2
AcGLHC250-2-700 | 84.0 | 0.6 11 | 143 | 01 | 0.01 | 01
AcGLHC250-2-800 | 87.8 | 0.2 04 | 115 | 0.1 0 0

AcGLHC250-4-600 | 64.7 | 0.4 0.2 0.4 0 0.1
AcGLHC250-4-800 | 86.2 | 0.4 02 | 132 | 0.1 0 0.1
AcGLHC300-4-600
AcGLHC300-4-800 | 88.2 | 0.1 02 | 115 ] 0.1 0 0

The porosity of activated hydrochar using KOH (Table 4-2) showed an increase
in surface area as the activation or carbonisation temperatures increased and as
the amount of KOH increased. All the nitrogen isotherms of the activated
samples were Type | typical of microporous materials (Figure 4-3). The total
surface area is in the range of 1428-3366 m?/g with pore volumes of between
0.61 and 1.65 cm®/g, both of which are moderate to high compared to other
porous carbons.??? The activated samples at 800°C and KOH/hydrochar ratio
of 4 exhibited high surface area, 2529 and 3366 m?/g, respectively, from
hydrochars carbonised at 250 and 300°C. As a result, the PSD (Figure 4-3)
showed significant broadening of the pores in the range 12 to ca. 20A in these
two samples. More discussion of the effects of the elemental composition of the

precursors on the porosity will be in Section 3.3.
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Table 4-2 Textural properties of the activated hydrochars

Surface area @ Pore volume °
Sample SABET (Smicro) Smicro Vi (Vmicro) Vmicro
m?/g cmé/g

AcGLHC250-2-600 | 1428 (1287) | 90% | 0.61(0.50) | 82%
AcGLHC250-2-700 | 1617 (1448) | 85% | 0.73(0.53) | 73%
AcGLHC250-2-800 | 2296 (1309) | 57% | 1.09 (0.52) | 48%
AcGLHC250-4-600 1504 (969) 64% | 0.67(0.38) | 57/%
AcGLHC250-4-800 2529 (160) 6% | 1.47(0.04) | 3%
AcGLHC300-4-600 | 1796 (1406) | 78% | 0.76 (0.56) | 74%
AcGLHC300-4-800 | 3366 (2705) | 80% | 1.65(L.22) | 74%

a BET surface area (SA), in parenthesis: the micropore surface area (Smicro),
and the proportion (%) of micropore surface area. b Total pore volume (Vt), in
parenthesis: the micropore volume (Vm), and the proportion (%) of micropore
volume
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Figure 4-3 Nitrogen sorption isotherms and PSD curves of the activated
carbons derived from the hydrochar of ginkgo leaves
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The XRD patterns (Figure 4-4) show the amorphous nature of the activated
samples. However, the samples were needed to be washed several times in HCI

to remove the inorganic residues of alumina (see Figure 4-1).
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Figure 4-4 PXRD patterns of the activated carbons derived from the hyrochars
of ginkgo leaves

3.2.Carbons derived from air-carbonised ginkgo leaves

3.2.1. Nature, textural properties and elemental composition of carbons

We explored air-carbonisation to produce char from ginkgo leaves and we used
PO as a milder activating agent to avoid any corrosion in the boat. The flash air
carbonisation at 400 °C increased the carbon from 45% in the raw leaves (GL)

t0 62% (GLF) (Table 4-3). It is interesting to note that the CHN analysis showed
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almost similar chemical compositions between the air-carbonised leaves (GLF)
and the one hydrothermally carbonised at 250°C (GLHC250), but the yield of

the char was 44% in air-carbonisation compared to 61% in the hydrochar.

The carbon content of the PO-activated air-carbonised leaves (GLF), AcGLF-
20x-T, ranges from ca. 87% to ca. 90%. As in the activated hydrochars, the H/C,
N/C and O/C ratios exhibit a significant drop in the samples following activation
due to the boost in the C content and the significant decrease in H, N, and O

contents.

Table 4-3 elemental compositions (CHN) of raw ginkgo leaves, their air-carbonised
chars and the activated samples

Chemical composition

Sample C H | N O | O/C | N/C | HIC
% | % | % | %

Raw GL 45416142443 | 0.7 |0.08| 1.6
GLF 61.8 |36 (43303 04 |0.06| 0.7
GLFw 706 | 4541|209 | 0.2 [|0.05]| 0.8
AcGLF-20x-600 8650514117 0.1 0 0.1
ACGLF-20x-700

AcGLF-20x-800 8580203142 0.1 0 0
AcGLF-20x-900 89910007 ] 95 | 0.1 0 0
AcGLFw-20x-800 89.0(01|03|106 | 0.1 0 0
AcGLF-2koh-800 84110103155 0.1 0 0
AcGLFw-2koh-800 90.0(00]03] 9.7 | 0.1 0 0
AcGL-20x-800-D 89.1101|03|105]| 0.1 0 0

The total surface area is in the range of 1057-2276 m?/g with pore volumes of
between 0.48 and 1.23 cm®/g, both of which are moderate compared to other
porous carbons.?! 22 The surface area and pore size of the activated carbons
derived from air-carbonised precursors at PO/GLF ratio of 2 increased at higher
activation temperature (Figure 4-5 and Table 4-4). The highest surface area and
pore volume were 2276 m?/g and 1.23 cm®/g for the sample activated by PO at

900 °C, which is consistent with the findings of activation of sawdust hydrochar
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at 600—900 °C.23 On the other hand, when KOH was used to activate the same
char, the surface area was higher at 2273 m?/g compared to 1837 m?/g for PO.
More discussion of the effects of the elemental composition of the precursors on

the porosity will be in Section 3.3.

The XRD patterns (Figure 4-6) showed the amorphous nature of all the activated
samples and confirmed the removal of all the inorganic residues of the activating

agent.

Table 4-4 Textural properties the activated air-carbonised

Surface area @ Pore volume °

Sample SA(Smicro) Smicro Vt(Vm) Vm

m?/g % cclg %
ACGLF-20x-600 1057 (894) | 84.58 | 0.48 (0.35) | 72.92
AcGLF-20x-700 1086 (653) | 60.13 | 0.55 (0.27) | 49.09
ACcGLF-20x-800 1837 (1486) | 80.89 | 0.86 (0.58) | 67.44
ACGLF-20x-900 2276 (801) | 35.19 | 1.23(0.33) | 26.83
AcGL Fw-20x-800 1745 (1574) | 90.2 | 0.75(0.6) | 80
AcGLF-2koh-800 2273 (1771) | 77.91 | 0.99 (0.69) | 69.7
AcGLFw-2koh-800 2498 (2124) | 85.03 | 1.06 (0.83) | 78.3
AcGL-20x-800-D 1879 (1295) | 68.92 | 0.93 (0.51) | 54.84

a BET surface area (SA), in parenthesis: the micropore surface area (Smicro),
and the proportion (%) of micropore surface area. b Total pore volume (\Vt), in
parenthesis: the micropore volume (Vm), and the proportion (%) of micropore
volume
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Figure 4-5 Nitrogen sorption isotherms and PSD curves of activated carbons
derived from air-carbonised ginkgo leaves
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Figure 4-6 XRD patterns of activated carbons derived from air-carbonised
ginkgo leaves

The analysis of the sharp peaks in the XRD patterns of the air-carbonized GLF
(Figure 4-1) revealed that the peaks can be attributed to CaC20a4, which can be
formed from ash; besides, the presence of calcium was reported as inherited
inorganic content?* in ginkgo leaves. To investigate the impact of this inorganic
content on total carbon porosity, a portion of the air-carbonised leaves was
washed with HCI and then activated under the same conditions. The activated
samples from the washed char, AcGLFw-20x-800 or AcGLFw-2KOH-800,
showed a negligible decrease in textural properties (Table 4-4). This is
consistent with the TGA result (Figure 4-7), which showed a small amount of
ash, between 4 and 6 wt% of the raw ginkgo leaves. As a result, the XRD peaks

(Figure 4-8) of the inorganic residues after the activation of some activated

33



samples show disappearance of such peaks, i.e., of calcium oxalate. Moreover,
the main observable peaks are for potassium carbonate or potassium cyanide,
which are the products of the activation reaction of N-containing precursors.?>
27 In terms of the chemical compositions, there were differences in the C and O
contents between AcGLFw-20x-800 or AcGLFw-2KOH-800 and the opposite
samples derived from unwashed char, GLF. This difference is originated from
the chemical composition of the GLF and GLFw. In brief, the impact of the
inherited inorganic content was to decrease the C% and increase O% in the char
and thus in the activated samples using PO or KOH, in addition to insignificant

broadening of the pores.
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Figure 4-7 Thermogravimetric analysis (TGA) curves of raw ginkgo leaves
(repeated twice, GL and GL-rep.) and hydrochar (HCGL) prepared at 250 °C
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Figure 4-8 XRD patterns of unwashed air-carbonised ginkgo leaves and activated
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3.3. An overview of the samples and the direct activation

The data in

Table 4-5 showed that there were no significant differences in the porosity

between the KOH-activated samples from the hydrochar-250 or the air-

carbonised char (AcGLHC250-2-800 and AcGLF-2koh-800). As we can see

from the porosity of those two samples, the O/C ratio of their precursors, which

we could use to predict the degree of the activation,? 2° was close to each other

at 0.51 and 0.49, respectively. However, the increase of O/C by 0.02 in the

hydrochar led to a small increase in the total pore volume and total surface area

of AcGLHC250-2-800. The larger micropore surface area in ACGLF-2koh-800

compared to AcGLHC250-2-800 due to the higher C% in the air-carbonised
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leaves compared to the hdyrochar, which led to etch lower amounts from the

carbon framework and thus to less broadening of the pores.

The increase in hydrothermal carbonisation temperature increased the carbon
content and decreased the O/C ratio, even though it produced activated carbon
with a higher surface area. If this is explained by the hypothesis that some or all
of the oxygen content is derived from inorganic sources, there was a decrease in
the oxygen content of the char after washing with HCI and removing the
inorganic content. Moreover, if we suppose that increasing the hydrothermal
carbonisation temperature from 250 to 300 °C aided in the removal of inorganic
residues that might hinder the activation reaction, this removal from GLHC 300
was unlikely to be a reason for the increase in surface area of their activated
carbons. Since there was no significant effect of the inorganic content on the
porosity (as discussed above in Section 3.2). The contribution of the inherited
inorganic content in the surface area was only around 50 m?/g, as shown in

Table 4-5 in GL800, which is a carbonised ginkgo leaves without an activating
agent at 800°C. The high surface area of the activated carbons from GLHC300
is due to enriching the carbon content and thus maintaining a high amount of the

carbons’ framework from the overactivation.

The observed difference in the meso/microporosity ratio between AcGLHC250-
4-800 and AcGLHC300-4-800, as shown in

Table 4-5, which can be ascribed to the different composition of the starting
hydrochars. The notable increase in C% in GLHC300 compared to GLHC250
suggested that there was an overactivation during activation of GLHC250
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carbon. This means etching or gasification a high amount of the carbon
framework in GLHC250 and thus widening the majority of the pores to be in the
meso-range compared to activation of GLHC300, which has higher carbons in
its framework. Especially that the increase in C% did not accompany a notable
change in the N/C ratio and was accompanied by a small decrease in the O/C
ratio. This is consistent with what is known from the literature: the role of
nitrogen in increasing the surface area by enhancing etching the carbons during
K-activation?® 252" and the effect of the high O/C ratio in determining the degree
of the activation reaction.?®3! The same N/C ratio in GLHC250 and GLHC300
with the higher O/C ratio of GLHC250 confirms the occurrence of an
overactivation in AcGLHC250-4-800 that decreased its surface area compared
to AcGLHC300-4-800. The high surface area of the KOH-activated hydrochars

made them suitable for gas uptake applications at high pressures.®2

We found that to prepare carbons with a high surface area with potassium
oxalate from air-carbonised char, a higher activation temperature was needed.
As we can see in

Table 4-5, the surface area reached just 2200 m?/g at 900°C, compared to higher
values for activation with KOH. As a result of the mild activation action of PO,

carbons suitable for gas uptake applications at low pressures were produced.?®
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The direct activation of the ginkgo leaves by KOH resulted in no yield, while
the direct activation by PO produced some yield of carbon material with a high
surface area. Compared to the carbonised ginkgo leaves without an activating

agent, GL800, the direct activation with PO boosted the porosity of the raw
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leaves (AcGL-20x-800-D). The GL800 was prepared in the same manner and
washed with HCI and water at the end of the procedure. Interestingly, the surface
areas and pore volumes of the carbons produced from direct activation of the
leaves (AcGL-20x-800-D) or from air-carbonised leaves (AcGLF-20x-800)
using PO were almost identical. This is consistent with the literature?® 2 that
showed the direct activation of sawdust using PO produced activated carbon
with a surface area and pore volumes similar to those of activated carbons
derived from sawdust hydrochar. However, there was an increase in the
meso/microporosity ratio in the direct activated leaves compared to the activated
from the air carbonised leaves. The synergy of the higher compositional ratios
in the raw leaves (GL) compared to the air carbonised leaves (GLF) of O/C (0.07
versus 0.04) and N/C (0.07 versus 0.04) has led to this increase in the
meso/microporosity ratio. According to the literature, the nitrogen-containing
carbon sources show a higher surface area, pore volume, and especially a higher
meso/microporosity ratio compared to the non-nitrogen-containing sources.
Figure 4-9 shows the relationship between the surface area and the elemental
composition of the precursors of different activated carbons prepared using the
weight ratio 2 of PO/precursor. From Figure 4-9, we can see that the surface area
generally increases as the N/C ratio increases. This is in agreement with the
literature, which showed clearly how the presence of nitrogen in the precursors
led to an increase in the total surface area and pore volume of the PO-activated
carbons. The small range of the samples in the figure, which were the ginkgo
leaves and the sawdust, would limit the ability to generalise a conclusion from
this figure. i.e., the effects of N/C, O/C, and H/C ratios on the surface area of

activated carbons prepared using a 2-weight ratio of PO/precursor. An average
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effect of these ratios, maybe with other effects like the porosities of the
precursors, is what nay have affected the total porosity of the activated carbons
presented in the figure. Thus, another study would be recommended to find out

their effects on the pore development of the produced activated carbons.

In brief, for preparing a controlled porosity using KOH from the prepared
hydrochar of the ginkgo leaves, the hydrothermal carbonisation temperature
should be chosen carefully. As such, the temperature will control the elemental
composition of the precursor to tailor the surface area and meso/microporosity
ratio of the activated carbon. In regards to the preparation of a controlled
porosity using PO from a precursor, the activation temperature plays a key role
in developing the high surface area and pore volume, besides the nitrogen
content mainly in the precursors. Finally, careful pre-mixing of the leaves with
N-rich precursors?®® may provide another method for modulating direct PO-
activation with large surface areas and at low activation temperatures for the

uptake at specified pressure ranges.
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Figure 4-9 Surface area of activated carbons as a function of the O/C, N/C, and H/C ratios of
their precursors. All the activated carbons were prepared at 800 °C with a PO/precursor ratio
of 2.
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3.4.COz2 uptake

The CO2 uptake at room temperature and pressure of 0 to 20 bar pressure is
summarised in

Table 4-5. The gravimetric uptake at low pressures by the hydrochar-derived
activated samples (Figure 4-10) showed good uptake. The highest uptake at 1
bar of 4.59 and 4.74 mmol/g was for samples activated at 600 and 700 °C,
respectively. As is well known, the pores expand as the KOH/precursor ratio
increases. Thus, the uptake was lower for samples prepared at KOH/precursor
ratio of 4 at low pressures. Interestingly, activated carbons derived from
hydrochar-300 have slightly higher uptake at low pressures. As mentioned
above, the hydrothermal carbonisation at a higher temperature increased the
carbon content and thus sustained higher porosity during the activation. On the
other hand, the uptake on the same sample set at high pressure (20 bar) increased
as the surface area increased. The highest uptake was 23.36 mmol/g for sample
AcGLHC300-4-800, which has the highest surface area. This uptake is

competitive when compared to other carbon adsorbents.*?

41



Table 4-5 Textural properties, elemental composition (CHN) and CO. uptake results of all samples

Sample SA(Smicro)?  Smicro®  Vt(Vm)®  Vm® C H N @] O/C N/C H/C CO, uptake(mmol/g)
) 0.15 1 20
me/g % cclg % % % % % At. At At bar  bar  bar
GL - - - - 454 6.1 4.2 443 07 01 16
HCGL250 7(0) - 0.03 (0) 0 60.5 5.7 3.1 308 04 00 11
HCGL300 0 66 6.2 2.9 249 03 00 11
GLF 14 (0) 0.04 (0) 0 61.8 3.6 4.3 303 04 01 07
GLFw 0 70.6 4.5 4.1 209 02 01 o038
GL3800 49 (12.63) 26  0.05(005) O 081 18 3.07
AcGLHC250-2-600 1428 (1287) 90 0.61(0.50) 82 764 118 179 2063 02 00 02 14 46 105
AcGLHC250-2-700 1617 (1448) 90 0.68(0.55) 81 84 063 11 1427 01 00 01 13 47 122
AcGLHC250-2-800 2296 (1309) 57 1.09(052) 48 8782 021 044 1153 01 00 00 08 3.7 185
AcGLHC250-4-600 1504 (969) 64 0.67(0.38) 57 64.675 0.445 0.175 34705 04 00 01 13 35 127
AcGLHC250-4-800 2529 (160) 6 1.47(0.04) 3 86.23 037 024 1316 01 00 01 04 24 196
AcGLHC300-4-600 1796 (1406) 78 0.76 (0.56) 74 1.2 43 143
AcGLHC300-4-800 3366 (2705) 80 1.65(1.22) 74 882 008 02 1152 01 00 00 038 3.6 234
AcGLF-20x-600 1057 (894) 85 0.48(035) 73 86.5 0.5 1.4 117 01 00 01 18 4.6 9.8
AcGLF-20x-700 1086 (653) 60 0.55(0.27) 49 56.7 0.2 0.3 429 06 00 00 19 50 103
AcGLF-20x-800 1837 (1486) 81 0.86(0.58) 67 85.8 0.2 0.3 142 01 00 00 1.2 46 144
AcGLF-20x-900 2276 (801) 35 1.23(0.33) 27 89.9 0 0.7 9.5 01 00 00 07 33 193
AcGLFw-20x-800 1745 (1574) 90 0.75(0.60) 80 89 0.1 0.3 106 01 00 00 13 47 131
AcGLF-2koh-800 2273 (1771) 78 0.99(0.69) 70 84.1 0.1 0.3 155 01 00 00 08 38 175
AcGLFw-2koh-800 2498 (2124) 85 1.06(0.83) 78 90 0 0.3 9.7 0.1 00 00 1 42 172
AcGL-20x-800-D 1879 (1295) 69 0.93(051) 55 89.1 0.1 0.3 105 01 00 00 11 40 155

a BET surface area, and the values in parenthesis are micropore surface area. ® The percentages (%) of micropore surface area. ¢ Total pore volume,
and the values in parenthesis are micropore volume. ¢ The percentages (%) of micropore volume.
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Figure 4-10 Gravimetric CO> uptake of activated carbons made from the

hyrochars of ginkgo leaves

The gravimetric CO2 uptake at low pressures (

Table 4-5, Figure 4-11) of the PO activated air-carbonised samples is equally

attractive. The highest uptake at 1 bar was for the sample activated at 600 and

700°C: the values were 4.62 and 5.01 mmol/g, respectively. There was a minor

increase in the uptake at low pressures for the samples prepared from washed

char compared to those prepared from unwashed char. For example, the uptake

at 0.15 and 1 bar increased from 1.15 and 4.56 mmol/g to 1.31, 4.74 mmol/g of
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ACGLF-20x-800 and AcGLFw-20x-800, respectively. The sample with the
highest surface area, AcGLF-20x-900, had the highest uptake at 20 bar of 19.29
mmol/g. The uptake of PO-activated samples at 800°C, both directly activated
and activated from air-carbonised leaves, showed a slight increase in the uptake

at 20 bar by 1 mmol/g.

o AcGLF-20x-600
-+ AcGLF-20x-700
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Figure 4-11 Gravimetric CO» uptake of activated carbons made from air-
carbonised ginkgo leaves at room temperature

4. Summary

We have prepared activated carbons from ginkgo leaves as a carbon source. The

hydrothermal carbonisation of the leaves was applied to enrich the carbons in
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the leaves prior to the KOH activation. Two hydrothermal carbonisation
temperatures were employed (250 and 300C). The higher temperature has
enriched the C% in the hydrochar and led to an enhancement of the surface area
of the activated carbon up to 3300 m?/g with CO2 uptake at 20bar up to 23
mmol/g. The other carbonisation method was flash air-carbonisation, which
produced char with a similar chemical composition to the hydrothermally
prepared char at 250C. This similarity in their chemical composition led to
produce activated carbons, which were prepared at the same conditions, with
insignificant variation in their porosities and CO> uptake gravimetric capacities.
The air carbonisation of the leaves followed by activation with PO generated
carbons with controlled porosity suitable for CO2 uptake at low pressures. The
PO-activated at 700 °C had the largest uptake at low pressures, with values of
5.01 mmol/g at 1bar. The direct activation of raw ginkgo leaves with PO offers
a straightforward method for producing carbons with porosities remarkably
comparable to those of samples from activated air-carbonised leaves. That
emphasises the findings of the PO-directly activated sawdust, which showed
similar porosities to the PO-activated sawdust hydorchar. Our investigation
revealed that the presence of inorganic content in the carbon precursor led to a

minor widening of the pore sizes in activated carbon.
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Chapter 5 N-doped porous carbon from organic salts
via direct doping route and its application for CO>
uptake

Abstract

Doping with nitrogen is a successful method for enhancing some properties of
activated carbon, including its specific surface area and performance in various
energy storage applications. In the literature, there is much confusion regarding
the effect of nitrogen on the porosity of potassium-activated carbon. Urea is a
nitrogen doping reagent for activated carbon that can be utilised in both post-
treatment and in-situ doping processes. In this study, we systematically
examined different nitrogen ratios using urea as a dopant agent and the simplest
route of activated carbon preparation. The results highlight the impact of
selecting the ratios of nitrogen to potassium, carbon to oxygen, and nitrogen to
carbon on the porosity of the carbon. The samples were examined for CO>
uptake at room temperature, and the results showed that samples with N/K ratios

of 1.7 and 3.4 had superior uptake at high pressure due to the higher surface area.
1. Introduction

Porous carbon is similar to most other adsorbents in that it can have a large
surface area and a range of pore sizes that may be suited for the storage of small
gas molecules such as carbon dioxide and methane. Additionally, most porous
carbons have good stability in a wide range of conditions and are relatively low
cost in terms of their synthesis.! 2 Porous carbons may be generated by physical

activation or chemical activation of suitable carbonaceous matter or by using a
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template.® Nitrogen doping of porous carbons is typically accomplished either
through post-synthesis treatment, which involves subjecting the carbon to a flow
of ammonia at elevated temperatures,* and/or by mixing with nitrogen-
containing liquids such as HNO3.> ® The N-doping can be accomplished in situ
by activating a N-containing carbon source or by mixing N-rich precursors with
the carbon source during the carbon synthesis steps in manner that allows direct

N-doping.”°

Various studies have been conducted on the chemical activation of carbons using
potassium salts as activator and in particular KOH.! Recent research indicates
that in addition to the well-known activation mechanism of carbon by potassium
salts, there are additional mechanisms that control pore evolution when N is
present in the carbon framework.'? In this regard, the activation mechanism can

be highly dependent on the presence of nitrogen atoms.*?

It is well established that a number of steps are involved in pore evolution when
nitrogen-free carbon is activated using potassium-salts. For example, a redox
reaction etches the carbon framework — a gasification of the carbon by the
resultant H2O and CO. — and the carbon framework is expanded by the as-
prepared metallic potassium.t! In the presence of nitrogen, there is another step,
which is the reaction between potassium and nitrogen to form potassium cyanide
or cyanate.®® Eichler et al.* studied the activation of a system consisting of semi-
carbonised sucrose with melamine and potassium oxalate and concluded that the

N:K and N:C ratios have a key effect on the production of the pores.

Organic salts are increasingly being used as precursors for porous carbons via

simple heating of carbon-rich salts such as potassium hydrogen phthalate
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(KHP).™ In such self-activation scenarios, the metal within the organic salt, if
selected carefully to have porogen properties, can act as activator with the
possibility of generating porosity upon thermal treatment followed by simple
washing with water to remove the metal or associated residues. It is already
known that carbons generated from KHP can be highly microporous and
therefore suited for storage of CO> at low pressure.’® However, KHP-derived
carbons required temperature above 800 °C in order to achieve surface area
above ca. 1200 m?/g, which limits their use for high pressure CO2 uptake.™®
Achieving higher surface area at lower temperature via self-activation of KHP
or related organic salts would be desirable. One way of achieving higher surface
area is to vary the N:K and N:C ratios of the self-activation mixture by adding
an extra ingredient that increases the amount of N.13!* This expectation is based
on the known effect of these ratios on pore development in activated carbons,
and which suggests that the presence of N aids in pore formation.*!4 More
generally, it is possible that presence of increasing amounts of N can act as an

added porogen during the self-activation process.

In this regard, the addition of an ingredient rich in N to a self-activating organic
salt can enable direct doping of nitrogen and also simplify the synthesis process
and lower the cost of production of high surface area N-doped carbons with
respect to the temperature required. Accordingly, further studies are needed to
explore new precursors and synthesis routes. Besides, a supplementary goal of
investigating such straightforward synthesis routes is to further clarify the

influence N:K and N:C ratios on the porosity of N-doped carbon.
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In this chapter, a straightforward route was adopted to synthesise N-doped
carbons by mixing KHP with a N-rich ingredient, urea, and then exposing the
mixture to direct carbonisation. As a result, several processes including
carbonisation, doping and activation were all performed in one step, followed
by a water-only washing step. The work demonstrates that the addition of urea
to KHP enables achievement of much higher surface area at temperatures no
higher than 800°C in a manner not possible in the absence of urea. Indeed, the
surface area and overall porosity almost doubles. This means that the CO2 uptake
of the KHP derived carbons at high pressure significantly improves but without
diminishing the low pressure uptake capability. Controlling the synthesis
conditions besides the N/K ratio of the primary mixture were the keys to
manipulating the porosity of the resulting N-doped carbons from the KHP-urea

mixture.
2. Experimental

2.1 Synthesis procedures

Potassium hydrogen phthalate (KHP), hereinafter referred to as P (99%, Alfa
Aesar) and urea (U) (299%, Sigma-Aldrich) were mechanically mixed in an
agate mortar at P/U ratios of 1, 0.5 and 0.25 as shown in Table 5-1. Afterward,
the mixture was placed in an alumina crucible and subjected to a thermal
treatment (800°C) in a tube-furnace under N flow (heating rate = 10°C min™?)
and held at the desired temperature for one hour before cooling. Purification of
the samples was done with warm distilled water (~90°C) until a neutral pH was

reached. The carbon thus produced were dried in an oven at 100°C overnight.
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The resulting carbons were designated as PUxy, where X is the weight ratio and

y is activation temperature.

For comparison, KHP and potassium phthalimide, PPI, (>99%, Sigma-Aldrich)
were carbonised separately under the same conditions and designated as P800
and PN800, respectively. Further samples were prepared at 600, 700 and 900°C

at P:U ratio of 0.25, 0.5 and 1.

Table 5-1 starting materials quantities of the samples

Sample KHP () Urea (g) wt. ratio Molar ratio
KHP:urea KHP:urea
P800 4 0 - -
PU 4 4 1:1 1:3
PUO0.75 4 3 1:0.75 1:2.5
PUO.5 4 2 1:0.5 1:1.5
PUO0.25 4 1 1:0.25 1:1
PU0.125 4 0.5 1:0.125 2:1
PUO0.0625 4 0.25 1:0.0625 2:0.5

2.2 Characterization

Powder XRD patterns of the samples were performed via a PANalytical X Pert
PRO diffractometer using a copper Ka and a monochromator (A = 1.5405A) at
40 kV and 40 mA with a step size of 0.02 and a 50 s time step. The scan was
achieved at room temperature. The porosity and determination of textural
properties were performed via nitrogen physisorption using a Micromeritics
3Flex sorptometer. Prior to analysis (at —196°C), the carbon samples were
degassed under vacuum at 230°C for 32 or 16 h. The surface area was calculated
using the BET method applied to adsorption data within the relative pressure
(P/Po) range of 0.02-0.35. The total pore volume was determined from the
nitrogen uptake at close to saturation pressure (P/Po = 0.99). The micropore

surface area and micropore volume were determined via t-plot analysis.
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Micromeritics' SAIEUS software was used to obtain PSDs of the samples using
the 2D-NLDFT method for heterogeneous surfaces. In order to create the most
accurate PSD for carbons, the software's fitting parameter, A, which affects the
roughness of the PSD, was adjusted between 2.75 and 3.00. Scanning electron
microscopy (SEM) images were recorded on a JEOL7000 microscope at 15 kV
accelerating voltage. Samples were mounted using a conductive carbon double-
sided sticky tape and a thin (ca. 10 nm) coating of Iridium sputter was deposited
onto g-C3N4 sample to reduce the effects of charging. CHN elemental analysis
was performed using an Exeter Analytical CE-440 Elemental Analyser. X-ray
photoelectron spectroscopy (XPS) was carried out using a Kratos AXIS ULTRA
with a monochromated A1 Ka X-ray source (1486.6 eV) operated at 10 mA
emission current and 12 kV anode potential. The analysis chamber pressure was
better than 107° Torr. FAT (fixed analyzer transmission) mode was used, with
pass energies of 160 eV (or 80 eV) for survey scans and 40 eV for high-
resolution scans. The magnetic immersion lens system allows the area of
analysis to be defined by apertures, a “slot” aperture of 300 x 700 um for
wide/survey scans and a 110 um aperture for high-resolution scans. The take-
off angle for the photoelectron analyzer was 90° and acceptance angle of 30° (in
magnetic lens modes). Data analysis was carried out using CASAXPS software
with Kratos sensitivity factors to determine atomic % values from the peak areas.
Charge correction was applied to the data at the processing stage. IR
spectroscopy was performed using a Bruker ALPHA FTIR Spectrometer.
Raman spectra were recorded using a Horiba—Jobin—Yvon LabRAM Raman

microscope with a 532 nm laser.
3.2 CO2 adsorption measurements
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CO. uptake capacity of the carbons was measured with a Hiden Isochema
XEMIS instrument at 25 °C and up to 40 bar of pressure. Prior to conducting the
CO- uptake experiments, the carbons were outgassed for 3 h at 240 °C (heating
ramp rate 10°C/min) under vacuum. Our measurements determined the excess

CO> uptake directly.

3. Results

3.1. Textural and morphology properties and chemical composition

N-doped porous carbons were prepared by the simple carbonisation of KHP
mixed with urea. To investigate the effect of doping ratios on porosity and
nitrogen doping, the following ratios of P/U were used: 0.0.625, 0.125, 0.25, 0.5
and 1. At a carbonisation temperature of 800°C, the optimal P/U ratio was
determined in comparison to carbonisation of KHP alone. According to the XRD
patterns in Figure 5-1, all the samples are mainly amorphous carbon; however,
there is a broad peak around 20 of 23°, which may be assigned to lowly graphitic
ordering for the P800 sample. After the addition of urea at low concentrations
(i.e. PU0.25y and PUO.5y), the resulting carbons were amorphous. However, at
the highest ratio (PUy), there is a broad peak that may be ascribed to
graphitisation centred at 26.6°. This peak could be due to the formation of g-

C3Njs or graphite-like carbon.
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Figure 5-1 Powder XRD patterns of carbons derived from carbonisation of
mixtures of urea (U) and potassium hydrogen phthalate (KHP) at 800°C.

Looking at nitrogen isotherms and NLDFT pore size distributions in Figure 5-2,
the porosity (i.e. total nitrogen adsorbed and therefore the surface area and total
pore volume) increased with adding urea to the carbonisation mixture of KHP.
All the isotherms are type I, which is typical of microporous materials. The pore
sizes of the N- doped carbons have two pore sizes centred in the micropore range
at 0.6 and 0.9 nm. However, carbonisation of KHP itself without urea produced
a uniform pore size of around 0.6 nm. Therefore, adding urea introduced new
and wider pores in the carbon framework, with a size of 0.9 nm. The surface

area and pore volume (Table 5-2) increased with the amount of urea added up to
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P/U ratio 0.5. A higher P/U ratio led to a decrease in the surface area and pore
volume. The surface area ranged from 1289 m?/g for P800 (i.e. no urea) to 2312
m?/g at P/U ratio 0.5, before decreasing to 1372 m?/g at P/U ratio 1. This means
that the surface area increases by up to 80% due to the addition of urea.

On the other hand, as shown in Table 5-2, the micropore surface area and
micropore volume increased as the P/U ratio increased from 0 to 0.25, and after
this range, any increase in the P/U ratio from 0.75 to 1 decreased the micropore
surface area. The highest micropore surface area and pore volume were 1740
m?/g and 0.73 cm?®/g, respectively, for the ratio 0.25. It is notable as well that the
carbonisation at the slower ramp rate reduced the micropore surface area and
micropore volume, as shown by a comparison between PU0.5800 and
PUO0.5800-5, or between PUB00 and PU800-5, as two examples. The decrease
in the micropore surface area and micropore volume were from 1654 to 1595
m?/g and from 0.65 to 0.63 cm®/g, respectively, when the ramp rate was reduced

from 10 of PU0.5800 to 5°C/min of PU0.5800-5.
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Figure 5-2 Nitrogen isotherms and NLDFT pore size distribution of carbons
derived from carbonisation of mixtures of urea (U) and potassium hydrogen
phthalate (KHP) at 800°C.
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Table 5-2 textural properties and elemental analysis of the samples.

Textural
properties
Sample Surface  Pore
area®  volume”
m?/g cm’/g
1289 0.60
P800 (1087)  (0.42)
1349 0.61
1510 0.67
PU0.125800 (1324)  (0.51)
2138 1.04
PU0.25800 (1740)  (0.73)
2312 1.1
PU0.5800 (1654)  (0.65)
2242 1.2
PU0.5800-5 (1595)  (0.63)
2018 0.86
PU0.75800 (1581)  (0.62)
1374 0.67
PU800 (695) (0.28)
1436 0.88
PU800-5 (584)  (0.24)
1565 0.75
PN800 (1163) = (0.45)

%
87.98

90.68

89.48

91.34

84.34

87.27

83.03

74.45

76.29

90.74

Elemental

composition

CHN

H
%
0.20

0.05

0.07

0.46

0.15

0.82

0.61

0.85

0.12

N
%
0

0.32

0.58

0.91

2.54

1.25

9.64

12.01

14.72

1.19

~0
%
11.82

8.95

9.87

8.66

12.66

11.33

6.51

12.93

8.98

7.95

C
%
67.28

88.61

76.48

2 The values in parenthesis are micropore surface area. ® The values in

parenthesis are micropore volume.

Elemental

composition

XPS

K
%
3.99

0

1.27

0.85

N
%
0

1.01

2.36

12.53

The morphology of the P800 and the N-doped samples are shown in the SEM

images in Figure 5-3. Sample P800 and PU0.25800 both had microcracks and

carbon flakes, which looked like interconnected carbon nanosheets. This

morphology was a result of the carbonisation of KHP. When urea was

introduced onto the carbonised KHP, holes in a sponge-like pattern

developed on the carbon surface. Apart from the interconnected nanosheets of

KHP carbonisation, the sponge-like pattern was created by the low amounts of

added urea (sample PU0.25800). When the amount of urea was increased to P/U

ratio of 0.5, well-developed interconnected pores in irregular carbon particle

shapes were produced. The sponge-shaped pores seem to have a narrow range
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of sizes around 100 nm. This range of pore widths became wider by adding more
urea at P/U ratio 1; at this point, the irregularity in the pore sizes and the

morphology of the surface also increased.
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Figure 5-3 SEM images of carbons of carbons derived from carbonisation of mixtures
of urea (U) and potassium hydrogen phthalate (KHP) at 800°C.

The mechanism by which KHP decomposes during the carbonisation as
previously described by the group, is that the carbon framework seems to expand
and then contract.®® The change in the carbon morphology after adding urea can
be interpreted as the urea acting as a directing agent for the formation of
crumbled graphene layers.'® 116 On the other hand, the surface morphology
seems to be developed by etching the surface as is clearly seen in Figure 5-4,
which depicts the morphology of the carbonised sample PU0.25 at 600°C. A

comparison between SEM images of the sponge-shaped morphology on some
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parts of PU0.25800 and SEM of PU0.25600, shows how the 3D morphology in

PUO0.25800 started to progress on the particle surface at about 600°C.

N

SEl 150K/ X6500  1mm WD 100mm . & SEI 150k - 120088 A0um WD 100mm 4

Figure 5-4 SEM images of carbon derived from carbonisation PU0.25 at 600°C.

The elemental analysis data given in Table 5-2 shows that by adding urea to the
KHP carbonisation mixture, nitrogen atoms were incorporated into the carbon
framework as dopants. The amount of N-doping increases with an increase in
the amount of urea. Despite these features, the development of the surface area
and porosity were suppressed at ratio 1. As the XRD results above show, at the
highest level of N-doping (P/U ratio of 1), there is a formation of graphitic
layers, which causes a reduction in the surface area and the porosity. A P/U ratio
of 0.5 seems, however, to be optimum; besides significant incorporation of N,
the surface area and porosity were the highest. Additionally, by comparing
PU0.5800 and PUO0.25800, which have nearly comparable porosity, the N
content is lower for the latter.

For a comparison, an N-doped carbon was produced by the carbonisation of

potassium phthalimide at the same conditions (sample PN800). Potassium
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phthalimide contains only about 8%wt. of N, as shown in Table 5-3 in the pre-
carbonised column, while the N content in the PU0.25 mixture was 9%. Despite
this small difference in the N content, the surface area of PN800 was lower by
27%, as shown in Table 5-2 compared to the PU0.25800, which can be explained
by effect of the O/C ratio. It is know that the O/C ratio has a main role in
prediction of the degree of the activation. The degree of activation increase as
the O/C ratio.” Consequently, PN800 that has lower O/C ratio compared to

PUO0.25800 had a lower porosity as well.

Table 5-3 Elemental composition before and after carbonisation of Urea/KHP
mixtures in this work versus other works.

Sample Carbonised?

C% H% N% 0% N/H N/C N/O
PU800 7445 061 12,01 1293 1.41 0.14 1.06
PUO0.75800
PU0.5800 84.34  0.46 2.54 12.66 0.39 0.03 0.23
PUO0.25800 91.34 0.00 0.00 8.66 0.00 0.12
PN800 90.74 0.12 1.19 7.95 0.71 0.01 0.17
PUO0.125 89.48 0.07 0.58 9.87 0.59 0.01 0.07
PUO0.0625 90.68 0.05 0.32 8.95 0.46 0.00 0.04

Pre-carbonised®
C% N% N/H N/K N/C N/O

PUB00 3350 23.30 0.37 6.80 0.60 0.92
PU0.75800 3540 20.00 0.34 5.10 0.48 0.78
PU0.5800 38.00 16.00 0.29 3.40 0.35 0.60
PU0.25800 42.00 9.32 0.20 1.70 0.19 0.35
PN800 52.00 7.56 0.25 1.00 0.13 0.50
PUO0.125 44,00 5.18 0.13 0.85 0.10 0.19
PU0.0625 4540 2.74 0.07 0.43 0.05 0.10
PUB00 3350 23.30 0.37 6.80 0.60 0.92

PUO0.75800 3540 20.00 0.34 5.10 0.48 0.78
2 elemental analysis of the carbonised samples collected from CHN analysis

b calculated from the precursors (urea + K-organic salt) and based on the
weights used

Carbonisation of a potassium citrate, a potassium organic salt, with urea

introduced three types of nitrogen atoms into the carbon framework: pyrrolic-N,
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pyridinic-N and quaternary-N.'? The elemental analysis was performed by XPS
as well for further confirmation, especially for the type of N-content in our
samples. The deconvoluted high-resolution N 1s spectra (Figure 5-5-a) of the
three different ratio samples were mainly composed of two main peaks centred
at 398+ 0.8 eV and 400.2+ 0.3 eV and smaller peaks in the range of 402-405
eV. The Nls peak’s component is at 398+ 0.8 eV corresponding to pyridinic
nitrogen.'? *° It was at 398.7 eV in the two samples that had a lower urea amounts
and shifted to lower binding energy in the sample with a higher amount to 397.9
eV, which could mean that the peak was related to a mix of pyridinic and tri-s-
triazine rings (which increased with increasing the dopant ratio).? The other
main component at 400.2+ 0.3 eV was attributed to pyrrolic/pyridone nitrogen,
and this peak could correspond to a mix of pyrrolic/pyridine and graphitic
nitrogen groups.'> 2! Therefore, there was a shift to lower binding energy in
PUO0.5800 and PU0.25800 (400.5 rather than 401.3 eV). This was at 400.2 eV in
PU800, which could be due to the presence of a higher proportion of
pyrrolic/pyridone nitrogen. The small peak at 403.6 eV in PUO0.25800
corresponds to pyridine-N-oxide groups.??-2* This peak shifted to lower binding
energy with an increased dopant ratio to 402.7 and 402.5 eV in PU0.5800 and
PUS0O0, respectively.?® There is another possibility for the origin of this peak at
402.7£ 0.2 eV, which is the presence of a tiny amount of potassium as
impurities, which could be in the form of KCN. According to the literature, this
peak is due to the nitrogen in the cyanide group. The cyano group and
heterocycles can have positive charge localisation or charging effects at 402.6

eV or 404.4 eV.2% 26270 the other hand, the other small components of the N
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1s peak were in the range of 404.5-406 eV and could as well come from (R-

YNOXx groups, such as nitrites or nitrates, according to other literature.?3 2°

Intensity (CPS)

390 393 396 399 402 405 408
—— N-6 ! ! !
2030 —— N-5,N-Q PUB00
CN°
—— py-N-O
1740 Background -
— = Envelope
1450 -
. 403.9
1160 |- RC e T
i v. i IJ L | | | | L | L
—— N-6
1100 [ 15N .. PUO0.5800 |
CN°
— ov-N-O, NOX 400.5
——proNe 308.7 400
—— NOx 406.3 -
1045 - Bakgroune . 402.74045 i ;06.9
C j . | ,’f"- (a)
990 | \ \J -
' \:\/ \‘\-\
935 - .
1 | | | L | | L | L
—— N-6
1156 |—nsno PU0.25800 |
—(p:),/\{N-O, NOX
Background
1122 — —Envelope _
N 4036 4057
1088 | . A -
/ V AVAYAN
1054 .
3 | | | | | |
390 393 396 399 402 405 408

Binding Energy (eV)

64



398.0 eV
400.2 eV

—— PU800
(b)

Intensity (CPS)

— PUO0.5800

—— PUO0.25800
T T T T T T T T

— —
390 392 394 396 398 400 402 404 406 408 410
Binding Energy (eV)

1400 1200 1000 800 600 400 200 0
s7000 | ——PUs00] T T T T T st ]

38000 - K 2p .

O -
L 1 L 1 L 1 L L L L
48000 |—— PUO.5800‘ cls i

32000 N1s -
O1ls
L K 2p ]

690007IPU'0.2580'0\ | T

Intensity (CPS)
o
T

46000 .

23000 O1s N*ls .

54000
36000

18000

0

1400 1200 1000 800 600 400 200 0

Binding Energy (eV)

Figure 5-5 deconvoluted high-resolution N 1s spectra and XPS spectra of
carbons derived from carbonisation of mixtures with various amounts of KHP
and urea ( U:KHP ratios of 0.25, 0.5 and 1) at 800°C for 1 h (a&b), XPS
survey spectra of the same samples compared to the undoped sample (P800)

(©).
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The XPS wide scan of the N-doped samples and the undoped P800 sample
(Figure 5-5-c) showed the presence of traces of the activating agent peak, due to
an insufficient washing step. Thus, the K2p peak in P800, PU800 and PU0.5800
is present as impurities in the form of K.CO3 or KCN. The potassium usually
appears in two peaks at around 292 and 295 eV, attributed to K2p1/2 and K2pa/. %
The K2p peaks, which originate from potassium carbonate, have to be
accompanied by a peak in the high-resolution O 1s spectrum, as seen in the P800
sample at 530.0 + 0.5 eV, and a peak in the range of 288-289 eV in the high-
resolution C 1s spectrum, attributed to a -COK.3! Also, peaks of KCN traces
were possibly present in the N-doped samples PU800 and PU0.5800; there was
a peak in the high-resolution C 1s spectrum in the range of 288-289 eV, as well
as a peak at ~399.0 eV in the high-resolution N 1s spectrum, were attributed to

the carbon and nitrogen of the CN-functional group of KCN.3? 32
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Figure 5-6 Deconvoluted high-resolution C 1s, K2p (a) and O 1s (b) spectra of
carbons derived from carbonisation of mixtures with various ratios of U:KHP
at 800°C for 1 h.
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In summary, the XPS results showed that carbonisation of a mixture of different
urea/KHP ratios has led to the doping of mainly pyridinic nitrogen and pyrrolic
nitrogen and possibly a small amount of graphitic nitrogen. The results confirm
the efficiency of the preparation steps in removing the inorganic species, as the
inorganic impurities in the N-doped carbons were less than ca. 1%. On the other
hand, the FTIR spectra (Figure 5-7) showed two main peaks attributed to N-
doping located around 1650 and 1300 cm™. The peak centred at ca. 1650 cm™
was assigned to the aromatic C=N bonds and the one that centred at ca. 1300
cm* was assigned to C-N bonds.*® 3* The emergence of two peaks in PU800 and
PU0.5800 can be attributed to N-doping, as evidenced by the increased

intensities observed in correlation with the percentage of N present in the

samples.
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Figure 5-7 FTIR spectra of carbons derived from carbonisation of mixtures with
various ratios of U:KHP mixture (0.25, 0.5 and 1) at 800°C for 1 h.
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3.2.Carbonisation temperature

The effect of carbonisation temperature on porosity is summarised in

Table 5-4 and Figure 5-8. The surface area and total pore volume of the samples
prepared at P/U ratio of 0.25, 0.5 and 1 increased with carbonisation temperature
from 600 to 900°C. This does not include the carbonisation ratio of 0.25, because
increasing the carbonisation temperature from 800 to 900 resulted in some
decrease in porosity (microporosity) due to the destruction or blockage of part
of the pores. Compared to the PU and PUO.5 set samples, the samples prepared
at P/U ratio of 0.25 are mostly composed of KHP. The porosity from literature
of carbonised KHP without urea is higher at 900°C than at 800°C.*® On the
contrary, when urea was added, the microporosity decreased when the

temperature rose from 800 to 900°C, as shown in

Table 5-4. At carbonisation temperatures greater than 700°C, i.e. at 800°C and
above, the knee of the isotherms shows gradual widening compared to the
isotherms of samples carbonised at 600 and 700°C. This indicated the formation

of larger pore sizes at temperatures greater than 700°C.

The high ratio of urea enhanced increasing the proportion of the microporosity.

AS we can see in

Table 5-4, the microporosity decreased as the carbonisation temperature
increased between 600 — 900 °C in the samples of P/U ratio 0.5 and 1. The
micropore area percentage, as example, decreased from 87% to 43% between
600 — 900 °C in P/U of ratio 1. On the contrary, the microporosity increased as
the temperature increased between 600 — 800 °C in the sample of P/U ratio 0.25

then decreased again at 900 °C.
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On the other hand, the micropore surface area and micropore volume increased

as the carbonisation temperature increased in all P/U ratios (see

Table 5-4). However, between 800 and 900 °C, there was a decrease in

micropore surface area and micropore volume in the samples of ratios 0.25 and

0.5, while the decrease was between 700 and 800 °C in the samples of ratio 1.

This notice revealed the role of a combination of activation temperature and P/U

ratio in modulating the microporosity of the samples.

Table 5-4 Textural properties and CHN elemental analysis showing the effect of
carbonisation temperature.

Sample

P800
PUG00
PU700
PUB00
PU900
PU0.5600
PUO0.5700
PU0.5800
PUO0.5900
PU0.25600
PU0.25700
PU0.25800

PU0.25900

2 The values in parenthesis are micropore surface area. ® The values in

Textural properties
PSAC

Surface

area?
m?/g
1289
(1087)
577
(500)
1309
(993)
1374
(695)
1538
(661)
1309
(1014)
1723
(1331)
2312
(1654)
2409
(1565)
1064
(702)
1598
(1116)
2138
(1740)
2205
(1441)

Pore

volume®

cm?®/g
0.60
(0.42)
0.27
(0.19)
0.61
(0.39)
0.67
(0.28)
0.84
(0.27)
0.56
(0.40)
0.82
(0.52)
1.1
(0.65)
1.2
(0.62)
0.51
(0.28)
0.73
(0.44)
1.04
(0.73)
0.99
(0.58)

%
84

87

76

o1

43

77

77

72

65

66

70

81

65

HVp*

%
70

70

64

42

32

71

63

59

52

55

60

70

59

Chemical composition

C
%
87.98

61.36

66.97

74.45

83.27

74.61

79.86

84.34

89.95

77.16

80.97

91.34

92.25

H
%
0.20

1.44

1.24

0.61

0.11

0.94

0.44

0.46

0.19

2.58

0.635

0

0

N
%
0

22.01

17.99

12.01

7.98

6.91

4.94

2.54

1.22

4.47

3.32

0

0.42

o
%
11.82

15.19

13.8

12.93

8.64

17.54

14.76

12.66

8.64

15.79

15.08

8.66

7.33

parenthesis are micropore volume. ¢ Percentage of micropore surface area and

percentage of micropore volume percentages.
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Figure 5-8 Nitrogen sorption isotherms and NLDFT PSD curves of carbons
derived from carbonisation of mixtures containing various ratios of U:KHP at
various temperatures.
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A P/U ratio of 1 led to the formation of a large number of graphitic layers, as
shown in the XRD patterns in Figure 5-11, which explains the noticeable low
surface area and pore volume of this sample. The samples prepared at lower P/U
ratios, Figure 5-9 and 11, showed an amorphous nature. The broad peak at 26 of
25.5-28°C from graphitic layers was observed for all the samples prepared at
P/U ratio of 1 regardless of the carbonisation temperatures. However, the
intensity of this peak decreased as the carbonisation temperature increased. In
the samples prepared at P/U ratio of 0.5 and 0.25, the peak was weak and only
appeared for carbonisation at 600 and 700°C. Noticeably, the intensity of these

graphitic peaks is related to the amount of nitrogen in the samples.
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Figure 5-9 Powder XRD patterns of carbons derived from carbonisation ratio 0.25 of
U:KHP at different temperatures for 1 h
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Figure 5-10 Powder XRD patterns of carbons derived from carbonisation ratio 0.5 of
U:KHP at different temperatures for 1 h
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Figure 5-11 Powder XRD patterns of carbons derived from carbonisation ratio 1 of
U:KHP at different temperatures for 1 h
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From all the results above, we can conclude that the doping happened at low
temperatures and after dissociation of all urea decomposition products. It seems
the doping was stopped at that point, i.e. at low temperature, as the amount of
N% decreased with increased carbonisation temperatures from 600 to 900°C.
Contribution of mechanochemical forces cannot be excluded in incorporating
the nitrogen into the carbon framework.?* As observed for sample PU0.25900,
development of the porosity depends on the amount of the nitrogen left in the
carbon which could be due to destruction of the porosity by removal of the N
from the carbon framework. From the comparison between the PN800 sample
and other samples, the PN sample has much lower porosity than PU0.25800,
even though they have a closely matched N content. However, PN800 has a
porosity similar to that of PUO0.125800, with a small difference in the
microporosity between them. That could be because of the similarity and
dissimilarity in the N/K percentage in Table 5-3. The decrease of microporous
surface area in PN800 could be due to the high N/C, i.e. due to a decrease in the

carbon content in the framework compared to PU0.125800.

The next section is to understand what happened during the carbonisation of
KHP in the presence of urea to uncover the factors that control the porosity of
the samples. We will start by stating the reactions that took place and some of

the findings from our work and previous reports.

3.3.Carbonisation/activation processes

The carbonisation of the KHP itself was described by the Mokaya group,®® and
the possible reactions that happened during its carbonisation were studied as
well. In brief, the carbonisation of KHP at 900°C happened in three major steps;
first, water and phthalic anhydride are volatised with the formation of
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dipotassium phthalate at a low temperature of 330°C; then, at 560°C, the
dipotassium phthalate decomposes into K2COs; finally, at 700°C, some of the
potassium carbonate dissociates and the final carbon sample is generated. Urea,
on the other hand, has been used for N-doping as a precursor of g-CsN4* and
other reducing agents as well, e.g. NH3.1% 3% 3" During the carbonisation of urea
itself, the elements polymerise at around 500°C to form carbon nitride g-C3sNa.
Depending on the pyrolysis conditions, different morphologies of g-C3Na, 1D,

2D or 3D can be achieved.3®

We pyrolysed urea at ca. 550°C under the same conditions as used to prepare
the carbons in this study, and obtained g-CsNs. The physical appearance
confirms that the product, g-C3N4, has different morphologies, as is clear from
the observed colours, which ranged from pale yellow to orange,® and as the
XRD pattern shown in Figure 5-12. The SEM images in Figure 5-13 show the
carbonised urea. There are different morphologies produced from the
carbonisation of urea to g-CsNs. These morphologies exhibit potential
congruence with the analysis of XRD peaks. The most intense peak at 28° is
generally for graphitic materials (crystal plane, 002) and seems to correspond to
g-CsNg4 but with a shift to a higher angle. The small, wide peak at 14° seems to
be a crystal plane (100) related to the tris-s-triazine unit, with a shift to a higher
angle as well. While the peaks at 20—26 and 30° could be attributed to g-C3Ns4

nanorods.3®
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Figure 5-12 Powder XRD patterns of carbon nitride derived from
carbonisation of urea at 550°C for 1 h.
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The carbonisation of KHP with urea involves an activation step and according

to the literature,*? the activation mechanism in the presence of urea and K-based

activating agents can be described as follows:
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OC(NH>)2 + K,CO3 — 2 KCNO +2 NH3 + H20 + CO2 (1)
KCNO + C — KCN + CO (2)

The activation of N-containing carbon sources using potassium will produce
potassium cyanate and potassium cyanide (equation 1, 2) due to a reaction
between the N-functional groups and potassium.*® The XRD patterns of the N-
doped carbon samples collected before the samples were washed and the
inorganic residues removed are shown in Figure 5-14. From the interpretation
of the XRD patterns in Figure 5-14 and the above reactions, we can summarise
some of the possible processes that took place during the carbonisation of our
samples. The XRD peaks of KCNO started appearing simultaneously due to a
reaction between the decomposition products of KHP ‘K2CO3 /-CO.K’* and
urea at low temperatures. The formation of potassium carbonate and/or -CO2K
from KHP decomposition in the presence of urea was supposed to be at
temperatures lower than 470°C. The temperature of dissociation of KHP to
potassium carbonate has been reported to be 470°C. That was confirmed by the
decrease in the intensity of the main peaks of KHP at around 300°C as shown in
Figure 5-14-b and c. Different works have reported a decrease in the
decomposition temperature of potassium salts in the presence of urea.'® 1 After
the dissociation of most of the KHP at temperatures higher than 300°C, most of
the -CO2K reacted to create more KCNO, as the intensity of KCNO peaks
became dominant. The KCNO in turn decomposed into KCN with the increase
in the carbonisation temperatures of all the doped samples, as can be clearly seen
in Figure 5-15. The high intensity of the KCNO and KCN peaks in Figure 5-14
could explain the low amount of N-doping in the created carbon from low
urea/KHP ratios, as most of the remaining nitrogen had been removed as
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potassium cyanide. After the consumption or dissociation of all the urea,

13, 36

there was still extra -CO2K in KoCO3 form. As a result, in the low ratio of urea

(PUO0.25), the KoCOz peaks’ intensities at around 800 °C were visible compared

to PUO.5 and PU, which have higher ratios of urea (Figure 5-14-a shows).
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A fluffy white to yellowish powder accumulated in the end of the combustion
tube during the carbonisation of KHP in the presence of urea, as shown in Figure
5-16. The XRD peaks suggested the presence of phthalimide. This is likely the
result of a reaction between ammonia and phthalic anhydride to generate
phthalimide.** The ammonia is expected to have come from the thermal
dissociation of urea, which produces ammonia at low temperatures (130-
150°C).*> And the phthalic anhydride likely formed when KHP was heated to

300°C without urea.®®
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Figure 5-16 White to pale yellow powder accumulated at the ends and plug of the tube
at > 300 °C. Most of its PXRD peaks match phthalimide peaks
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4. Discussion

The above equations (1 and 2) summarise the activation reaction of carbon in
the presence of urea using well-known potassium salts. In order for the above-
mentioned reactions to occur, every mole of urea in the reaction mixture must
be paired by two moles of potassium. As a result, any increase in the potassium
moles will add the effect of the well-known activation reaction of potassium to
the above-mentioned activation reaction, while any excess moles of urea will
add the effect of its reaction with the carbon to the above-mentioned activation
reaction.

As mentioned above the reaction between potassium as an activating agent and
carbon materials has been extensively studied.** At high temperatures, a reduced
potassium ion dissociates into metallic K, which oxidises, intercalates and
exfoliates the N-free carbon precursors to have plenty of microporosity. On the
other hand and according to the literature,'® & 3742 the thermal treatment of
carbon with urea mostly reduces the carbon porosity. For example, for using
urea for the reduction of graphene oxide (GO) to graphene or for N-doping, urea
and GO were mixed and heated together. The result of that treatment was the
removal of the oxygen, doping with nitrogen and the formation of graphitic
layers. The increase of VVan der Waals interactions between the carbon sheets
induced by the incorporated nitrogen atoms in the carbon framework!* was the
reason that the N-doping was accompanied by the formation of graphitic layers.
Furthermore, in an experiment to exfoliate pure graphite using urea at 600°C,
due to the limitations of diffusion between the stacked graphitic layers, the urea

was not effective. That went against what was expected, as urea reduces graphite
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oxide to graphene.®” Generally, the thermal treatment of carbon with urea might

have a negative effect on the carbon porosity, unlike that of potassium.

Under our carbonisation conditions, the urea decomposed to form a graphitic
CsNg4 at a moderate temperature of > 500°C. Thus, theoretically, the excess urea
of the carbonisation of the KHP/urea mixture decomposed at a temperature
higher than 600°C.** Based on the above statements, the decrease in porosity at
a molar ratio 1:3 of KHP to urea (PU sample, 1:1 weight ratio, see Table 5-1)
was due to the consumption of all the potassium in the reaction with urea at low
temperatures and the excess of urea reacted with the carbon framework, causing
high doping amount and formation graphitic layers in PU-samples. That also
explained the heterogeneity of the 3D morphology of the PU800 sample due to
reacting the decomposed urea with the carbon besides the etching reaction. In
the samples of smaller molar ratio 1:1.5 or 1:1, as in samples PU0.25 and PU0.5
(Table 5-1), the surface area was boosted. However, the amount of N-doping
was significantly lower compared to ratio 1 in the PU sample (Table 5-2). That
means that most of the nitrogen was removed, due to the reaction of the
potassium with nitrogen as a salt, KCNO/KCN, or due to vaporisation at the

high temperature.

4.1. Effect of P:U ratio

The rise in the ratio of urea to KHP led to increase in porosity until the ratio 0.5
(molar ratio 1:1.5), after which, any increase led to a decrease in the surface area
and especially so at ratio 1 (molar ratio 1:3). These results are consistent with
those of Eichler et al.;** the increase of the molar ratio of nitrogen to potassium
was accompanied by an increase in graphitic layers, which, as is well known,
affects porosity. Consequently, the development of porosity is governed by the
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N/K and N/C ratios.}* The pores develop by the etching reaction between the
potassium and the nitrogen, and in some cases via molten salt templating as well.
The molten salt templating also participates in controlling the final porosity
when there is a high amount of KCN compared to the carbon during the thermal
treatment, which allows the carbon to solvate in the molten KCN at temperature
above its melting point. As shown in Figure 5-17 and Table 5-3, the samples
with the highest porosities were those with N/K ratios ranging from 1.70 to 3.40
and N/C ratios ranging from 0.19 to 0.35. The increase in N/K ratio from 3.4 to
6.8 was accompanied by a halving of the urea molar ratio from 1:1.5 to 1:3,
resulting in a halving of the surface area. These results reliably confirm the

importance of the N/K ratio in the pore development process.

2400 T T T T T T T T T T T

2200 4
2000 - "

1800 - \

SA (m?g)

1600 \

1400 y

1200 T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Weight Ratio of urea:KHP

Figure 5-17 Relationship between the surface area and weight ratio of the pre-
carbonised (urea:KHP) mixtures.
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Besides the N/K ratio, the heating ramp rate and the duration are important
factors as well in the overall pore development process. As shown in Table 5-2,
two samples (PU800-5 and PUO0.5800-5) were prepared at a ramp rate of
5°C/min. They were exposed for longer time to the higher temperature, so their
surface area and pore volume were different from those prepared under the
10°C/min ramp rate. The microporosity decreased versus the mesoporosity,
which was due to the expansion of the pores by more etching of the framework.
However, the side reactions are highly likely to take place and the primary
elements (carbon, nitrogen and potassium) in the precursors will be then
excluded from the ratio. The formation of phthalimide confirmed the side
reactions that may have happened during the carbonisation of KHP with urea.
In this case, it seems that when the carbonisation is accompanied by activation
in one step, equations 1 and 2 are not enough to describe the changes that will

happen.

4.2. CO:2 uptake

CO- uptake measurements were carried out over the pressure range of 0 to 30
bar at 25°C. The results are presented in Figure 5-18 and Table 5-5. The highest
COq uptake at 1 bar is for samples PU0.5700 and PU0.25700 at 4.08 and 4.10
mmol/g, respectively. That can be explained by the effect of the pore sizes,
which control the uptake at low pressures,** as the sample PU0.25700 has the
highest number of pores less than 0.5 nm. This uptake capacity is comparable to
that of other activated carbons that have to be made in several steps or need
corrosive solutions to remove the inorganic residues from the last synthesis

step. b 4547
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Several research papers have observed that nitrogen doping contributes to CO>
adsorption at low pressures, in addition to the impact of small pore sizes.**-! To
investigate the relationships between the uptake at 1 bar and the BET surface
area (SA), total pore volume (Vp), micropore surface area (i SA), and micropore
volume (p V), Figure 5-19 was plotted. The effect of the BET surface area and
the total pore volume on the uptake at 1 bar is hardly to define. However, the
micropore volume and surface area could potentially have a positive impact on
the uptake. But the poor linear correlations with R? values ranging from 0.333

to 0.287 suggested possible effects of N-doping on the uptake at 1 bar.

Compared to CO> uptake at 1 bar on the base sample ‘P800°, adding urea does
not significantly improve the uptake at low pressure, as the smallest pore sizes
are the key factor for the uptake capacity. While the uptake capacity at 1 bar on
PUO0.5800 is nearly as much as P800 at 3.9 mmol/g, it is lower for PU0.25800
and PU800 at 3.7 and 2.68 mmol/g, respectively. However, the larger pores that
are produced by adding urea enhance the diffusion and the uptake capacity at
high pressure, compared to P800. The uptake capacity at higher pressures, e.g.
at 30 bar, increases with total pore volume and surface area as shown in Figure
5-20 and Figure 5-21. The uptake capacity (Figure 5-22) increases at 20 bar by
~60% after adding 0.25 and 0.5 weight ratios of urea and only by 6% after adding
ratio 1 of urea. At 30 bar, compared to P800, the capacity increased by 68% in
PUO0.25800 and PUO0.5800, while only by 13% in PU800. Consequently, as is
expected from the porosity results, adding urea produces wider pore sizes, which

leads to an increase in the uptake capacity at higher pressures.

A linear correlation has been observed between the total pore volume and the
CO; uptake at 20 and 30 bar, with R? values ranging from 0.836 to 0.856. A
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linear correlation with a root-mean-square error of determination (R2) ranging
from 0.937 to 0.939 has been observed between the uptake of CO; at 20 and 30
bar and the surface area. These findings potentially indicate the clear effect of
the pore volume and surface area on the uptake within the specific range of
pressure compared to their effect at low pressure (1 bar as shown in Figure 5-19).
The R? values being in the range of 0.836 to 0.856 and 0.937 to 0.939 suggest
that the nitrogen may potentially affect the CO, adsorption capacity at pressures

between 20 and 30 bar.
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Figure 5-18 Excess Adsorption of CO- at RT, until 1 bar and 0—40 bar
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Thus samples PUO0.25y, PU0.5y and P800 are suitable for post-combustion CO>
capture as their uptake is high at low pressure, which meets the required
conditions of post-combustion applications.! Table 5-6 summarises a
comparison of CO, uptake of the present carbons with previous reports. For
post-composition CO: capture, where CO: is captured typically from flue gases,
the highest uptake at 1 bar and 25°C was for the samples PU0.25700 and
PU0.5700. The uptake capacity of these two samples is comparable to
benchmark samples that gave the highest uptakes, e.g. AS-2-600 and
ACGR2700 (Table 5-6). If we consider the simplicity of the synthesis routes,
the minimalism of the synthesis steps of our samples makes them applicable and
cost-competitive. On the other hand, a comparison of the uptake capacities of
our samples in general at high pressures shows that they show moderate
capacities compared to other adsorbents. Samples such as the activated carbon
from Camellia japonica ‘ACCA2800° and zeolite-templated carbons
CZ13XFAET and CZ13XFAETP exhibit higher capacities at 20 bar, and from
their isotherm shapes, are expected to accommodate higher amounts of gas at
higher pressures. But the porosity of the urea/KHP mix could be slightly
improved in some ways, such as by carbonisation at a slower heating ramp rate'®
to target greater CO> uptake at moderate to high pressures. In summary, as the
uptake is governed at low pressure by the presence of ultramicropores, i.e. by
pores of size less than 0.5 nm,* the carbonisation of KHP with urea fortunately
maintains ultramicropores in that range even with the shift in the pore evolution
mechanism. This was reflected in the CO2 uptake in these two sets of samples.
Besides that, as is known, the amount of N-doping might not have a significant

effect on the overall uptake capacity except for the uptake at low pressures.*+ >3
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In order to better investigate the effect of N% on the uptake, the relationship
between N% and the uptake (mmol/g) at different pressures was plotted in
Figure 5-23—25. Based on Figure 5-23, it appears that the uptake seen at a
pressure of 0.13 bar was affected by a combination of factors, including the
textural properties of the samples and their nitrogen content. Figure 5-23 shows
that the uptake trend increased as the N% increased, which is consistent with
findings by many groups, e.g., that found by Luo et al.** However, the uptake
on the two samples prepared starting from a high weight ratio of urea (have the
highest N%) at 0.13 bar was low even with the high N%. The samples in the
grey area were synthesised using the low weight ratios of urea between 0-0.5,
which show an increase in the uptake at 0.13 bar as the N% increases. Figure
5-24 shows the relationship between the uptake at 1 bar and N%, which seems
unclear and could tend to be a decrease in the uptake as N% increases. The
similar relationship as at 1 bar appeared in the uptake at 20 and 30 bar (see Figure
5-25) suggesting that an increase in nitrogen might lead directly to a decrease in
the uptake at these pressure ranges. This behaviour was expected, especially at
high pressures, due to the drop in surface areas and pore volumes in our samples

accompanied by the increase in N-doping.
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Table 5-5 textural properties, density, and gravimetric and volumetric CO, Uptake at
25°C

Sample Textu rfil Density® CO: uptake (c(r:n?si;g:jgeat
properties (mmol/g) at 25°C 2500
SA® VpP g/em? 1 20 | 30 1 20 | 30
m?/g | cm3/g bar | bar | bar | bar | bar | bar
P800 (igg% (gig) 0.79 391|104 | 109 | 68 | 182 | 192
R R
PU700 (193903% (8'23) S )
PUS00 (163975A; (gg;) 0.75 27 | 11 | 124 | 45 | 182 | 205
PU900 (1656318) (gg% 0.66 25| 9.8 |10.7| 37 | 144 | 158
PUO0.5600 (1(3)(1)2) (822) 0.82 331|104 | 112 | 60 | 188 | 202
PU0.5700 (ggi) (8§§) 0.67 41 | 138|148 | 61 | 206 | 222
PUO0.5800 (igéi) (01.615) 0.57 3.9 | 168 | 183 | 48 | 211 | 230
PUO0.5900 (iggg) (01:622) 0.54 35 | 172|189 | 41 | 205 | 225
PU0.25600 (17006;; (8;13) 0.85 34| 86 9 64 | 162 | 170
PUO0.25700 (ﬁif}) (822) 0.72 41 123 | 13 65 | 196 | 206
PUO0.25800 (iiig) (égg) 0.59 3.7 | 16.6 | 182 | 49 | 216 | 239
PU0.25900 (ijgi) (822) 0.60 35 | 154 | 16,5 | 47 | 207 | 222

a) BET surface area and (micropore surface area from t-plot) in m?/g, b) total
pore volume and (micropore pore volume from t-plot) in cm®/g, c) packing
density of carbons calculated from the equation; dcarbon= (1/pd + Vt), where pd
is skeletal density and V1 is total pore volume from nitrogen sorption analysis.
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Table 5-6 CO- uptake results compared to other carbons at room temperature (25°C)

Sample CO; uptake CO; uptake Reference

(mmol/g) (mmol/g)

1 bar 20 bar | 30 bar

P800 3.9 10.4 10.9 This work
PU800 2.7 11 12.4 This work
PU900 2.5 10.4 11.7 This work
PU0.5600 3.3 10.4 11.4 This work
PUO0.5700 4.1 13.8 14.8 This work
PU0.5800 3.9 16.8 18.3 This work
PUO0.5900 3.5 17.2 18.9 This work
PU0.25600 3.4 9.2 10 This work
PU0.25700 4.1 12.9 13.9 This work
PUO0.25800 3.7 16.6 18.2 This work
PUO0.25900 3.5 16 17.5 This work
H250-800 3.7 - - >4
AS-2-600 4.8 - - %
Pine sawdust 4.2 - - 56
LHPC-700 4.8 - - >
ACDS-800-4 4.4 - - 58
G850-5 4.5 - 14.3 40
SD6800 4.4 12.6 - ’
ACGR2700 4.9 12.7 - 5
ACCA2800 3.7 17.5 - %
CZ13XFAET 2.5 18.6 - 60
CZ13XFAETP 2.6 22.0 - 60
PC 4 10.6 - 4
poly(vinylidene
chloride)-based
carbon

5. Conclusion

The work in this chapter investigated a simple and straightforward method to
synthesise N-doped carbon from cheap precursors, potassium hydrogen
phthalate (KHP) and urea. The findings show that an N-doped carbon can be
successfully prepared by in-situ doping using urea. Very high nitrogen doping

was achieved, up to nearly 20%. We have found that adding urea to KHP has
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boosted the surface area and shown an improvement in CO2 uptake at high
pressure compared to the carbonisation of the organic salt itself. Despite the high
N-doping in our study, the increase in the carbonisation temperature leading to
the high porosity has reduced the nitrogen amount. Despite being primarily
exploratory, this study shows how the N/K and N/C ratios significantly affect

the porosity of N-doped potassium-activated carbon.
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Chapter 6 Direct synthesis approach to porous BCN for
CO2 uptake
Abstract

Borocarbonitride (BCN)-based materials are gaining popularity recently for a
variety of applications due to their exceptional properties. There is a need for
more effort to develop the synthesis of porous BCN materials. On the other hand,
the direct synthesis of N-doped carbons using potassium-based organic salts
offers two things: first, a simple and direct way of synthesising N-doped
carbons. Second, it provides a straightforward method of studying the potassium
activation process of the N-containing carbon sources. There is a lack of
information about the potassium activation of a system containing a trio of
components (boron, nitrogen, and carbon). Here, examination of the synthesis
of BCN using potassium-based organic salt in the presence of N- and B-
precursors could help synthesise porous BCN and improve understanding of the
nature of potassium activation in the presence of such three elements. In this
study, an examination of the synthesis of BCN starting from potassium hydrogen
phthalate/urea/boric acid mixtures was done, and the resulting carbons were
explored for room temperature CO uptake. The findings revealed a decrease in
the surface areas due to the addition of boric acid to the mixture and, as a result,
the CO: uptake capacities. A further study with more focus on optimization of

the current BCN synthesis method is therefore suggested.
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1. Introduction

Boron, carbon and nitrogen may be combined in a single system called
borocarbonitrides (BxCyNz or BCN) 1, which has shown a variety of exciting
and versatile properties and uses, including in the oxygen reduction reaction,?
supercapacitors,®> in CO; adsorption,® in dye adsorption,” in the removal of
heavy metal ions® and in photocatalysis.® On one hand, it is claimed that N-
doped carbons can exhibit high CO, uptake due to the presence of N in the
carbon framework.X® On the other hand, the presence of N in activateable
carbonaceous matter can increase the reactivity of the activation process,
resulting in the enlargement of the carbon framework and the addition of
comparatively larger pores.!! This, in turn, leads to reduction of the packing
density. Boron co-doping may increase the packing density of N-doped carbons
due to the smaller size of boron in comparison to nitrogen and carbon. Several
attempts have been made to synthesise such materials containing the
combination of boron, carbon, and nitrogen. For example, Li et al.'? synthesised
porous BCN by dissolving the precursors, stirring them for several hours,
followed by polymerisation and then carbonisation steps. The generated sample,
BNHC-2, was microporous with 1 nm wide pores. At 30°C and atmospheric
pressure, BNHC-2 could store up to 94.07 mg/g (2.14 mmol/g) of CO.. Besides
this, it showed good re-use stability with uptake of more than 80 mg/g (1.82

mmol/g) after eight cycles.
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However, synthesis of a low-cost BCN and that has controlled porosity for
various applications is still restricted by the difficulty of available synthesis
procedures. This is in the context of the fact that the synthesis of highly porous
carbons can be achieved via simple and straightforward approaches that include,
for example, the direct carbonisation of certain organic salts. In this regard, some
potassium- or sodium-containing organic salts that are carbon rich such as
potassium hydrogen phthalate or potassium pthalimide, can be converted
directly to porous carbons via simple carbonisation. Moreover, the direct
carbonisation of these organic salts allows for significant control of the porosity

of the resulting carbons.: 13

Based on the above mentioned prior knowledge, this chapter examined the
synthesis of BCN by the direct carbonisation of potassium hydrogen phthalate
but in the presence of urea (which is N-rich) and boric acid (which provides B).
The resulting carbons were applied towards CO> uptake. The status of the boron
in the samples may not be completely confirmed in this study, but there is
evidence of a clear effect on the porosity of N-doped carbon that was made by
adding boric acid to the carbonisation of a mixture of potassium hydrogen

phthalate and urea.
2. Experimental

2.1. Synthesis
Nitrogen and boron co-doped carbon samples were synthesised by carbonisation

of mixtures composed of potassium hydrogen phthalate (P), urea (U) and boric
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acid (B). The mixtures were placed in an alumina boat and heated at 800°C for
one hour in a tube furnace under N2 flow (heating rate = 10°C/min). The
carbonised samples were then washed with hot (~90°C) distilled water until a
neutral pH was attained by the filtrate. The samples were named as PUB0800-
abc, where a, b and ¢ was the mass of (P), (U) and (B), respectively, in the
carbonisation mixture. The Table 6-1 below shows the amounts (mass) of the

precursors for each sample and Figure 6-1 shows the obtained samples.

Table 6-1 starting materials quantities of the samples

Sample name KHP Urea BA wt. ratio Molar ratio
(9) (99 (g9 KHP:urea:BA KHP:urea:BA
P800-4 4 0 0 - -
PU800-42 4 2 0 1:0.5:0 1:2:0
PU800-41 4 1 0 1:0.25:0 1:1:0
PU800-4:0.5 4 0.5 0 1:0.125:0 2:1.0
PUBB800-422 4 2 2 1:0.5:0.5 1:2:2
PUB800-411 4 1 1 1:0.25:0.25 1.1:1
PUBB800-424 4 2 4 1:0.5:1 1:2:3
PUB800-421 4 2 1 1:0.5:0.25 1:2:1
PUB800-
4:05:0.95 4 0.5 0.25 1:0.125:0.0625 5:2:1

Figure 6-1 A photo depicting the black colour of the samples.
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2.2.Characterisation

Powder XRD patterns of the samples were performed using a PANalytical
X’Pert PRO diffractometer with a copper Ka and a monochromator (A =
1.5405A) at 40 kV and 40 mA with a step size of 0.02 and a 50 s time step. The
scan was performed at room temperature. The porosity and determination of
textural properties were performed via nitrogen physisorption using a
Micromeritics 3Flex sorptometer. Prior to analysis (at —196°C), the carbon
samples were degassed under vacuum at 230°C for 32 or 16 h. The surface area
was calculated using the BET method applied to adsorption data within the
relative pressure (P/Po) range of 0.02-0.35. The total pore volume was
determined from the nitrogen uptake at close to saturation pressure (P/Po =
0.99). The micropore surface area and micropore volume were determined via
t-plot analysis. Micromeritics' SAIEUS software was used to obtain PSDs of the
samples using the 2D-NLDFT method for heterogeneous surfaces. In order to
create the most accurate PSD for carbons, the software's fitting parameter, 1,
which affects the roughness of the PSD, was adjusted between 2.75 and 3.00.
Scanning electron microscopy (SEM) images were recorded on a JEOL7000
microscope at 15 kV accelerating voltage. Samples were mounted using a
conductive carbon double-sided sticky tape and a thin (ca. 8 nm) coating of
Iridium sputter was deposited onto the samples to avoid any effects of charging.
CHN elemental analysis was performed using an Exeter Analytical CE-440
Elemental Analyser. IR spectroscopy was performed using a Bruker ALPHA

FTIR Spectrometer.
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3.2 CO2 uptake measurements

CO2 uptake capacity of the carbons was measured with a Hiden Isochema
Intelligent Gravimetric Analyser (IGA-003) at room temperature and up to 20
bar of pressure. Prior to conducting the CO. uptake experiments, the carbons
were outgassed for 3 h at 240 °C (at heating ramp rate 10°C/min) under vacuum.

The measurements determined the excess COz uptake directly.

3. Results

3.1. Nature, textural properties and chemical composition of carbons

The XRD patterns of the samples shown in Figure 6-2 indicated the formation
of carbons that were mainly amorphous. However, there was a small sharp peak
at 20 of 26° attributed to graphitic phases, either graphite or boron nitride but
not carbon nitride as shown in Figure 6-3. This narrow graphitic peak was
formed in the sample with the lowest added amounts of boric acid and urea. The
intensity of the peak decreased as the amount of boric acid and urea increased.
That means the low amounts of boric acid and urea generate highly oriented
assemblies of graphitic layers. The XRD pattern of the PUB800-422 sample also
exhibited a graphitic peak, but which was broader and centred at 26° (see Figure
6-2). This development of the ordering as also evidenced in the XRD pattern of
sample PUB800-4:0.5-0.25’s acts to enhance the packing density of this sample,

as shown in Table 6-2.
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Figure 6-4 depicts the nitrogen sorption isotherms of carbons derived from the
carbonisation of P-U-B mixtures in comparison to those of P-U mixtures. The
amount of nitrogen adsorbed can be related to the level of porosity in the carbons
with high amounts signifying greater porosity. The isotherms are mainly type I,
which is typical of microporous materials. This is consistent with previous
reports on KHP-derived carbons.*® The porosity of the KHP-derived carbons
increases with the amount of added urea. This suggest that the urea acts as an
extra porogen, which may be related to the presence of greater amounts of N in
the carbonisation mixture. On the other hand, the isotherms show clearly that
adding boric acid to the potassium hydrogen phthalate and urea mixture led to a
decrease in porosity. As the amount of boric acid increased, the surface area
reduced. This is in contrast with the observed increase in the porosity as the
amount of urea increases. The isotherm of the sample prepared with the highest
amount of boric acid, PUB800-424, exhibited a type IV isotherm with
substantial mesoporosity. The pore size distribution curves, Figure 6-4 (b), show
that the addition of boric acid in increasing amounts leads to a gradual
disappearance of the larger pores that are centred at ca. 9 A, and which were
produced by adding urea to KHP. That was an indication that adding boric acid
hindered the activation mechanism of potassium. The pores centred at 9 A were
formed due to the etching reaction between the potassium and the nitrogen, as
explained previously in chapter 5. Increasing the amounts of urea and boric acid

to a high level generated larger mesopores.
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As shown in Table 6-2, the surface area and pore volume increase with addition

of urea to KHP and appears to reach a maximum of ca. 2300 m?/g and 1.1 cm®/g

at KHP/urea ratio of 2 for sample PU800-42. Thus the addition of urea improves

the porosity (surface area and pore volume) by up to 80%. The level of

microporosity reduces but still remains within a high level being 70% of surface

area and 60% of pore volume for sample PU800-42. Taking sample PU800-42

as the baseline, the surface area and pore volume decreased with the addition of

boric acid resulting in a reduction in surface area and pore volume from 2312 to

287 m?/g and 1.1 to 0.32 cm®g, respectively. Samples PUB800-4:1:1 and

PUB800-4:0.5:0.25 also show lower surface area and pore volume that is

consistent with the amount of boric acid and urea in their carbonisation mixtures.

Table 6-2 textural properties, elemental analysis (CHN) and densities of the samples

Textural properties

Elemental analysis

Sample S“rfafje mesoSAP Pore . C H N pdec
area volume

m?/g m?/g cmi/g % % % | g/cm?®
P800 1289 (1087) | 202 (16) | 0.60 (0.42) | 87.98 | 020 | 0 | 0.43
PUS00 1374 (695) | 679 (49) | 0.67 (0.28) | 74.45 | 0.61 | 12.01 | 0.37
PU800-42 2312 (1654) | 658 (28) | 1.1(0.65) | 84.34 | 0.46 | 2.54 | 0.38
PU800-41 2138 (1740) | 398 (19) | 1.04 (0.73) | 91.34 | 0 0 | 045
PUB800-4:0.5 1417 (1243) | 174 (12) | 0.63(0.48) | 89.48 | 0.07 | 0.58 | 0.42
PUB800-4:2:4 | 287(43) | 244(85) | 0.94(0.02) | 4871 0 |20.25| 0.10
PUB800-4:2:2 | 621 (470) | 151 (24) | 0.32(0.18) | 70.25 | 0.38 | 8.03 | 0.29
PUB800-4:2:1 | 1171 (873) | 298 (25) | 0.61(0.34) | 74.87 | 021 | 8.8 | 0.42
PUB800-4:1:1 | 1984 (1430) | 554 (28) | 0.91(0.56) | 79.98 | 0.39 | 5.12 | 0.24
PUBS800-
10,5005 1121 (1004) | 117 (10) | 0.52 (0.39) | 89.05 | 0.24 | 1.63 | 0.46

3The values in parenthesis are micropore surface area. ® mesopore surface area
and the values in parenthesis are the percentages (%) of mesopore surface area
as a proportion of surface area. ¢ The values in parenthesis are micropore

volume.
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The high surface area and pore volume of sample PU800-42 may be attributed
to an activation mechanism that depends on the etching K—N reaction, where K-
species etch the nitrogen and produce KCNO and KCN.*" 14 The surface area
decreased drastically on addition of boric acid, which inhibited this reaction. On
the other hand, the porosity of the PU800-4:1 sample was well developed and
may be attributed to reactions of conventional K-activation of carbon; the
porosity development was less hindered in a manner similar to that of sample
PUB800-42. It is interesting to note that in the appropriate settings, boric acid can
itself act as an activating agent.®> However, the role of boric acid in the present
study and its impact on reducing porosity needs further exploration and
consideration. It is also of interest to clarify the specific effect and role of the
N:K ratio in porosity development of the present tri-component (P, U and B)

derived samples.

SEM images (Figure 6-5) showed heterogeneity in the surface morphology of
the PUB samples. The presence of boric acid in the carbonisation mixture results
in changes in the morphology, with the formation of thin sheets, which may

comprise of graphene or boron nitride.
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The chemical composition from the CHN analysis showed an increase in N
content after adding BA in PUB-samples compared to PU-samples without BA.
The N content in the two samples, PUB800-421 and -422, was similar. However,
the sample with a higher BA ratio, PUB800-422, showed lower carbon content,
which suggested that the higher BA ratio may have led to etching more C to
create more defects but did not affect the nitrogen content. Increasing amounts
of BA also acted to increase the O/C ratio (see Figure 6-6 and Table 6-3). The
highest N content is for sample PUB800-424, which was made with the highest
ratio of BA. This indicated that increasing the amount of BA etched out more C.
This sample has very high N content of ca. 20%, with a low C content of nca.
49%. Besides, the level of mesoporosity in this sample is high (85% of surface

area), as seen in Figure 6-4 and Table 6-2.
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Figure 6-6 O/C atomic ratio of pre-carbonised BA/Urea/KHP mixture
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Table 6-3 Elemental composition of pre-carbonised BA/Urea/KHP mixtures

Sample C% H% N% 0% K% B% | N/H | NJK | N/C | N/O | O/C
PU-4:4 | 33.494 | 4.554 | 23.310 | 28.989 | 9.549 0.366 | 6.801 | 0.597 | 0.919 | 0.649
PU-4:3 | 35.425 | 4.253 | 19.980 | 29.325 | 10.913 0.336 | 5.100 | 0.483 | 0.779 | 0.621
PU-4:2 | 37.999 | 3.852 | 15.540 | 29.773 | 12.731 0.288 | 3.400 | 0.351 | 0.597 | 0.588
PU-4:1 | 41.603 | 3.291 | 9.324 | 30.399 | 15.278 0.202 | 1.700 | 0.192 | 0.351 | 0.548
PU-4:0.5 | 44.005 | 2.916 | 5.180 | 30.817 | 16.975 0.127 | 0.850 | 0.101 | 0.192 | 0.525
PU-4:0.25 | 45.418 | 2.696 | 2.742 | 31.062 | 17.974 0.073 | 0.425 | 0.052 | 0.101 | 0.513
415.;):%?25 41.689 | 3.018 | 4.907 | 33.281 | 16.082 | 0.936 | 0.116 | 0.850 | 0.101 | 0.169 | 0.599
PUB-4:1:1 | 34.669 | 3.551 | 7.770 | 38.271 | 12.731 | 2.965 | 0.156 | 1.700 | 0.192 | 0.232 | 0.828
PUB-4:2:1 | 32.570 | 3.995 | 13.320 | 36.610 | 10.913 | 2.542 | 0.238 | 3.400 | 0.351 | 0.416 | 0.843
PUB-4:2:2 | 28.499 | 4.102 | 11.655 | 41.737 | 9.549 | 4.448 | 0.203 | 3.400 | 0.351 | 0.319 | 1.098
PUB-4:2:4 | 22.799 | 4.252 | 9.324 | 48.916 | 7.639 | 7.116 | 0.157 | 3.400 | 0.351 | 0.218 | 1.609

The elemental weight percentages were calculated based on the experimental weights,
with approximate errors of +0.09% in each calculated element and +0.005 in each

atomic ratio.

Another elemental analysis of this sample was done using EDS (see Figure 6-7).

There was the presence of a small amount of boron (1.2%) in the sample, perhaps

as a residue from the boric acid, *® or accompanied by small amounts of the

boron nitride.!” Consequently, the C/N content can be simply modified by

controlling the starting ratios of KHP, urea and boric acid. The FTIR spectra of

the samples (Figure 6-8), showed peaks at 820 and 1310 cm™. The peak located

at 820 cm™* could belong to B-N-B in-plane stretching vibrations'® ° or for

aromatic C-N.2% 2L, The peak at 1310 cm™* could be attributed to the B-N group,

which appeared slightly different in the PUB-samples than in the PU-samples.?
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Figure 6-7 SEM/EDS analysis of sample PUB800-424
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Figure 6-8 FTIR of PUB-samples

There are various possible ways of reacting the boric acid in a mixture of boric

acid, urea, and potassium hydrogen phthalate, which will be discussed below:

The temperature of the thermal decomposition of the pure precursors in this
study is in the following order: urea?® < boric acid < potassium hydrogen
phthalate,®® with decomposition temperatures of 133, 170.9, and 295°C,
respectively. It has reported that heating a mixture of urea and boric acid can
generate boron nitride.?* Based on the decomposition temperatures of BA,
urea and KHP, we can hypothesise that there was a reaction between BA and

urea, likely forming B—N bonds as the precursors decomposed.
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On the other hand, the first report on the synthesis of boron nitride was by
Balmain, who used molten boric acid and potassium cynide.?® As potassium
cyanide is produced during the carbonisation of the KHP/urea mixture, we
can hypothesise that there was a reaction between the produced KCN and
the molten boric acid and a bond formation between the B—N of boron
nitride.

|Potassium borates are usually prepared from boric acid and potassium
hydroxide or potassium carbonate.?® Therefore, we can hypothesise that
there was a reaction between the potassium carbonate that was produced
during the decomposition of the KHP and the boric acid to produce

potassium borates.

Looking at the results, the low concentration of boron in the elemental analysis
obtained using EDS possibly confirms the first and second ways of forming
boron nitride, while the high reduction in the surface area with the increase in
amount of BA suggests that the reaction of the boric acid with the potassium in
the potassium hydrogen phthalate can produce any form of the potassium
borates. As such the potassium will be hindered and thus reduce the effect of the
N:K ratio, which is responsible for the high surface area of the PU-samples. The
potassium borates are thermally stable at high temperatures, so it is expected that
they will remain at 800°C?” and be removed in the washing step as they easily
dissolve in water. The high thermal stability of the potassium borates at our
carbonisation temperature is another probable confirmation of its existence,
which would be consistent with the decrease in the surface area and, on the other

hand, due to the increase in the N% compared to the same samples without
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adding BA (see Table 6-2). In this case, the nitrogen is protected by preventing
the formation of KCN or KCNO at 800°C. In case the latter is what happened,
that would mean adding BA to potassium activation mixtures of N-containing
precursors will keep the formation of hazardous salt, KCN, at low levels or even
at zero. It was proposed by L’Hermitte?® that the condensation of BN started at
temperatures higher than 800°C during the carbonisation of a mixture of urea,
boric acid and melamine. Their findings suggest that the current mixture could
be unlikely to condense a considerable amount of BN, especially if it were
heated only to 800°C. This is just in case there was a direct reaction between
these two components.

Li and co-workers mixed biomass as a carbon source in a solution of urea and
boric acid and heated it at 800°C. Finally, they activated it using potassium
hydroxide at 800°C. They found that the carbon that was pre-treated with BA
and urea had a slightly higher amount of nitrogen than that pre-treated with urea
alone. They also found remains of the boric acid in the filtrate, which was due
to B203.1® We can conclude from their findings that all or part of the boric acid
in the PUB-samples might be still unreacted; it just decomposed into B2Os.
Whatever the role of boric acid in our synthesis procedures, a separate
systematic study of the possible reactions during carbonisation PUB samples
will be needed. In particular, there is a lack of such studies on potassium

activation of N-, B- and C-based precursors.

3.2. CO2 uptake
The CO» uptake measurements were carried out from zero to 20 bar at room
temperature. The results are presented in Table 6-4. The gravimetric CO>

uptake capacity at room temperature was dependent on the surface area
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and porosity of the samples. As the surface area increased, the uptake at
20 bar increased. The highest gravimetric uptake at 20 bar was 14.7
mmol/g for sample PUB800-411. As is known, the uptake at low
pressures is controlled mainly by pores with a size around 5 A.? From
the PSD in Figure 6-4, Figure 6-10 and Figure 6-11 CO2 uptake at room

temperature

Table 6-4, the uptake at 0.15 and 1 bar increased as the proportion of pores of
sizes 5-7 A increased, and vice versa. As the pores in the range 5-7 A decreased
with amount of BA increased, the BA had a similar effect of the CO> uptake.
These results were consistent with those obtained by Sathish,?® who found that
the increase in amounts of boron and nitrogen precursors during the synthesis of

BCN decreased the surface area and thus the CO, uptake capacity.
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Figure 6-9 CO, uptake at room temperature up to 20 bar
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Table 6-4 Gravimetric and volumetric CO, Uptake at 25°C

CO2 uptake C?Z upta;< ¢ .

(mmol/g) at 25°C (cm*stp/cm?®) at pdexp.
Sample 25°C

015 | 1 20 | 015 | 1 20

bar | bar | bar | bar | bar | bar | (g/cm®)
P800 1.0 3.9 | 104 0.43
PU8B00 0.7 27 | 110 0.37
PU800-42 0.8 3.9 | 16.8 0.38
PU800-41 0.7 3.7 | 16.6 0.45
PUB800-4.05 0.42
PUB800-4:2:4 0.3 0.6 24 0.6 2 5 0.10
PUB800-4:2:2 0.6 21 | 46 3 15 30 0.29
PUB800-4:2:1 11 3.5 9.6 10 33 90 0.42
PUB800-4:1:1 1.2 4 14.7 6 23 77 0.24
PUB800-4:0.5:0.25 15 44 | 105 15 44 106 0.46

apacking density of carbons obtained experimentally by compressing ca. 0.4 g of carbon
for 5 minutes at 1 tonne loads in a 1.3 cm-diameter die. Then, three sample height
measurements were averaged to determine sample volumes. Finally, the packing
density was experimentally determined by dividing the measured sample mass by the
sample volume.

For samples PUB800-421 and PUB800-4:0.5:0.25, where the ratio of urea to
BA was 1:0.5, there were no high variations in the CO, uptake. However, in the
volumetric uptake, and due to the fact that the packing densities were higher for
PUB800-4:0.5:0.25, it showed a higher volumetric uptake than PUB800-421. In
the samples with the same urea and KHP amounts, adding BA decreased the
packing density (see Table 6-4) and decreased the porosity (as shown above);
thus, the volumetric uptake was still in the same order. Briefly, the volumetric
uptake was affected by the combination of the overall porosity and the packing
density, which are mainly affected by adding BA.

The CO2 uptake of the samples in this work was comparable to that of various
BN, CN, or BCN and N-doped carbon adsorbents as listed in Table 6-5. The

results showed that the high uptake capacity of the PUB800-4:0.5:0.25 at 1 bar
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and room temperature were comparable to those of previously reported of

activated carbons, boron nitride, or the B and N co-doped carbon adsorbent.

Table 6-5 CO- uptake (mmol/g) compared to other carbons at room temperature* (25
°C), ** (0 °C)

CO, CO;
Sample uptake | uptake | Ref.
at 1bar | at 20 bar
P800 3.88 10.37 Chs | *
PUB00 2.68 10.95 Chs | *
PU900 2.54 10.37 Chs | *
PUO0.5600 3.33 10.37 Chs5 | *
PUO0.5700 4.08 13.81 Chs | *
PUO0.5800 3.85 16.77 Chs5 | *
PUO0.5900 3.48 17.2 Chs | *
PUO0.25600 3.41 9.18 Chs5 | *
PUO0.25700 412 12.93 Chs | *
PUO0.25800 3.74 16.61 Chs | *
PUO0.25900 3.51 16.01 Chs | *
PUB800-4:2:4 0.63 2.4 *
PUB800-4:2:2 2.1 4.6 *
PUB800-4:2:1 3.5 9.6 *
PUB800-4:1:1 4 14.7 *
PUB800-4:0.5:0.25 4.4 10.5 *
H250-800 3.7 - 30 *
AS-2-600 4.8 - 81 *
Pine sawdust 4.2 - 2 1 *
LHPC-700 4.8 - 33 *
ACDS-800-4 4.36 - 34 *
G850-5 45 - 3 *
SD6800 4.4 12.6 36 *
ACGR2700 4.9 12.7 37 *
ACCA2800 3.7 17.5 87 *
CZ13XFAET 2.5 18.6 38 *
CZ13XFAETP 2.6 22.0 38 *
PC-poly(vinylidene chloride)-based carbon | 3.97 10.56 89 *
Porous BN 1.68 8.3 0 | *
3.74 a | *
EN 5.36 ) sox
*
BNHC-2 :?g i 2 |
*
BN-1100 :257; - 2oL
*
BN-900 :02'585 i @ |
2.26 s | *
BN pellets 358 - .
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4. Conclusion

In this work, the direct carbonisation of a mixture of potassium hydrogen
phthalate, urea and boric acid was examined to prepare porous B/N co-doped
carbons. The procedures involved grinding the dry precursors together, followed
by a carbonisation under nitrogen. As the boric acid ratio increased, the nitrogen
content increased in the samples up to ca. 20%. The presence of boron was
revealed using the EDS analysis, and a confirmation of its status might be
confirmed by the new peak in the FTIR at ca. 820 cm™ of B-N-B. However,
because the role of BA in the potassium activation of the N-containing carbon
mixture requires further investigation, the boron status in the samples remains

unknown.

The produced carbons in this study showed lower porosity compared to the
carbons obtained in the absence of BA. As the ratio of BA increased, the surface
area decreased. However, the sample with the lowest BA ratio, PUB800-
4:0.5:0.25, showed an enhancement in the packing density compared to the same
sample without BA, PU800-4:0.5. The experimental packing density increased
from 0.42 to 0.46 cm®/g of PUB800-4:0.5:0.25, which showed CO> uptake at 1
bar ca. 4.4 mmol/g. In the sample with the highest ratio of boric acid in the
carbonisation mixture, PUB800-424, the porosity transformed towards large

Mesoporosity.
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Chapter 7 Conclusion

This thesis studied the synthesis of porous carbons in different aspects, then

applied them for CO2 and CH4 uptake applications.

A. Template removal (zeolite 13X) via reaction of the carbon/zeolite composite
with KOH showed a promising approach for avoiding the use of harsh acids
(concentrated HCI and HF). All three temperatures examined in this thesis
for the reaction between the KOH and the composites (600, 700, and 800
°C) led to the destruction of a large number of large micropores. The average
reduction in the total surface area was 1451 m?/g, which is nearly half the
surface area of the pristine ZTC. That affected the maximum methane uptake
capacity of these ZTCs compared to the pristine ZTC sample. Consequently,
even if this treatment was successfully offered, which seems like a greener
template removal approach, it had negative influences on the resultant
porosity and yield. Another study could be built up on the same samples to
investigate hydrogen storage uptake. This may provide more knowledge
about the effect of the template removal method examined here on their
microporosities.

B. The investigation revealed that the porosity of the activated samples derived
from ginkgo leaves was influenced by the chemical composition of the
starting precursor (char), despite the carbonisation methods employed to
generate the char. The activated carbon produced by KOH, starting from the
hydrochar of the ginkgo leaves, showed a very high surface area when the
hydrochar was prepared at 300 °C. The highest surface of the activated

sample from this hydrochar at 800 °C and the weight ratio 4 of KOH were
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nearly 3300 m?/g and 1.65 cm?®/g total pore volume, compared to 2500 m?/g
and 1.47 cm®/g for that one from the hydrochar prepared at 250 °C. The
sample with the highest surface area was accompanied by high CO, uptake
at 20 bar and room temperature, reaching 23 mmol/g. The change in the
hydrothermal carbonisation temperature led to a change in the chemical
composition of the hydrochar and, thereby, in the porosities of the activated
carbons produced from the hydrochar. Similarly, the activation of the air-
carbonised leaves using potassium oxalate lowered meso/microporosity
compared to the direct activation of the leaves, which affected their CO»
uptake capacities. The capacities were 4.6 vs. 4.0 mmol/g at 1 bar and 14.4
vs. 15.5 mmol/g at 20 bar for AcGLF-20x-800 vs. AcGL-20x-800-D. This
findings showed the importance of the pre-treatment of the leaves (e.g.,
adopting carbonisation step or directly activating the raw precursor) on the
textural properties of the activation using PO. The air-carbonisation led to a
decrease in O/C and N/C ratios compared to the raw leaves, which decreased
the uptake at 1 bar in the direct activated. And vice versa, the uptake at 20
bar increased in the direct activated due to the higher meso/microporosity
ratio. A comparison between the activation of HCI-washed and unwashed
air-carbonised leaves using KOH and PO revealed that the presence of
inorganic content in the carbon precursor led to a minor widening of the pore
sizes in activated carbon.

Future research as well would be recommended to investigate the effects of
N/C, O/C, and H/C ratios of different precursors on the textural properties
of the PO-activated carbons. This may provide more knowledge for a deeper

understanding of the PO activation mechanism.
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C.

In-situ N-doping using urea for carbons starting from KHP by simple
mechanical mixing has successfully produced N-doped carbons with
enhanced porosities. The well-controlled amounts of the added urea and the
carbonisation conditions helped to control the porosities in addition to the
N-doping. The highest surface of the samples reached 2409 m?/g with a total
pore volume 1.2 cm®/g. The highest nitrogen doping achieved was 22%, but
with the lowest porosities at the highest amount of urea and lower
carbonisation temperatures. On the other hand, adding a third component,
which is boric acid, to the urea and KHP and carbonising it at 800 °C boosted
the nitrogen doping against the porosity. As the added BA increased, the N-
doping increased. The qualitative elemental analysis using EDX showed the
presence of boron, which perhaps indicated boron-doping in addition to the
N-doping. However, the reactions that occurred during carbonisation and
affected doping or developing porosity remain unclear. In contrast with the
N-doped carbons from urea/KHP, which were obviously controlled by N/C
and N/K ratios. The CO- uptake on these synthesised samples from the
carbonisation of KHP mixtures was governed mainly by the porosities, with
a limited effect of the doping at low pressure. A further effort would be
recommended in regards of investigation existence of the boron in the

prepared doped carbons.
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