(e London
e South Bank
A University

EST 1892

Synthesis and modification of porous
boron nitride materials for application

in carbon dioxide capture

Fereshteh Hojatisaeidi

A thesis submitted in partial fulfilment of the requirements for the award

of Doctor of Philosophy in Chemical, Process and Energy Engineering
School of Engineering

London South Bank University

October 2020

© Copyright to London South Bank University (LSBU)



Page |1

Declaration

| declare that the thesis has been composed by myself with support of my supervisors.
The thesis is submitted for examination in consideration of the award of a degree of
Doctor of Philosophy in Chemical, Process and Energy Engineering. | would like to
emphasise that the work has not be submitted for any other degree or professional
qualification. Furthermore, | took reasonable care to ensure that the work is original
and to the best of my knowledge, does not breach copyright law and has not been
taken from other sources except where such work has been cited and acknowledged

within the text.



Page lii

Dedication

| would like to wholeheartedly dedicate this dissertation to my previous supervisor
Professor. Yuda YUurum who was a true inspiration for me. May his soul rest in peace.
| would like to wholeheartedly thank my dearest mom and dedicate this dissertation to
her for all her emotional support, although remotely. Last but not least, | dedicate this
dissertation to my husband who encouraged me along the way to pursue my dreams
toward a PhD. Above all, | truly appreciate all that my father instilled in me without
which | could not succeed in my PhD. He sadly passed away shortly before my viva;

however, he will always be remembered for his jovial lifestyle.

Synthesis and modification of porous boron nitride materials for application in carbon dioxide capture



Page |iii

Acknowledgements

First and foremost, | would like to thank God for anything | have and do not have in

my life.

| would like to thank my supervisor, Professor Basu Saha, for his help, support and
encouragement throughout this study. | appreciate his trust in me and for offering a

position in his research group.

Also, | extend my huge appreciation to my second supervisor, Professor, Geraldine
Durand, from TWI, for her guidance, support, the research outlook and boosting my

self-confidence.

Special heartfelt thanks to the Sotacarbo team in Italy, Dr. Mauro Mureddu, Dr. Alberto
Pettinau and Dr. Federica Dessi. It was a great pleasure working with them in this

project.

| would like to say a big thank you to all of the technical support staff at London South
Bank University, especially Mr. William Cheung who was always on hand when |
needed any help or advice. | am greatly thankful to Mr. Ken Unadat and Mr. Charles
Coster for their technical support and guidance in the laboratories.

| have received great support from the School of Engineering, especially from Dr
Sandra Dudley and Dr Suela Kellici. | would like to thank them for all their support and
facilitating the research journey for me. In addition, special thanks to London Doctoral
Academy (LDA) team represented by Prof. Graeme Maidment, Mr John Harper, Prof.
Peter Doyle and Mrs Louise Thompson (Campbell).

| believe that | have been extremely lucky in working with supportive and collegiate
people in Professor Saha'’s lab. A warm thank you to them: Dr Victor Onyenkeadi, Dr
Zahra Echresh Zadeh, Dr Omar Aboelazayem, Dr Bisi Olaniyan, Mahiuddin Alamagir,
Shahenda Mahran and Yusuf Umar.

Synthesis and modification of porous boron nitride materials for application in carbon dioxide capture



Page liv

Abstract

Global warming, which is often confused with “climate change”, can cause long-
lasting, irreversible, catastrophic and far-reaching effects on the earth and the lives of
the future generations. There is a unanimous agreement that global warming is mainly
due to human activities and above all, burning fossil fuels for industrial applications
and emission of CO2 as one of the major contributors of global warming.

To mitigate the amount of CO2 emission and to offset its effect, the governments
around the world have united to take necessary actions in an effective and efficient
way by a variety of policy changes and adoption of technologies such as carbon
capture and storage. For instance, the UK government has set out measures to tackle
climate change with a plan for the UK to be a pioneering economy in the world towards
a zero-emission economy by 2050.

Among the technologies used for carbon capture, those derived from solid sorbents
for CO2 capture attract growing interest in industrial applications. The popularity of
using these technologies is attributed to their lower energy penalty, high selectivity,
recyclability and ease of manufacturing. Developments of new materials with low cost
is fundamental, even though numerous solid sorbents have been examined for CO>

capture to date.

Porous boron nitride (BN) has been recognised as a promising alternative to be used
in carbon adsorption process due to its unique advantages including its bond polarity,
tuneability and high thermal and chemical stabilites. So far, a systematic
understanding of how its distinctive properties (pore structure and chemistry)
contributes to capture carbon dioxide is still lacking. To develop a favourable porous
BN, further work is required to establish the viability of these materials as cost-effective
adsorbents.

This research presents synthesis and modification strategies of porous BN and a
characterisation of the material for carbon capture application. Various synthesis
conditions have been developed to obtain high surface area (>700 m?/g) pristine BN
material via template free method. The study pursued two distinct strategies to modify
pristine porous BN, aiming to enhance its CO2 adsorption performance. Firstly, a focus

on controlling the pure BN porosity has been implemented by tuning with a polymeric
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surfactant as non-metal modification approach. The capacity of pure CO2 on non-
metal modified porous BN has been enhanced by about 34.5% compared to pristine
BN in ambient conditions. The study highlights the significant role of porosity/pore size
of BN for CO2 adsorption.

Secondly, a novel approach has been implemented for modifying pore structure and
surface chemistry of pristine BN by introduction of Ni (Il) into BN framework. The pure
CO2 capture experiment has been assessed, considering three different temperatures
and the results confirmed that the basic sites on porous BN contribute to its ability to
adsorb more CO: relative to pure BN. The method has been validated as a feasible
route to improve porous BN performance in CO2 adsorption process even at realistic
flue gas temperatures (above 298 K). Finally, the stability and reusability of pristine
BN samples with various porosity and chemistry have been examined over the eight
adsorption-desorption cycles.

Overall, this dissertation demonstrated that porous BN materials possess a
combination of desirable properties with flexibility for functionalisation and lower
regeneration energy. Thus, it can be considered as an effective adsorbent for future

large-scale carbon capture technologies.
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CHAPTER 1

INTRODUCTION

Outline of the chapter

This chapter provides a background to the research study, its aims and objectives,
contribution to knowledge and provides an outline of the dissertation. The chapter is

organised as follows:

1.1. Background

1.2. Motivation

1.3. Aims and objectives

1.4. Contributions to knowledge

1.5. Structure of the dissertation



Page 12

1. Introduction

1.1. Background

The industrial revolution in the eighteenth century made mass-production of items
feasible owing to the automation of work in large factories. This rapid increase in the
production of products, combined with the increased population in the world have led
to an exponential rise in greenhouse gas (GHG) emissions around the globe. There is
almost no doubt on the influence of the human activities on climate change and
analyses show that the recent emissions of GHG is the highest in history (IPCC, 2014).
The increase in GHG emissions has far reaching and major implications ranging from
ecological and environmental to health impacts. These include but are not limited to
rising sea levels, respiratory diseases, disruption in food supply chains and extreme
weather conditions. Figure 1.1 shows the average temperature anomaly since 1850 in

the world in which a non-linear increasing trend is clearly visible.

The term greenhouse gas (GHG), refers to a set of gases including carbon dioxide
(CO2), nitrous oxide (N20), methane (CH4) and fluorinated gases with CO2 having the
lion’s share of these emissions. From the graph in Figure 1.2., one can observe the
cumulative CO2 emissions by region in the last 70 years, showing that while the
amount of emission has been almost constant in this period, China has experienced
an exponential growth in emissions due to an increase in electricity demand. The
overall trend also represents a fivefold increase in emissions worldwide. The recent
unprecedented circumstances associated with the COVID-19 outbreak has
temporarily reduced the GHG emissions by almost 17% (Le Quéré et al., 2020) in the

world, which is unlikely to be a sustainable trend in the foreseeable future.
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Figure 1.1 Global average temperature anomaly (Adapted from Hannah Ritchie and Max
Roser (2017))
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Figure 1.2 Cumulative CO» emissions by region in the last 70 years (Adapted from Hannah
Ritchie and Max Roser, 2017)
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Around the world, there is a unanimous agreement that a neglect on a rapid response
to the alarming statistics on GHG emissions is likely to produce an irreversible effect
on the planet even if the GHG emissions by human beings stop at some point in the
near future. The main challenge with these gases is the fact that they remain in the
atmosphere for a very long time causing serious complications for the human being,
plants and animals. The anthropogenic share of the GHG emissions is mainly due to
burning of fossil fuels for industrial use and because of industrialisation and population
growth in the last century. These include emissions generated from the transportation
sector, industry and electricity production.

Undoubtedly, one main concern with regards to greenhouse gas emissions is the
climate change, which endangers the majority of people on the planet with socio-
economically disadvantaged communities at the highest risk. The cost of climate
change is estimated to reach almost $8 trillion by the mid-century leading to increased
poverty, drought, flood and crop failure (Galey, 2019). These effects will hit some of
the poor and less resilient economies in the world the most which are home to a large
number of the bottom-of-the-pyramid population. However, some strong economies
such as Canada, India, Germany and Japan are also sensitive to the climate change.
The unpromising future of the world in absence of efficient and effective actions to
curb the detrimental effects of climate change motivated countries in the world to unite
and commit to take systematic actions as set out in Goal 13 among the 17 sustainable
development goals. Sustainable development goals (SDG) are a set of 17 inter-
connected goals identified by the United Nations and adopted by all the member states
to tackle global challenges on peace, justice, inequality, poverty and environment. The
Goal 13 (climate action) deals with taking urgent actions to combat climate change
and its negative impacts on environment and human lives. In line with the Paris
agreement, one fundamental target in SDG 13 is to keep the temperature rise well
below 2 degrees and closer to 1.5 degrees. Reaching the global target of keeping the
temperature increase to below 1.5 °C requires rapid, efficient and collective efforts
from all the nations in the world and all sectors of industry.

The UK government has launched a set of initiatives to remove 40,000 tonnes of CO>
from the earth’s atmosphere every year (Department for Business, Energy, 2019). The
same trend is found in other parts of the world such as the Boundary Dam project
(Canada), Kemper County (USA), Gorgon Injection Project (Australia), Abu Dhabi
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CCS project (United Arab Emirates) and Sleipner (Norway) to name a few. The
combined capacity of carbon capture in the world is estimated to be close to 100 million
tonnes of CO2 per year (The Global CCS Institute, 2019).

Carbon capture and storage (CCS), as one of the mainstream technologies to reduce
emissions, has a huge potential to capture CO2 generated from electricity generation
and other industrial applications. CCS involves three main stages, namely capturing
carbon dioxide using an efficient and cost-effective method, transporting carbon
dioxide and storing it safely for reuse in power and industrial sectors. Currently, there
are several operational projects at various stages of development for demonstrating
carbon capture process. Although the recent pandemic has slowed down the progress
of these projects, the world is set to reach the pre-defined goals. In the UK, the
Government’s guidance on UK carbon capture, usage and storage sets out plans for
the UK to be a global leader in CCUS technology by 2030 (BEISC, 2019). The
government’s plan, named as ‘net zero’ policy, is to cut GHG emissions to almost zero
by 2050 (Roger Harrabin, 2019), which is projected to cost £1 trillion by 2050. This
can be translated to an annual removal of between 75 and 175 million tonnes of carbon
dioxide equivalent in 2050 (Office for National Statistics, 2019).

1.2. Motivation

Numerous carbon capture technologies have been developed and deployed in the last
decade such as variants of adsorption, chemical absorption, membrane technology
and cryogenic separation as well as biological CO. capture technologies including
forestation oceanic fertilisation and microalgae-based carbon capture and utilisation
(Singh and Dhar, 2019). However, the energy requirements of the currently available
technologies for carbon capture and sequestration remain high, which is regarded as
one of the most significant CCS barriers in the short term (Budinis et al., 2018). To
address this issue, capturing materials as a type of CCS separation technologies
offers enormous potentials in terms of CO> uptake, CO> selectivity, and stability, which
can minimise the regeneration energy consumption compared to other conventional
capturing technologies (Abd et al., 2020). Additionally, continued research is also
needed to develop techno-economic devices from laboratory scale to commercial

scale.

Synthesis and modification of porous boron nitride materials for application in carbon dioxide capture



Page l6

Accordingly, targets for physical solid adsorbents have been led to a renewed interest
in designing a cost-effective and highly performing adsorbent in this area. Thus, the
research aims at developing a new class of adsorbents for CO2 capture with a green

route with shorter reaction time, less complex procedure and yield enhancement.

This study is focused on porous boron nitride adsorbents, which are quite similar to
the carbonaceous materials lattice structure. However, the presence of a polarity-bond
in BN provides higher affinity to interact with CO2 molecules in contrast to
carbonaceous materials. Despite several published works on developing porous boron
nitride for gas adsorption property, there is a sheer need to study the formation of
porous boron nitride and the parameters controlling its porosity and chemistry. In this
study, our main motivation is evaluation of an optimum synthetic condition along with

strategies to modify and improve porous BN adsorbents properties.

1.3. Research aim and objectives

The aim of this research is to accelerate the development of a new low-cost porous
boron nitride nanomaterial for CO2 capture to achieve a high capacity at ambient
temperatures as well as at realistic flue gas temperatures (above 298K or higher).

To achieve the ultimate goal of the project, the following objectives are suggested:
Objective 1: To produce pristine porous BN materials with high purity

This objective is to evaluate the effects of different synthetic conditions including
precursors, their molar ratio and solvents during production of pristine BN. These
parameters are key factors to optimise the chemical and physical features of pure BN
and to improve its adsorption properties. This objective provides a better
understanding of the relationship between precursors chemistry and the final

production of BN materials properties.

Objective 2: To investigate the effect of non-metal modification strategy of pristine BN

on CO:2 adsorption

This objective is to tune BN textural properties by using a surfactant template method.
With this method, the key impact of surface area, pore size and volume on the

adsorptive properties of BN can be examined.
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Objective 3: To investigate the effect of metal-modification strategy of pristine BN on
CO:2 adsorption

The surface modification of BN is crucial, due to acid-base interaction between BN
and CO:2 acidic molecules. This can be applied by creating basic groups to overcome
the weak interaction of CO2 molecules with BN. This approach will potentially lead to
modification of the surface chemistry of porous boron nitride by loading Ni transition
metal on the BN surface and subsequently enhancing the adsorption property of
carbon dioxide.

1.4. Contributions to knowledge

This work has several worthwhile contributions to the knowledge in terms of material
synthetic conditions, modification strategies in order to improve sample’s porosity and
surface active-sites, characterisation and analysis of results.

Firstly, this work has studied the production of pristine porous boron nitride via the
template-free method, where the optimal yield has been obtained with a well-defined
structure and purity on each BN sample. The effect of nitrogen, boron and solvent
precursors have been investigated on BN final production. Very little is currently known
about the importance of BN precursors effect in the field of carbon capture. Therefore,
our findings make a significant contribution to build porous BN adsorbents in wet
chemistry laboratories.

Secondly, this research has performed a non-metal modification strategy by adding
extra precursor (structure directing-agent surfactant) to identify the impact of BN pore
size on CO2 adsorption/desorption kinetics. Understanding the direct correlation
between porosity and gas diffusion helps design a novel procedure to affect BN pore
geometry. To date, only a few studies have investigated the key role of textural
properties on enhancing the physical adsorption of CO: in other systematic ways. As
far as we are concerned, no published research exists similar to our method to

examine the adsorption capacity of BN.

Thirdly, a novel strategy for preparation of BN dopped with various nickel (Ni) amounts
has been adopted to explore other crucial factors (e.g. polarizability/active sites)
explaining the attractive CO- sorption properties of BN. Up to now, very little attention
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has been paid to the role of basic groups on BN surface, which could result in an
enhanced interaction between BN and acidic CO2 molecules. Our study is the first to
address the weak interaction of carbon dioxide and pristine BN by loading Ni via simple
impregnation and calcination. Furthermore, our study sets out to consider the
usefulness of BN-Ni samples at temperatures above 298 K for industrial applications.

In addition, further controlled studies which compared differences in using polar
solvents during the fabrication process of BN-Ni samples have been investigated.

Finally, the reusability of pristine BN has been carried out in a laboratory scale through
eight cyclic tests above the room temperature. We would like to highlight the fact that
our study is the first attempt to conduct cyclic tests on the selected pristine BN
samples.

1.5. Structure of the dissertation

A brief description of the chapters in the dissertation is given as follows.

Chapter 2: Literature review

The literature review chapter begins with establishing the context, background and an
overview of the importance of carbon capture and storage (CCS) for meeting the
climate change targets. This chapter looks at how CCS pathways can be directed into
a more cost-effective and applicable deployment. It will then cover different CO-
separation and capture method(s), explaining the value of studying dry adsorption in
forthcoming technologies. After giving a brief review of the relevant academic
literature, the applicability and value of using porous boron nitride as an adsorbent for
carbon capture has been explained. Given the aim of the research, a synopsis of the
current experimental methodologies, research design and modification of porous
boron nitride have been reviewed. Furthermore, in this section, some of the
fundamental challenges of CCS by solid adsorbents are discussed, the key research
questions are provided, and existing knowledge gaps are identified.

Synthesis and modification of porous boron nitride materials for application in carbon dioxide capture



Page |9

Chapter 3: Methods and characterisation

In this chapter, detailed experimental studies have been performed on porous BN
using the bottom-up synthetic approach. Various characterisation and process
techniques have been carried out to investigate the materials’ properties and CO2
adsorption performance.

Chapter 4: Precursor-mediated synthesis of porous boron nitride

Pristine porous BN samples have been synthesised through the template-free method.
The main objective of this chapter is to obtain the optimal yield of porous BN by
evaluating different precursors during the hydro or solvo thermal evaporation steps.
Various analytical techniques have been applied to characterise the structure,
morphology, and chemistry yields of BN samples. The effect of precursor variables
and their interactions into BN frameworks have been discussed. Optimum synthetic
conditions have been confirmed experimentally, which result in porous BN samples

with high purity and porosity levels.

Chapter 5: Metal-free modification of porous boron nitride

An initial objective of the modification strategy has been reached in this chapter on the
question of whether metal-free modification of BN enhances CO: capturing capacity.
A facial synthesis modification procedure has been applied to tune pristine BN pore
size/geometry using structural directing-agent surfactant (Pluronic P123 triblock
copolymers). The influence of using surfactant has been analysed and compared with
pristine BN sample by characterising their chemistry, structure, thermal stability and
textural properties.

Chapter 6: Metal modification of porous boron nitride

The second objective of the modification plan of this study has been achieved in this
chapter by considering the impact of Ni loading in both porosity and surface chemistry
of BN. A simple impregnation-calcination step has been applied with different levels of
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Ni compound into the boron and nitrogen precursors. The surface metal modification

results have been discussed using materials characterisation techniques.

Chapter 7. Evaluation of porous boron nitride for carbon dioxide capture

The main aim of this research has been achieved in this chapter, where the
applicability and efficiency of using porous BN (either pure or modified samples) to
capture pure CO2 have been investigated. Experimental dynamic adsorption process
has been assessed at low CO. partial pressures across a range of favourable
adsorption temperatures. The role of surface functionality outcome on porous BN
affinity to interact with CO2 molecules has been argued and compared to pure BN
samples’ value results. Finally, the reusability of pristine BN samples has been

examined based on cyclic temperature swing adsorption/desorption process.

Chapter 8: Conclusions and recommendations for future work

The overall conclusions for this research with sections on the significant finding and

recommendations for future work have been provided in this chapter.
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CHAPTER 2

LITERATURE REVIEW

Outline of the chapter

This chapter presents a detailed review on carbon capture methods and applications
based on solid sorbent materials. It focuses on experimental synthesis and
modification of porous boron nitride adsorbent where different synthetic and
modification methods have been addressed. The chapter is organised as follows:

2.1. Introduction

2.2. Global greenhouse gas (GHG) emission

2.3. The value of carbon capture and storage (CCS)
2.4. CCS development and applications

2.5. CO2 combustion and capture processes

2.6. Sorbents regeneration processes

2.7. Adsorbents for CO2 capture

2.8. Boron nitride nanomaterials

2.9. Experimental investigation of porous boron nitride
2.10. Chemical modification of boron nitride

2.11. Application of porous BN in CO2 capture

2.12. Conclusions and knowledge gaps from the literature
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2. Literature review

2.1. Introduction

The specific objective of this dissertation is to improve the performance of porous
boron nitride materials to capture carbon dioxide and to use these adsorbents for
tackling climate change. This literature review firstly provides an introduction into the
significance of carbon capture and storage (CCS) to tackle climate change (section
2.2 and 2.3). It then offers an overview of various technologies to capture CO2 and
how these technologies could be enhanced in terms of cost, efficiency and
regenerability (section 2.4-2.6). Subsequently, the literature review presents
adsorption processes, focusing on the research on dry-sorbent materials in section
2.7, and then sheds light on the literature of using BN as a solid sorbent. Section 2.8
highlights the structure and chemistry on BN while section 2.9 addresses various
methods for BN synthesis with a focus on those, which bring about porous structure
by template and non-template methods. The review then covers those studies on
surface modification of BN for different purposes in section 2.10. It comprises of two
key themes, namely: (a) non-metal modification and (b) metal modification. Section
2.11 deals with the studies published in the last decade on using BN for carbon
capture. It is hoped that this review summarises the most relevant studies to ours as
well as find the current gaps in the literature of which this dissertation is an attempt to

fill some.

2.2. Global greenhouse gas (GHG) emission

Greenhouse gas (GHG) emission has brought about significant challenges to
governments around the world. These challenges include but not limited to the rise of
sea levels and devastating social effects. GHGs include various gasses among which
carbon dioxide (CO>) is the most commonly emitted gas by human activities. As Figure
2.1 depicts, CO2 has been the most important component of GHGs in the last three
decades. This, in turn, has led to detrimental environmental effects including global
warming and endangered species and strong policies are needed to reduce these
detrimental effects on the environment. According to Global Carbon Capture &
Storage Institute (2018), the world economies remain heavily dependent on fossil
fuels, which are the source of 85% of the world’s energy. It is worth noting that nearly
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a quarter of all CO2 emmisions come from industries such as coal, cement, steel and
chemical production (IEA/UNIDO, 2011). As shown in Figure 2.2, the demand trend
for fossil fuels has been doubled between 2000 and 2016. This significant increase
calls for an amplified effort in decarbonisation industries and power sector. While fuel
switching such as using natural gas rather than fossil fuels and adopting renewable
energies can reduce CO2 accumulation, accelerating in decarbonisation is extremely

challenging without use of carbon capture and storage (CCS) technologies.
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Figure 2.1 The inter-annual variation in radiative forcing by greenhouse gases (Adapted from
Butler and Montzka, 2013)
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Figure 2.2 Annual global fossil fuel carbon emissions (Adapted from Global Carbon Project,
2017)

2.3. The value of carbon capture and storage (CCS)

Numerous studies such as the Inter-governmental Panel on Climate Change (IPCC),
the International Energy Agency (IEA) among others have emphasised the essential
role of carbon capture and storage (CCS) technologies to achieve net zero emissions
target (Rogelj et al., 2018; Transform. Ind. through CCUS, 2019). For instance, the
benefits of CCS in achieving the UK’s net-zero target is provided by Committee on
Climate Change’s (CCC) in May 2019 (Committee on Climate Change, 2019).
According to this report, CCS is considered in all the mitigation options advised by
CCC to the UK government. Moreover, it also supports delivering the negative
emission technologies as well as cut emissions in heavy industries by producing low-

carbon hydrogen.

Additionally, CCS is one of the most crucial and cost-effective pathways to accomplish
deep decarbonisation in industry and power sectors (GCCSI, 2020). As the demand
for industry production and electricity is increased by population growth, the utility of
CCS in decarbonising the industry and power sectors has been accelerating globally.

Importantly, technologies based on carbon dioxide removal (CDR) and bioenergy with

Synthesis and modification of porous boron nitride materials for application in carbon dioxide capture



Page 1185

CCS (BECCS) will be needed to be developed for future negative emissions and is
widely recognised as vital in the journey to net zero by 2050. While there are
challenges such as process cost and scaling-up the innovative technology, deploying
negative emission technologies is of utmost importance to meet long-term climate
targets. Hence, transition to low-carbon economy is ongoing with the progress of novel
technology to contribute to reduction of primary barriers for development of CCS.

2.4. CCS development and applications

As we discussed in the previous sections, reduction of greenhouse gas emissions is
fundamental to meet the net zero target by the mid-century. We will now move on to
explain applications of CCS in different sectors ranging from the chemical industry to
power generation. CCS is an indispensable part of a variety of technologies and
processes and its replacement not only leads to doubling the cost, but also reduces
the risks associated with meeting climate targets (GCCSI, 2020). As noted by the
United States Environmental Protection Agency, CO2 emissions from sectors such as
electricity and heat production have the largest source of emissions in total (Figure
2.3). Process emissions from chemical industry production such as cement, steel,
aluminium and ammonia contribute to almost one-quarter of industrial emissions;
however, it cannot be avoided by using alternative fuels (Transform. Ind. through
CCUS, 2019). Thus, decarbonisation of these sectors will be taken into account to
address the climate change challenges. Among portfolio technologies, CCS is
considered as the most effective contributor to the industry subsectors regardless of
the fact that challenges will remain for the industrial sector. Another major contribution
of CCS application has been found in low-carbon hydrogen production for almost two
decades. The technologies used so far for low-carbon hydrogen production with CCS
comprise gas reforming, coal gasification and electrolysis (Joffe et al., 2018).
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Figure 2.3 CO. emissions by sectors (Adapted from United States Environmental Protection

Agency, accessed: 7 October 2020)

Overall, the process of using CCS in industry has been materialised in commercial
scale; however, for some industries like iron, steel and cement production, there is still
a need for successful deployment. In the power sector, the extra cost of the capturing
process is the main setback for large-scale implementation. Globally, the demand for
CCS with low cost services has increased and so, there is a sheer demand for new

technologies for this purpose.

2.5. CO2 combustion and capture processes

As previously stated, a large amount of CO2 is emitted during the combustion of natural
gas, thereby various strategies to capture CO. through mix gases have been applied
in industry. After CO2 sequestration from the mix gases, carbon dioxide is compressed
into liquid in order to be transported through pipelines for geological storage (Coutris
et al., 2015). To date, the capture technologies that have been demonstrated at pilot
plant scale or higher scales are classified as (i) pre-combustion, (ii) post-combustion
and (iii) oxy-fuel combustion (Lee and Park, 2015). Figure 2.4. depicts the combustion

processes in power generation.

The pre-combustion approach is integrated with gasification step to produce syngas.
As Figure 2.4 shows, the first step is the reaction between fuel and oxygen gas, which
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occurs at a high temperature, and pressure. The syngas produced at this stage is
conducted through a water-gas shift reaction to produce H> and then shifted to the
combustion process to produce power and heat in power plants (Broom and Thomas,
2013). The separation approach for pre-combustion mainly involves H2/CO2
separation based on physical absorption of CO> followed by releasing the CO- after
pressure drops (Romano et al., 2010). However, physical adsorption using amine
modification system is also feasible (Su et al., 2009). One limitation of the pre-
combustion technology is that the energy is not preserved efficiently during CO-

capturing process and there is a need for an in-depth supporting system.

In the post-combustion carbon capture approach, first the fossil fuels or biomass is fed
into a combustion process, then the flue gas which contains CO2 and N2 is conducted
to the separation process (In et al., 2005). Therefore, the capture process involves the
separation of CO2 from N2 flue gas in a presence of water vapour. This technology is
applicable in a majority of existing coal-fired power plants as well as natural gas fired
boilers. In spite of this benefit of post-combustion capture, some barriers such as low
CO2 partial pressure and advanced process requirement to achieve high capture
volume exist that hinder the implementation of the separation process.

The oxyfuel combustion is another recently developed CCS technology. Therein, pure
oxygen is used in the combustion process, which requires an air separation unit to
generate pure oxygen for combustion. Therefore, oxyfuel combustion has exorbitant
costs as opposed to other approaches. It is imperative to take into account that oxy
combustion is valuable due to high concentration of CO: in flue gas, which can be
reasonably purified. Currently, the oxyfuel combustion is carried out on coal-fired
power plants and is planned for large-scale demonstration projects (Rubin et al.,
2012).
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Figure 2.4 Diagrams demonstrating post-combustion, pre-combustion and oxy-combustion
system (Adapted from Figueroa et al., 2008)

The trend of innovative advances of CO2 capture and separation methods among post,
pre and oxy combustion processes is shown in Figure 2.5. What stands out in this
figure is the growth of cost reduction benefits of advanced technologies once they
approach commercialization. This means that by the next generation, there will be
significant improvements in efficiency and cost over highly novel technologies.
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Figure 2.5 Disruptive CO- capture technologies. (Adapted from Figueroa et al., 2008)

Among the current available technologies, CO2 capture from post-combustion
emission gases is the most commonly used technology in power plants and other
industries. Post-combustion carbon capture is a prime candidate to be retrofitted in the
power sector in order to reduce GHG emissions. The classification of technologies for
post-combustion capture of CO2is shown in Figure 2.6.
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Figure 2.6 Methods of CO, separation and capture (Adapted from Younas et al., 2016)

Generally, the choice of methods is mainly dependent on the condition in which the
flue gas is conducted including level of impurities, the temperature, the CO> pressure
and concentration (Rubin et al., 2012).The physical absorption process involves a
reaction between amine-based solvent and CO2 with a low partial pressure. Thus,
amine-based solvents can capture CO2 from flue gas and the solvent is recovered to
absorber. Traditionally, absorption technology is considered as the most mature option
for CO2 separation while it suffers from negative environmental footprint and its
complex regeneration process, which is also costly. Membranes are another
adsorptive porous metallic, polymeric and ceramic material that can be used to capture
and separate CO> from a gas steam. In this process, membrane acts as a filter from
which the flue gas passes through the material and is absorbed. Given that the
selectivity of CO2 is a noteworthy issue, membrane pore walls could enhance selective
diffusion of CO2 over other gases such as N2, O2 and SO. Although in the currently
used technologies, membrane is used for gas purification in the production of
hydrogen, it is more applicable for high pressure processes in pre-combustion plant
(Lock et al., 2015).
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Cryogenic gas separation is one of the commonly used technologies in natural gas
value chain with high concentration of carbon dioxide yield and selectivity (Idem et al.,
2006). In this separation, CO2 is recovered with high purity under particularly low
temperature and high pressure. The obtained liquid phase of CO., which is obtained
through refrigeration and separation process, can be transported easily. A major
drawback of this approach is the high consumption of refrigeration energy (Leung et
al., 2014).

Unlike absorption processes which use a liquid solvent to separate CO> from flue gas,
solid sorbent could also capture and separate CO> on its surface as shown in Figure
2.7. The process based on adsorption is reversible and sorbents that are commercially
used are porous solids and can be recycled. The regeneration cost of adsorption is
relatively lower than conventional solvent-based adsorption given that there is no need
for large quantities of water to regenerate solvent solution (Webley and Danaci, 2020).
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Figure 2.7 lllustration of CO; adsorption and separation on the surfaces of a solid sorbent
(Adapted from Rubin et al., 2012)

As indicated previously, the traditional technology is based on absorption in aqueous
organic amines; however, the intensive energy consumption, equipment corrosion and

toxicity, make exploration of new materials for CO> capture highly demanding (Li et
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al., 2013; Lee and Park, 2015). Hence, the challenge of selecting the porous solid is
to design durable sorbents for CO2 capture with the aim of achieving high purity,

recovery, productivity and low energy consumption.

2.6. Sorbents regeneration processes

Adsorption regeneration step by nanoporous materials is divided into classical
techniques such as temperature swing adsorption (TSA) and pressure swing (PSA) or
vacuum swing adsorption (VSA). The decision of how to select cyclic adsorption
processes depends on specific separation. In the TSA process, due to the fact that the
reaction is exothermic, the adsorbent is regenerated by increasing its temperature,
while in the PSA process, the regeneration occurs by reducing the pressure. (Broom
and Thomas, 2013).

For instance, Belmabkhout et al., (2009) measured the CO> adsorption on MCM-41-
100 at high pressures up to 25 bar, using high PSA operating dry adsorption. The
author concludes that their optimal material shows a high volumetric uptake and
selectivity over N2, H2 and CH4 at high pressure and dry conditions. Another example
of PSA cyclic separation of CO: is reported by Delgado et al. (2007) which measured
the separation of carbon dioxide/methane on basic resin. The result of their study
indicates gradual increase of adsorption capacity with the number of cycles which
plateaus at a constant value after 16 cycles. Moreover, they evaluated a Linear Driving
Force (LDF) model to explain the breakthrough PSA curves.

In order to apply the CO2regeneration technology for large-scale applications with high
purity and recovery, thermal swing sorption is a favourable process. In contrast to
PSA, working capacities and selectivity are large in the adsorption process by TSA
(Webley and Danaci, 2020). The TSA performance is based on heating and cooling
during the constituent adsorption/desorption cycle time. Therefore, temperature and
sorbents sensibility to heat are the critical parameters which need to be optimised for
the regeneration heat process (Dijkstra et al., 2018). In addition, a modelling work
needs to be validated for the small-scale pilot separation processes. To this end, the
relevant infrastructures needed for this development which are associated into the
physical characterisation, amount of gas adsorption isotherms and sorption kinetics of
solid adsorbents should be taken into account.
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2.7. Adsorbents for CO; capture

Solid adsorption is an alternative process to solvent-based chemisorption which was
first considered in the early 1990’s for carbon capture (Kikkinides et al., 1993; Ishibashi
et al., 1996). Novel CO- capture adsorbents (zeolites, carbonaceous materials, metal
organic frameworks, functionalised adsorbent) followed solid adsorption in the
following years. Solid sorbents can be applied for a wide range of temperature and
pressure conditions for both post-combustion and pre-combustion applications.
Another strength of adsorption is being economically favourable due to the low cost
and easy regeneration of absorbents. Moreover, using waste material as an adsorbent
causes minimal environmental footprint as opposed to using solvent compounds (Bui
et al.,, 2018). One of the challenges in this area relates to the manufacturing of new
adsorbents that enables the researcher to enhance good diffusion kinetics and
providing improved performance. Regarding dry sorbent materials, there have been
several properties such as selectivity, CO2 working capacity, cycling stability, energy
consumption and tolerance against water, which need to be determined for CO-
capture. Moreover, a systematic understanding of how these materials contribute to
CCS processing in actual conditions should be investigated.

In the remainder of this section, the most common CO: adsorbents and their main
attributes, strengths and weaknesses in the context of CO2 capture have been
summarised. The research advantages of using porous boron nitride as a new

adsorbent for carbon capture has also been discussed.

2.7.1.Carbonaceous material
Inorganic porous carbons such as graphene, activated carbon and carbon nanotubes
(CNTs) are common options for CO2 adsorption. They are low cost materials with high
chemical stability, surface area, and easy structure modification. These materials are

extensively considered in CO2 physisorption studies (Younas et al., 2016).

It is now well-established from a variety of studies that these materials have potential
for green and sustainable synthesis due to being derived from biomass and renewable
sources (Sevilla and Fuertes, 2011b; Primo et al., 2012; Wei et al., 2012). Despite all
advantages of using these materials for CO. adsorption, the CO2-uptake value is
favoured at high partial pressures of adsorbate. Hence, CO2 capacity in carbon-based
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materials shows poor sorption and selectivity over mix gases. Previous research
showed that a variety of modifications can be made to increase adsorption capacity
on carbonaceous materials. For instance, KOH treatment, which is one of the best
activating reagents can enhance CO, adsorption of carbonaceous materials and
increase the number of pores and surface area (Sevilla and Fuertes, 2011; Wei et al.,
2012; Ello et al., 2013). Furthermore, pure carbon materials are less polar and thereby,
exhibit a weak affinity to CO2. To overcome this barrier, various studies confirmed that
the N-doped porous carbons may provide the polar sites as well as negatively charge
the carbon frameworks (Zhang et al., 2015b; Singh et al., 2017).

2.7.2.Metal-organic frameworks (MOFs)

MOFs are crystalline materials consisting of metal ions linked by organic ligands. The
uniform micropores size and extra framework cations of these materials are key
factors for using MOFs in CO2 capture (Zhang, 2013). The incorporation of MOFs by
functional group as well as doping metals in the framework modifies the adsorption
properties by changing the surface chemistry (Wu et al., 2012; Yazaydin et al., 2009).
Kinik et al. (2016) and Sezginel et al. (2016) tried to enhance separation performance
of MOF through direct interaction between ionic liquid (ILs) and MOF. Their results
suggest that IL-MOF interactions strongly affect the gas affinity of materials at low
pressures while available pore volume plays a key role for gas adsorption at high
pressures (Cota and Martinez, 2017). In addition, the usage of MOFs is often limited
because of their poor chemical stability as they can react with flue gas components
like water, NOx and SOx (Duan et al., 2017).

2.7.3.Zeolite-base adsorbent
Zeolites can be described as microporous crystalline aluminosilicate minerals with
identical pores structure, which have been used as commercial adsorbents and
catalysts. The presence of narrow pore size and polarity makes zeolite an efficient
shape-selective material for separation applications (Yang et al., 2008). Previous
research concluded that efficiency of CO2 adsorption by zeolite depends on the
structure, size, purity, cationic form and molecular polarity (Samanta et al., 2011; Zukal
et al., 2017). Importantly, the CO2 adsorption capacity on zeolite is increased with gas
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phase pressure and is decreased with the rise in adsorption temperature.
Furthermore, due to the strong adsorption behaviour of zeolite for moisture, the CO>
uptake is decreased in the presence of the moisture contents (Younas et al., 2016). It
is possible, therefore, that zeolites show a weak CO- capture performance in the gas
mixtures containing water. Another intrinsic limitation is that regeneration of zeolite

and desorption of CO: is costly and requires considerable amounts of energy.

2.7.4. Advantages of using porous boron nitride (BN)
Recently, boron nitride (BN) materials are considered as a new class of sorbents for
carbon capture applications. The primary reason to turn our attention to BN materials
is its unique advantages compared to other materials. The key factors encouraging
the CO2 capture performance of BN can be attributed to its stability in a wide range of
temperatures, high surface area/porosity and the ionic character of BN bond (Jiang et
al., 2015). Another interesting feature of these promising materials is their flexibility to
structural/pore geometry change. This approach opens a new route to modify the
surface chemistry of BN to achieve a better sorbent material for CO_ diffusion in

dynamic conditions.

In this case, there have been numerous crystalline forms obtained so far such as
hexagonal nanosheet, nanotubes or porous turbostratic to name a few. More details
of structural and chemistry properties of BN nanomaterials is provided in the following
section. With regards to expanding BN-based CO> capture capability, other advanced
research on surface modification and doping also considered the best ways to improve
its CO2 uptakes and selectivity.

Generally, the following sections describe the procedure and methods used in
designing and modification of this material, highlighting its application in CO- capture.

2.8. Boron nitride nanomaterials

Boron nitride nanomaterials (BN) have been established as one of the most promising
inorganic ceramic materials with different structures and properties. The chemical
compound of BN, involving boron (B) and nitrogen (N) covalent bonds exists in various

crystalline forms. The most common crystalline structure of BN is the hexagonal form
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(h-BN), which is also called as a white graphene with a layer structure. The cubic form
(c-BN) of BN, known as the second toughest material, is of less attraction among
scholars compared to hexagonal form. There are also two scarce rhombohedral and
wurtzite forms (Pakdel et al., 2014a). Much of current literature on BN structure pays
particular attention to the hexagonal forms. This lattice form can also be tailored into
non-crystalline or disorder structure of turbostratic BN (t-BN) and amorphous BN (a-
BN) materials. Mostly, BN materials with pores structure are referred to turbostartic
and amorphous structures due to their low crystalline order and high impurities and
defects. A recent systematic literature by Weng et al. (2016) concluded that porous
BN structure has a better performance relative to other structural models in terms of
adsorptive applications of BN. In addition, 2D dimensional layer of h-BN interact by
weak van der Waals forces with interlayer spacing of 0.333 nm (Lin and Connell,
2012). As can be seen in Figure 2.8. the sheet of 2D BN can be rolled and shaped into
1D tube structure. After preliminary work of BN nanosheets in the form of nanomeshes
(Corso et al.,, 2004), other forms of nanosheets were extended to the nanoplate
(Kostoglou et al., 2016), flake like (Marchesini et al., 2017b) and microsponges (Weng
et al., 2014) to name a few. The literature on one-dimensional (1D) BN nanomaterials
is also highlighted in several morphologies such as nanowires (Chen et al., 2006),
nanofibers (Lin et al., 2016), nanoribbons (Li et al., 2013c) and nanorod (Zhang et al.,
2006). Collectively, some morphologies at different nanoscales which have been
produced so far, are illustrated in Figure 2.9.

Nanosheet Nanotube

Figure 2.8 Structure of 2D BN nanosheet which wrapping to make 1D BN nanotube (Adapted
from Golberg et al., 2010)
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Figure 2.9 Microscopic structure images of diverse BN nanostructures reported so far
(Adapted form Hojatisaeidi et al., 2020; Lin et al., 2016; Li et al., 2013c; Weng et al., 2014;
from top to bottom).

As mentioned above, BN materials are quite similar to carbon-carbon network
structures. While the C-C bond in graphite is covalent bond with no ionic characteristic,
the covalent bond in B-N exhibits partially ionic character with 1.45 A in length (Marom
et al., 2010). Thus, the distribution of electrons in B-N shift to the electronegative N
atoms creating the electron-deficient B atoms and causes polar structure. There is a
large volume of published studies describing the role of polarizability and ionic
character of BN in the field of adsorption such as water treatment (Song et al., 2017),
hydrogen storage (Li et al, 2013b) and carbon capture (Janik et al., 1994).
Furthermore, experimental studies on boron nitride nanostructure have shown
superior mechanical properties and thermal conductivity of these materials (Boldrin et
al., 2011, Andrew et al., 2012, Chen et al., 2004). Therefore, BN nanostructure are
very useful in nanofiller composite materials, anti-oxidation lubricants and protective
coatings in industry (Weng et al., 2016, Pakdel et al., 2012). Another feature of BN
materials is their strong luminescence properties in the UV range which promotes its
application in photoluminescence property (Gao et al., 2009). In this write-up, among
all these properties of BN material, we will mainly focus on the ionic character of B-N

bond, high surface area and superior total pore volume and high thermal stability.
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These are the fundamental properties, which are required and make the BN a
promising candidate for carbon capture applications.

2.9. Experimental investigation of porous boron nitride

Following on from the discussions in the previous section, BN nanomaterials appear
in a variety of structures and crystallography features. This variation provides a large
set of applications in various sectors of industry. In the literature on adsorptive
applications of BN, the relative importance of porous structure has been the subject of
considerable discussion. Data from Scopus source has identified a considerable
amount of literature published on porous boron nitride as depicted in Figure 2.10.

25
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Figure 2.10 Scopus analyse search results with keyword: “porous boron nitride" [Accessed
date: 20 June 2020]

What is striking about this graph is that the demand for synthesising porous BN has
remarkably increased between 2010 and 2020. Consequently, much more information
has become available on the chemical methods of porous BN in both theoretical and
experimental domains. However, debate continues about the best strategy for
management of the chemistry features of porous BN using in particular sorption
properties. As in this work the pore size/shape of adsorbents properties is considered,
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the following sections describe the most common synthetic approaches for preparation
of porous BN that have been used by scholars. The studies presented thus far provide
evidence that porous BN materials could be obtained from different morphologies (e.g.
ribbon, whiskers, flake, etc.) to different structures (1D, 2D, 3D) towards their
applications. The most similar chemical characteristic of synthesised porous BNs is
their low crystallinity, which take a formation of turbostratic and amorphous structure.
However, there are fundamental differences among these materials in terms of their
micro-meso porosity networks. A great deal of previous research into synthesis
methods have focused on producing materials with high surface area and a large
number of pores. In this regard, researchers attempted to evaluate the impact
of different process parameters on the growth of porous BN. Therefore, it is a major
challenge to choose the best synthesis condition, which depends on the application
area. For instance, in this research, we aim to design a highly performing porous BN
for CO2 capture and separation process. Thus, from a chemistry point of view, the best
approach for this application is the one which offers a high pore volume with a
dominant level of ultra-micropores. The themes identified in porous BN characteristics
are presented in Figure 2.11.

Herein, the experimental work is presented which reviews the synthetic approaches
leading to porous BN. Methods can be widely classified into those using template and
those without during the synthesis. These methods have been recently challenged by
multiple studies demonstrating the influence of process parameters on BN structural
and chemistry growth. Raw materials and their molar ratio, temperature, carrier gas
and post-treatment have emerged as the most obvious factors in the literature to date.
Overall, a summary of the main findings, together with an overview of different
fabrication processes is provided in this section.
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Figure 2.11 Themes identified in porous BN

2.9.1.Template synthesis porous BN
In a wet chemistry laboratory, the porous boron nitride can be obtained through
chemical reaction of boron precursors and nitrogen precursors via heat-treatment
step. In template direct synthesis, the porosity of BN tailors by using the presence of
template (hard, soft and dynamic) during BN synthesis, which is then needed to be
eliminated by the post treatment method. This section attempts to provide a brief
summary of the literature relating to porous BN synthesis using hard and soft
templates. It should be noted that in this section, only the most popular and well-known

templates are discussed.

Hard templates:

As explained earlier, in order to yield porous BN, the controlled chemical reaction can
be employed during the mixture of boron and nitrogen precursors, followed by heat-
treatment. Commonly, most of the strategies for obtaining the porous structure of BN
with specific morphology and high surface area involve utilizing hard templates. These
hard templates typically include mesoporous silica, activated carbon, zeolites and
graphene aerogels. The specific surface area (SSA) for these porous BNs are reported
to be from 100 to 900 m?g™'. The initial growth of porous BN using the hard template
method is highlighted by Han et al. (2004). In their work, the measurement of specific
surface area was 167.8 m?g™! using activated carbon as a hard template. Afterward,
in many studies, mesoporous carbon/silica were adopted as the hard template such
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as SBA-15 silica and mesoporous carbon (CMK-3) (Dibandjo et al., 2005; Vinu et al.,
2005). A key study comparing mesoporous silica and carbon is that of Dibandjo et al.,
(2005) in which they investigated the impacts of SBA-15 and CMK-3 on mesoporous
boron nitride. In an analysis of surface area, they found that mesoporous BN using
mesoporous carbon molecular sieves shows a high surface area of 500 m?g" and it
has a uniform structure compared to the silica template. Moreover, ammonia and HF
treament were used to remove carbon and silica templates respectively. In a follow-
up study, Rushton and Mokaya, (2008) synthesied mesoporous BN using mesoporous
silica through nitridation at 1150 °C under ammonia flow. The product exhibited a
specific surface area of 327 m?g™! and a pore volume of 0.5 cm3g™'. A recent study by
Maleki et al., (2016) involved new polymeric templates for the synthesis three-
dimentionally (3D) BN foam. They prepared BN composite using polymeric hard
template, pyrolyzed at 1150°C under ammonia atmosphere to eliminate the template.
The obtained porous BN revealed high oil uptake due to its high hydrophobicity.
Aditionally, introducing carbon template (e.g. glucose spheres) into boron and nitrogen
affects on morphology/shape of boron nitride nanoparticles (Han et al., 2017). Han et
al. (2017) demonstrated that spherical structure of BN is formed by glucose under
combination of hydrothermal and heat treatment process. The textural properties of
BN are improved by preparing micro-meso amorphous BN from zeolite (Schlienger et
al., 2012). According to Schlienger et al., (2012), high specific surface areas up to 570
m?/g are achieved by impregnation of carbonaceous templates with polyborazylene
(PB) via ceramisation temperature at 1200°C. Similarly, a broader perspective has
been adopted by Salameh et al., (2018) which controlled the crystallinity and textural
properties by adjusting the temperature in a range of 1000 to 1450°C under nirtogen
flow. Their study found that reducing temperature to 1000°C increased SSA BET
surface area to 728 m?g™! with a 3D mesopores structure. Their finding presented
robust monolit 3D boron nitride as a potetial for hydrogen storge.

Considering all the evidence above, it seems that the major drawback of using hard
templates is the porosity achieved through this method, which is very low due to
inefficient filling of precursors within template pores. Furthermore, it is difficult to
eliminate templates and often leads to a failure of a part of the pore structure, affecting
the performance of the product (Xie ef al., 2016).
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Soft templates:

The soft template does not have a rigid structure. Common soft template method
involves use of various structure redirecting agents (SRA) such as cetyl-trimethyl
ammonium bromide (CTAB), polyvinyl chloride (PVC), cetyl-trimetyl ammonium
chloride (CTAC), triblock copolymer poly (ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol) (p123), etc. (Li et al., 2013c; Xiong et al., 2017; H.
Li et al., 2017). Some authors attempted to use dodecyl trimethyl ammonium chloride
(DTAC) as a soft template for production of spherical hexagonal boron nitride at
different nanoscales (Ning et al., 2016; Zhang et al., 2014). While Ning et al., (2016)
focuses on the microsructure and adsorption performance of h-BN by using different
molar ratios of boron source, Zhang et al., (2014) is more concerened with the effect
of template content and nitriting temperature on the micro morphology of h-BN. The
former author prepared h-BN with the use of borax and boric acid in different molar
ratios and heated certain amount of urea and DTAC under amonia atmosphere. Zhang
et al., (2014), on the other hand, studied the same procedure with different amounts
of soft template (DTAC). These experimental methods confirmed that the precursors
content and temperature treatment may have some influence on the shape and size
of BN production. Another soft template approach was reported by Xiong et al. (2015)
with the use of 1-butyl-3 methylimidazolium tetrafluoroborate ([Bmim]BF4) via
calcination under N2 atmosphere. In their synthetic procedure ([Bmim]BF4) applied
as a soft template and carbon source to prepare boron carbon nitride (BCN). In another
major study, highly porous activated boron nitride prepared with the presence of
oxygen and carbon impurities (Li et al., 2013c). Their finding demonstrated porous BN
with 2078 m?g™" specific surface area by introducing the triblock copolymer (P123) as
a structure-directing agent into boric acid and melamine precursors under two steps
of heating process. As far as we are concerned, this outcome reveals the highest
surface area of porous BN, which has been reported so far. Collectively, these soft
templates have been used for enhancing the porosity of the resulting BN materials as
a result of their advantages such as good repeatability, ease of processing and not

requiring HF for removal of silica ones (Mishra and Saravanan, 2018).
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Dynamic templates:

Several recent systematic studies examined the dynamic template method to control
the synthesis of porous BN. For instance, Xiao ef al. (2016) separated BN layers with
Magnesium-based intermediates during synthesis. The results of their research
support the idea that Magnesium diboride (MgB:) is formed like a sandwich with BNNS
and Mg-based by-products are decomposed during the reaction. Furthermore, the
combination steps of freeze-drying and thermal decomposition were conducted by Lin
et al. (2016) to produce one-dimension (1D) BN nanofiber. Their heating process was
performed in a range of 1000—1300°C under nitrogen flow. Prior to the pyrolysis
treatment, the aqueous solution of boric acid and melamine was placed in vacuum
freeze dryer for several days. As noted by the author, a freeze-drying process
contributed to the formation of 1D nanostructure. In a follow-up study, Zhao et al.
(2017) obtained ultrathin uniform ribbon-like boron nitride with the same procedure.
Their strategy is described as a self-sacrificed template using boric acid and melamine
as raw materials, followed by vacuum freeze drying and calcined up to 1050°C. A
similar procedure was followed by Xiong et al. (2020) to obtain 3D boron nitride
monolith. As opined by Xiong et al., (2020), the 3D monolith structure exhibited a
higher adsorptive performance compared to powder, and therefore it can be easily

recovered and separated.

In another comprehensive study of dynamic route, Han and Yu, (2018) reported a high
round spherial boron nitride using ammonia borane (BH3NH3) as a precursor toward
the pressure-induced vapour synthesis. The formation of well-dispersed spherical
structures was achieved after further heat treatment (up to 1300°C) of ammonia
borane in the sealed vessel. In all the studies reviewed in this section, formation of
boron nitride is recognised as a specific morphology. Thus, applying dynamic efforts

improve the nano-architectural properties of BN rather than its textural aspects.

2.9.2. Template-free synthesis porous BN
The previous section showed the template development of porous boron nitride in a
wide range of morphologies, sizes and chemical structures. However, all the
previously mentioned methods suffer from some serious drawbacks. Perhaps, the
most serious disadvantage of template method is that it requires additional steps (e.g.
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HF and ammonia treatment) to remove the template. Another key problem with this
approach is that the majority of BNs produced with template may contain impurities
and lower surface area. Therefore, the template-free theory has been vigorously
challenged in recent years by a number of researchers. This method of BN production
has been associated with precursors decomposition, which does not call for removing
the template. Furthermore, the cost of template and additional steps in the synthesised
BN via template method has led to development of alternative template-free methods.

We turn now to the experimental evidence on non-template routes, which has been
the subject of many studies in last decade. In the section that follows, the procedures
and methods used in this investigation will be described in detail. Generally, non-
template method involves heating the mixture of boron and nitrogen precursors under
various conditions. Recent developments in this methodology have highlighted the
need for highly porous BN associated with shorter reaction time and higher yield.
Consequently, trends in template free production of BN have led to a proliferation of
studies on how considering the dynamic and chemical conditions can result in a well-
defined porous structure. Figure 2.12. presents the different parameters that affect the
porosity and structure yields of BN using non-template method. Numerous reports
advocate that different conditions including the molar ratio of precursors,
decomposition temperature, solvent mediate and carrier gas play major roles in the
formation of BN with diverse structures and properties.

Solvent & Gas
flow

Molar B N Porous BN

ratio

Temperature

Chemical decomposition of
precursors

Figure 2.12 Schematic of parameters in template free synthesis of porous BN (Adapted from
Mishra and Saravanan, 2018)

Before proceeding to examine the role of the process conditions in BN synthesis, it is
important to establish the targets and specifications. For instance, with respect to
designing a high-performing adsorbent, it has been commonly assumed that changing
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material properties such as surface area, pore size, chemistry and defects could
influence adsorption performance. Therefore, benchmarks to design highly performing
adsorbents can be treated as follows: 1) optimising synthetic conditions in order to
achieve fascinating BN properties 2) controlling those parameters which have
correlated to adsorption properties.

A considerable amount of literature has been challenged on controlling various
parameters and is summarised in Table 2.1. Classification of publications on Table 2.1
indicates that many researchers have been working on the production and gaining
fundamental insights into boron nitride formation in the last decade. In fact, preliminary
studies indicate that synthesis conditions probably have a significant impact on the
morphology and porosity of BN nanomaterials. In a randomised controlled study of
raw materials, boric acid and urea/melamine are typically used as boron and nitrogen
precursors respectively. In a small scale study, boron trioxide, dicyandiamide and
biuret were also employed (Chang et al., 2018; Weng et al., 2014; Marchesini et al.,
2017a).

The literature on chemical decomposition of precursors is commonly carried out in
high temperature treatment (between 800—-1400°C) and depending on gas carrier (e.g.
nitrogen or ammonia), various structure and morphology can be produced. Prior
studies have noted the importance of temperature in determining the BN crystallinity.
The results offer that in low synthesis temperature (< 900°C), the formation of BN leads
to a a-BN or t-BN with poor crystalline order (Hagio, Tsuyoshi and Nonaka, Kazuhiro
and Sato, 1997). In contrast, hexagonal BN with high crystalline order is obtained
when the synthesis temperature is increased (> 1000°C) (Ansaloni and de Sousa,
2013). However, it has been commonly assumed that the material's surface area
decreases due to high crystal order structure. In reviewing the literature, it can be seen
that by far the greatest demand is for achieving the high surface area with tuneable
porosity of BN nanomaterials. This surge in popularity of BN with high SSA and
porosity could be justified by its superior performance in adsorption and catalytic
applications. Among the few studies on the topic, the work of Marchesini et al. ( 2017)
is the most relevant to this study and is a function of thermal decomposition
characteristics of the N-based precursors in the form of NH3, H.O, CO, N, etc. The
chemical reaction between various nitrogen-based gases derived from a precursor

and boric acid (H3BO3) results in the formation of BN. The highest surface area of
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1924 m?/g with 1.2 cm?®/g total pore volume was obtained using melamine and urea in
a molar ratio of 1:5. While the use of multiple nitrogen precursors may contribute to
tune the porosity of BN material, no significant differences of SSA were found in

multiple boron synthetic routes, as reported by Zhang et al., (2015).

In another investigation into template-free synthesis of BN, Marchesini et al., (2017b)
found that intermediate preparation is a principal factor of high surface area. Therein,
comparing the intermediate drying time with the formation of porous BN shows that
further dried in an oven, the surface area could be more than doubled (form ~400 to
1000 m?/g) with improved microporosity. It is also interesting to note that Wu et al.
(2016) provided an insight on the impact of using different solvents prior to heat
treatment. The authors demonstrated that different boiling points of the solvents
influence the intermediate decomposition during thermal treatment and hence on the
structure of the resulting porous BN. Clearly, it was revealed that when the mixture of
methanol and distilled water were used as a solvent, the highest surface area
obtained, however, urea with high molar ratio to boric acid was also required in the
reaction mixture. The first set of analyses examining the impact of urea concentration
on the number of BN layers was reported by Nag et al., (2010). In their study, fewer
layers as well as a high surface area are obtained with increasing urea concentration
in the mixture. In their analysis of precursors, boric acid/urea ratios of 1:48 exhibited
the highest surface area after annealing at 900°C in nitrogen atmosphere. Prior to the
work of Nag et al., (2010), the role of urea proportion was largely unknown.

Additionally, other studies have found that utilising various precursors as well as
carrier gas could also obtain different structures and formations of BN. For example,
a mixture of boric acid/dicyandiamide under ammonium gas yielded BN microsponges
with BET surface area of 1900 m?/g via one-step thermal treatment (Weng et al.,
2014). Surprisingly, prior to the above experiment; Weng et al., (2013) reported porous
microbelt BN with lower SSA of 1488 m?/g that is thought to be related to the use of

melamine instead of dicyandiamide as a nitrogen raw material.

Moreover, a number of studies have discovered that the mix carrier gas such as
nitrogen/hydrogen or nitrogen/ammonia have a pivotal role in the formation of BN with
relatively high surface area (>900 m?/g) via annealing process (Li et al., 2016; Maiti et
al., 2017; Florent and Bandosz, 2018). According to Florent and Bandosz, (2018), the
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use of nitrogen containing 0.5% ammonia appears to be more effective compared to
chemical decomposition of melamine diborate (M.2B) under nitrogen/hydrogen flow.

It is also well known that similar to urea, the concentration of melamine with boric acid
can give rise to high porosity. For instance, microscopic analysis data from Tu et al.,
(2018) and Song et al., (2017) indicate that higher proportion of boric acid to melamine
could result in significant drop of surface area. Using the melamine concentration
approach, researchers have been able to tune the porosity of BN. However, one needs
to consider that further use of melamine leads to carbon impurities. Overall, the
literature review on nitrogen precursors has highlighted that an excessive use of
nitrogen sources (e.g. urea, melamine, dicyandiamide and biuret) shows high pore
structure in the final BN material.

Furthermore, high temperature post treatment is another way of template-free
approach which is investigated by Li et al., (2013b). In their major study, Li et al.
(2013b) identify a great feature of BN whiskers including high surface area, pore
volume and abundant defects for hydrogen storage and water treatment applications.
Similarly, further works have been established in the literature through two steps
pyrolysis or calcination to produce porous BN (Kostoglou et al., 2016; Ji et al., 2016;
Li et al., 2018). Recently, Li et al., (2018) prepared porous BN nanosheets by
dissolving boron trioxide with ethylene diamine to get a homogeneous mixture. The
mixture was then treated at 280°C in three-neck flask for one hour. The prepared
precursor was carried out in ammonia flow at 500°C first then the temperature
increased to 1300 °C. The final product exhibited a high thermostability with 3D
structure and had 474 m?/g surface area.

All these possible synthetic routes could also affect the morphology and structure of
BN. Apart from all factors, precursor is recognised as an important factor to determine
the morphology. For instance, the use of melamine can result in rod-like, fibre, ribbon
and whiskers feature whereas utilising urea leads to layered-like or flake like
morphologies. It is apparent from table 2.1 that there are a few spherical and flower-
like features of BN. Other parameters such as temperature and carrier gas are
generally seen as factors strongly related to various structures of BN. A recent study
by Matveev et al. (2020) reported a new synthetic procedure to obtain a highly

crystalline hexagonal BN. In this case, ammonia was employed as a nitrogen source
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as well as carrier gas in chemical decomposition step. Hexagonal BN was formed after
heating at 1000 for an hour. There are also a few studies, which used argon as a
carrier gas, where no significant effect of argon on BN samples has been reported.

Taken together, all these results suggest that there is an association between each
parameter during fabrication process and the materials properties. Therefore, a
significant analysis and discussion on synthesis parameters is needed to optimise the
synthetic condition. Noticeably, the selection of particular synthetic route can impact
the efficiency and effectiveness of BN material in individual applications. The
experimental methods, which have been reviewed above, are meant to be used on
BN nanomaterials in different applications. For instance, much of the adsorption
research has focused on identifying and evaluating the highly porous structure of BN
which is more conducive for adsorption processes. In view of all that has been
mentioned so far, one may suppose that template-free approaches are important
contributory factors to the development of porous BN with high surface area and
tuneable pore size. Despite these promising results, challenges in adsorbents
development remain. As far as we are concerned, there is still a limited understating
on the formation mechanisms of BN and the status of research needs to improve for
given applications, particularly adsorption. Hence, further studies which take these

variables into account will need to be undertaken.
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Table 2-1 Influence of various conditions in the template-free fabrication of porous BN

Precursors Solvent/Carriergas Temp°C  Morphology& Structure BET (m?/g) Fabrication Process Ref
. ] o High-temperature  post-
Boric acid/Urea Deionized water/Ar 1200 BN nanoflower - (Kumar et al., 2020)
treatment
Boric acid/ammonia NHs 1000 Crystalline hexagonal BN - one-step heat treatment (Matveev et al., 2020)
Boric acid nitridation with
Boric acid/Melamine Deionized water/NHs 1050 BN bundle 871 . (Song et al., 2019)
ammonia
Dried in vacuum oven &
Boric acid/Melamine Deionized water/N2 1000 BN microrod 103 - 616 spray dryer followed by (Han et al., 2019)
two steps pyrolysis
Boric acid/Melamine Deionized water/N2 1000 BN microrod 36 - 653 one-step heat treatment (Wang et al., 2019b)
Boron trioxide/ ethylene . i
o NHs 1300 3D porous nanosheets 474 Two steps pyrolysis (Li et al., 2018a)
diamine
Boric acid/Urea Water: Methanol/N2 900 Layered graphene-like BN 1033 one-step heat treatment (Wang et al., 2018a)
Boron trioxide/Urea Ultrapure water/ N2 1000 Layered structure 798 Two steps pyrolysis (Ji et al., 2016)
o Solid  state  sintering
Boron trioxide/h-BN Acetone/Ar 1000 3D porous BN 092-25 (Gautam et al., 2016)
process
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Precursors Solvent/Carriergas Temp°C  Morphology& Structure BET (m?/g) Fabrication Process Ref
. ) o ) Multiple B-precursors
Boric acid/Borax/Urea Deionized water/NHs 675 Spherical h-BN 230 . (Zhang et al., 2015a)
route
Boron oxide/guanidine ] One step cylinder
) Methanol/N2 1050 3D flower-like nanosheets 1114 ) (Chen et al., 2018d)
hydrochloride compressing
Boron trioxide/Urea Water: Propanol/Nz 900 BN nanosheets 556 One-step heat treatment (Chang et al., 2018)
Ultrathin nanosheets
Boric acid/Melamine Distilled water/N2 900 189 One-step heat treatment (Tu et al., 2018)
structures

Distilled (Florent and Bandosz,

Boric acid/Melamine 1000 Nanorod porous BN 1571 one-step heat treatment
water/N2@NHs 2018)

o o . ] ] (Marchesini et al.,

Boric acid/Urea Distilled water/N2 1050 Flake-like morphology 1016 Intermediate preparation 2017b)

Boric From fibres to flakes 3D Multiple N-precursors (Marchesini et al,
Distilled water/N2 1050 1924

acid/Urea/Melamine/Biuret porous route 2017a)

Boric acid/Melamine Distilled water/N2 1100 Rod-like structure 1062 One-step heat treatment (Song et al., 2017)
Distilled

Boric acid/Melamine 1100 Flower-like porous BN 1140 Two steps heat treatment  (Maiti et al., 2017)
water/N2@H:2

Synthesis and modification of porous boron nitride materials for application in carbon dioxide capture



Page 141

Precursors Solvent/Carriergas Temp°C  Morphology& Structure BET (m?/g) Fabrication Process Ref
o . Solvent mediate/ One-step
Boric acid/Urea Water: Methanol/N2 1900 2D wrinkles structure 1900 (Wu et al., 2016b)
heat treatment
. ) ) Distilled . )
Boric acid/Melamine 900 Porous whiskers 964 One-step heat treatment (Li et al., 2016)
water/N2@H:2
. ) Two steps Pyrolysis &
Boric acid/Urea Ethanol/N2 850 Porous nanoplate 212.73 o (Kostoglou et al., 2016)
calcination
Boric acid/Dicyandiamide Distilled water/NHs 800 Porous microsponges 1900 One-step heat treatment (Weng et al., 2014)
Boric acid/Melamine Distilled water/NHs 1000 Porous microbelt 1488 One-step heat treatment (Weng et al., 2013)
. ) ) o ) ) ) High-temperature  post- )
Boric acid/Melamine Distilled water/N2 1460 Whiskers - Ribbon like 1687 (Li et al., 2013b)
treatment
. ] o Single/few-layered flake
Boric acid/Urea Distilled water/N2 900 ruct 927 One-step heat treatment (Nag et al., 2010)
structure

Synthesis and modification of porous boron nitride materials for application in carbon dioxide capture



Page 142

2.10. Chemical modification of BN

As previously stated, porous BN nanomaterials with wide-band gap semiconductors
are referred to as insulators (Pakdel et al., 2012). This intrinsic characteristic and the
ionic bond of BN play significant roles in determining the electronic and magnetic
properties of BN. Moreover, as described in the previous section, the unique textural
properties of BN (high surface area and porosity) is a key feature, which has been
recognised so far. The most obvious finding of studies to date is that these properties
can be tuned in terms of both electronic structure and surface pore network to optimise
the BN performance. With respect to applicability of porous BN in variety of areas, the
challenges and strategies to facilitate and promote its performance need to be
investigated. One interesting finding is that chemical modification and functionalisation
of BN can lead to generating novel characteristic of BN materials (Weng et al., 2016).
A considerable amount of literature has been published on chemical modification of
BN in order to control its morphology, porosity and electronic properties. One should
note that in the process of controlling the material properties of BN, it is of utmost
importance to identify the purpose of changing the structure/porosity and chemistry of
BN. One major debate in early research concerns with the wide optical band gap of
BN materials that is believed to disrupt the BN electronic and optical applications.
Therefore, several methodologies such as doping and surface modification have been
suggested to narrow the band gap of BN materials (Lim et al., 2013; Yin et al., 2020;
Wang et al., 2020). Another considerable aspiration of optimising new BN is to improve
its storage and adsorptive capacity (Lale ef al., 2018; Xiong et al., 2018). This can be
achieved by controlling the defect, pore structure and surface functionalisation
(Shtansky et al., 2018; Xiong et al., 2020a).

The experimental and theoretical aspects of BN modification is another key factor,
which needs to be explained in this section. The main issues reviewed hereby are: i)
identification of the link between BN material properties and its ability to tune; ii) review
of a number of studies, which have focused on surface modification procedures to
improve the BN applicability. Generally, chemical modification of BN can be classified
depending on different objectives into non-metal and metal modification. Thus, this
section analyses the previous BN modification findings and presents the justifications
for use of each method accordingly.
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2.10.1. Non-metal modification
The non-metal modification method is one of the most practical ways of developing
new features of BN, with the aim of enhancing the process ability of materials. In this
case, different methods have been proposed to classify metal-free modification of BN.

Generally, the surface of BN nanomaterials could be chemically modified by covalent
or non-covalent chemical bonding. In the section that follows, the reaction of each of
these methods into BN skeleton is discussed in detail and from both experimental and
theoretical perspectives.

Covalent Functionalization

Covalent functionalization with functional groups is an important way to enhance the
interaction of boron nitride with various materials and redefining its self-properties to
suit various applications. In this section, an overview of the progress in functionalized
boron nitride nanomaterials is presented. It includes physical and chemical routes,
which describe novel h-BN with enhanced water solubility, biocompatibility, surface
affinities and reduced band gap. The dipole formation of BN, which consists of
polarized B-N bonds, makes the electron-deficient cloud in B atoms interact with
nucleophilic groups. Thus, covalent functionalization of h-BN is feasible via a reaction
between the vacant p orbitals in B and the reactive radicals (Weng et al., 2016). To
date, numerous functional groups, such as hydroxyl (-OH), amino (-NH2) and ether (-
OR) have been introduced into BN surface through chemical functionalisation. It has
been previously observed that BN with different dimension models (e.g., 1D and 2D)
can be chemically bonded via various procedures. An important observation to point
out here is that since BNNTs or BNNSs are commonly used as the precursors, the
covalent functionalisation methods differ from those discussed hitherto. Mostly, these
methods are based on chemical exfoliation, plasma treatment and hydrothermal
reaction with ball milling.

Regarding the electrophilic nature of B atoms in BN surface, hydroxyl group (—OH),
Amino (—NH2) and amine (-NHR) groups can covalently attach to and modify the
materials. The hydroxyl group is the most important chemical modification for BN
materials. A number of procedures have been developed to link the —OH group on the
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surface of BN nanomaterials. For instance, Zhi et al., (2009) oxidized the surface of
boron nitride nanotube with hydrogen peroxide (H202) in an autoclave at 120 °C.
Therein, —OH groups reacted with BNNTs and chemically bonded to the B sites due
to dissociated of H20: in a sealed reactor. Through the FTIR analyser, they found that
the hydroxyl functional group is connected to the surface of BNNT rather than being
embedded into its structure. This has been also confirmed by XPS spectroscopy and
the final product comprised ~6% wt% oxygen content. Direct sonication is another key
method which was reported by Lin et al. (2011) in which the hexagonal boron nitride
nanosheets were hydroxylated in aqueous solution using bath sonication. The
exfoliation of h-BN was also confirmed with sonication-assisted hydrolysis, obtaining
a monolayered nanosheet. Later, Sainsbury et al., (2012) introduced hydroxyl group
in the h-BN lattice with a chemical exfoliation method. Their study involved two-steps
using an organic peroxide reagent (di-t-butyl peroxide) and the mixture of H2SO4/H20-
to yield hydroxyl-functionalize BNNSs (OH-BNNSs). As indicated previously, BN
nanomaterials can be grafted to hydroxyl groups under plasma air conditions (Pakdel
et al., 2014b). In a study conducted by Pakdel et al., (2014b), it was shown that "OH
radicals were generated in the air plasma and can be feasibly functionalised both in
plane and edge sites of BNNS surfaces. Another possible edge hydroxylation of BN
nanomaterials has been developed by Lee et al, (2015) through a ball milling
techniques in the presence of sodium hydroxide. With the same consideration, Xiao
et al., (2015) confirmed the presence of —OH at the edge position of BN with electron
energy loss spectroscopy (EELS), using hot steam treatment. Most recently, one-step
simple dispersion of h-BN in isopropanol has been proposed for a large-scale
production modification of h-BN nanosheets (Zheng, 2020). In their analysis of
ultrasonic-assisted polar organic solvents, use of isopropanol with hydrogen bonds
can modify and exfoliate h-BN nanosheets with a better peeling effect.

Similar to hydroxyl group, alkoxy (—OR) groups can be also introduced onto BN
surfaces with the sonication assistance boron nitride nanotube (Kim et al., 2015). The
procedure involved using multi-walled BNNTs that were sonicated in various alcohol
types for three hours. FTIR spectra detected the B-O, B—O-C stretching, and O-B-O
bending vibration mode, suggesting the well dispersed —OR groups in alcohol

solvents.
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In addition, the positive charge of B atoms enables BN to interact with —NH> through
Lewis base interaction. The first amine functionalised BNNTs was reported by Xie et
al., (2005). They demonstrated the homogeneous dispersion of BNNTs with PEG
chains, yielding the functionalised BNNTs in aqueous solutions. It is noted that later
this method has been improved, applying temperature treatment (Lin et al., 2010). The
plasma technique is another way to achieve amine-functionalised BNNTs which was
proposed in Ikuno et al. (2007). They used NH3 plasma irradiation to covalently bond
—NH: groups to the BNNTSs surface. Further investigation of -NH2 functionalization of
BN nanomaterial was carried out under sonication (Liao et al., 2014) and ball milling
approaches. Lei et al. (2015) functionalized the few-layer BN using ball milling
techniques based on urea-assisted solid exfoliation of commercial h-BN. They
obtained a light NH2>-BNNS aerogel with a low density and good solubility in water. A
great deal of current research into amino-functionalized boron nitride has focused on
polymerization of BNNSs in order to produce nanocomposite membrane. These new
polymer nanocomposites were obtained for a certain target like hydrogen separation
and thermal/mechanical enhancement properties (Wang et al., 2018b; Zhang et al.,
2019; Ou et al., 2020).

It is now well established from a variety of studies that other functional groups (e.g. —
OCOR, —-NHCOR, —COR, etc.) can be introduced to either pure BN or hydroxylated
and aminated BN. The electrophilic functionalisation of BNNTs with acyl and amino
group was first studied by Zhi et al. (2005). Moreover, oxidized surface of pure BN
(OH-BN) is chemically active for esterified (—OCOR) functionalisation (Zhi et al., 2009).
In follow-up studies, Ciofani et al., (2012) and Huang et al., (2013) used oxosilane
groups to bond —OH groups on BNNTSs to design a polymer composite for dielectric
and biomedical applications. Acylation (—COR) of boron nitride can be obtained with
the presence of —-NH2 groups. For example, in a recent work by Hao et al., (2020)
functionalized boron nitride nanoplate with 3-mercaptopropyl trimethoxysilane
(MPTMS) and poly(ethylene glycol) diacrylate (PEG). In addition to the functional
groups explained above, hydrogen and florine modification of BN materials were also
reported with effect on material’'s band gap and magnetic structure (Li ef al., 2013d;
Tang et al., 2005).
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Element doping

Elemental doping strategy is considered as a fundamental way to tune the micro pore
and electronic structure of BN nanomaterials. Over the past decade, most research in
non-metallic doping elements has emphasised on making important changes of
pristine BN for some unique properties, including photocatalyst, dry sorbents and
hydrogen storage to name a few. In general, carbon and oxygen are the most popular
dopants which chemically doped BN to meet the practical applications. Oxygen doping
into BN nanomaterials has been investigated both theoretically and experimentally
(Silva et al., 2006). According to theory calculations in Silva et al. (2006), the tube
structure of oxygen replacing with nitrogen atom found to be more stable configuration
instead of boron substitution. In analysis of ON substitution, the formation of narrow
band gap BN structure is more favourable which can be attributed to the fact that an
electron is injected from O to the 1™ bond. This new magnetic property of BN opens a
new route for optical and catalytic applications (Wu and Zhang, 2009; Gou et al.,
2009). Similarly, the influence of oxygen on the electronic properties of BN was
reported by Singh (2015). Their comparative study indicated the different behaviour of
electronic properties of carbon and boron nitride nanotubes due to oxygen doping.
While the energy bands are gradually modified in BNNTs and exhibited the metallic

characteristic, the metallicity of oxygen doped zigzag carbon nanotubes is reduced.

Moreover, some authors are interested in using oxygen modified BN for hydrogen
storage and adsorption properties (Lei et al., 2014;Tokarev et al., 2016; Zahedi et al.,
2016). In one well-known recent experiment performed by Lei et al. (2014), the highest
storage capacity was recorded from oxygen-doping of the BN nanosheets via the sol-
gel method. The present study raises the possibility that the oxygen impurities are
obtained by means of using boron trioxide precursor. Lu et al. (2018) performed a
combination of theoritical and experimental calculations for preparing BN
nanomaterials with oxygen doping and ferromagnesium behaviour. In addition, a
recent article (Zhang et al., 2019a) focused on tribological properties of O-doped
BNNSs in which the interlayer fiction of BNNSs is changed, regarding the effect of

oxygen atoms on the geometry and electron distribution of BN sheets.

Carbon substitution to BN structure is a class of metal-free modification of BN which

is thermodynamically and energetically favourable (Bhowmick et al., 2011). Much of
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the current literature on metal-free modification of BN pays particular attention to
production of boron carbon nitride (BCN) due to its large surface area and abundance
of active sites. Only in the past ten years, studies of BCN materials directly addressed
how its unique properties contribute to a good performance for semiconductors
photocatalyst activity (Chen et al., 2019), electrochemical reaction (Chen et al., 2020),
oxidation reaction (Wei et al., 2020), hydrogen reduction (Zhou et al., 2020) and
adsorbents (Peng et al., 2018). Several attempts have been made by researchers to
synthesise BCN material via various procedures such as CVD method (Yin et al.,
2005), using metallic substrates (Yin and Chen, 2011; Lu et al., 2013), arc discharge
(Ben Belgacem et al., 2016), biomass derivatise (Tu et al., 2018). This section
describes the design and implementation of BCN toward metal-free precursors-
mediate ways, which results in porous BCN. Similar to the pristine porous BN,
fabrication of BNC involves utilising a variety of precursors followed by thermal and
calcination conditions. Carbon-based materials such as graphite, activated carbon,
are the most common carbon raw materials for determining BCN with various forms
of carbon. For example, some scholars (Huang et al., 2015; Karbhal et al., 2016),
proposed a green synthesis route using glucose to generate C-doped into boric acid
and urea mixture. Recently, a series of experiments, with the addition of coconut
shells, activated charcoal and starch as a carbon derivate, were performed to
investigate BCN with super characteristic and applications (Kumar et al., 2011; Kumar
et al., 2013; Li et al., 2018b; Chen et al., 2020; Zhou et al., 2020). Commonly, the
obtained borocarbonitride composition prepared by urea solid state and gas phase
routes can be classified into microsphere, nanotubes, nanoribbons and nanosheets
structure, depending on the carbon source. As previously stated, solid state reaction
of melamine with boron source comprises carbon impurities in BN structural networks.
Therefore, several lines of evidence suggest efficacy of using melamine for the
formation of BCN without adding an extra carbon sources (Gautam et al., 2015; Peng
et al., 2018; Florent and Bandosz, 2018; Chen et al., 2018a). The main differences of
these methods are using a wide range of sintering temperatures and a variety of
precursors concentrations. Furthermore, other organic precursors such as polymeric
monomers and [C16mim]ClI ionic liquid reactants may cause incorporation of carbon
atoms into B-N frameworks under solid-gas phase reaction (Chen et al., 2018a; Zhang
et al., 2018; Chen et al., 2018a). Most recently, Wei et al. (2020) proposed a new
methodology for hierarchical porous sheets BCN, using choline chloride as a solvent
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into urea and boric acid mixture. The homogeneous mixture was calcined at 900°C
under an ammonia flow. It is worth noting that data from several sources have
identified the combination of C and O impurities in BN materials using energy
dispersive X-Ray spectroscopy (EDS) (Ornek et al., 2018, 2019; Bhattacharyya et al.,
2019).

Surfactant-organic compound modification

As it was pointed out in the previous sections, surfactant compounds like liquid ionic,
cetyltrimethylammonium chloride (CTAC), and tri-block copolymer (P123 or F127) act
as template in production of porous BN. This section demonstrates how organic
surfactants contribute to modify the porosity in BN porous materials during the
decomposition process. The main challenge faced by researchers is creating pores
into BN frameworks, and subsequently evaluating the impact of porosity distribution
on the BN adsorption properties. To the best of our knowledge, the highest porosity of
BN is reported in Li et al. (2013a) yielding a surface area of 2078 m?/g with large pore
volume of 1.66 cm3/g. This method relied on structure-direct agent approach using tri-
block copolymer (P123) as a surfactant into melamine-boric acid mix solution followed
by a two-step pyrolytic process. P123 surfactant provides the means for surface
modification of precursors by causing hydrogen-bonding with melamine. The P123
compound was removed during the post-treatment, and thereby more gasses were
released. Surfactant modification-based method is one of the most practical ways
of obtaining a highly activated BN, which exhibits a great adsorption performance for
environmental remediation. In a follow-up study, Xiong et al. (2016) synthesised the
porous modified BN using the same method. In their research, the calcination process
was carried out at 1000°C for three hours, whilst Li et al., (2013a) performed two
stages of pyrolysis in higher temperatures and duration time. The obtained nanowire
activated BN displayed a surface area of 295 m?/g with abundance of mesopores,

which is favourable for desulfurization.

Later in Xiong et al. (2017), the researchers optimised the usage of vary surfactant
(such as PVP, F127, P123) in order to obtain a promising adsorbent for desulfurisation
application. Their study suggested that the activated BN with Pluronic P123 exhibits
the highest adsorption capacity on DBT among other surfactants. Moreover, the use
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of P123 into porous boron carbon nitride was confirmed to be efficient in adsorbing the
dyes in waste water as a result of tuning the nanoscale structure (Wang et al., 2017).
Therefore, tri-block copolymer surfactants, in particular the Pluronic P123, could be a

major factor, if not the only one, improving the porous structure of pure BN.

2.10.2. Metal modification
Metal nanoparticles and metal oxides have been also explored to modify boron nitride
in terms of i) electronic and magnetic properties ii) pore size/shape iii) thermal
conductivity iv) hydrophobicity. It is now well-established from a variety of theoretical
studies that metal nanoparticles (alkali/alkaline earth metals and transition metals)
have a potential to change the BN electrical, magnetic and optical properties (Grad et
al., 2003; Goémez Diaz et al., 2013; Igbal and Ayub, 2016; Zhou et al., 2018; Liu et al.,
2019; Asif et al., 2020). In a recent review of experimental research, various studies
have assessed the efficacy of transition metal atoms (Ag, Cu, Au, Co, Ni, Pt, efc.) into
BN materials for a case application. Traditionally, the fabrication methods which have
been proposed to develop these transition metals or metal oxide into BN can be
categorised into a) consuming the bulk or commercial-based BN b) using the BN
precursors. The former procedure is based on sonication and exfoliation mediate;
whereas the latter relies on impregnation-pyrolysis approach. In the remainder of this
section, we address both classification methodologies and the mechanism beyond

each in detail and based on recent publications in the field.

Gao et al. (2014) reported a new and convenient synthetic procedure to obtain a
composite of h-BN embedded with silver NPs. The procedure consists of the
sonication of BN with certain volumes of AgNO3 followed by microwave assistance to
accelerate growth of metallic nanoparticles. Conversely, Pang et al. (2018) doped
silver NPs by means of impregnating boron and nitrogen precursors with AQNO3 and
then calcining at 900°C in N2 atmosphere. Noticeably, it was shown that this approach

is more profitable in adsorptive activities of BN owing to its high surface area.

Both metallic Cu NPs and CuO have been combined with BN materials to obtain high
performance of catalytic activities in studies such as Wu et al., (2016b) and Oh et al.
(2020). While Cu NPs can boost the catalytic performance by advancing the electron
mobility of BN, CuO supported on h-BN provides high stability of heterogeneous
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catalysts. In both of the above-mentioned studies, impregnation-calcination method
was assessed, although Oh et al. (2020) conducted the calcination step in air
atmosphere at 400°C with the aim of converting Cu?* to CuO.

Furthermore, an efficient catalyst could be obtained by synthesising a BNNS—Au NPs
composite. Fu et al. (2016) prepared BNNS—Au NPs composite by in-situ growth of
Au on BNNS dispersion. As noted by authors, the outstanding catalytic activities of
processed composite was also extended for Pt, Ag and Pd NPs with BNNS. In the
same vein, He et al. (2020) deposited AuNPs on the surface of BN through wet
impregnation of AuClO4-3H20 into ultrasonicated h-BN.

Studies such as those conducted by Du et al. (2017) showed that Co-loaded BN
nanoparticles act as a heterogeneous catalyst with high chemical stability. The core-
shell of BN/Co nanoparticles is formed with the amount of boron oxide, urea and cobalt
nitrate were physically mixed and sintered in high temperature at 1250 °C. Obviously,
the cobalt precursor concentration would affect on its catalytic activity as determined
in their kinetic study. In another major study, Hao et al., (2018) found a novel Co-doped
BCN with spherical framework by annealing boron oxide, ammonia chloride and
glucose. Therein, during the thermal decomposition, glucose formed spherical shape
into BN structure and ammonia chloride released gases that formed interconnected
porous structure. Unlike Du et al., (2017), Hao et al., (2018) obtained the high surface
area of 443 m?/g and studied its electrochemical properties.

Recently, a number of studies have been published for loading Ni into BN
nanomaterials. In this case, Cao et al., (2018) found that pristine h-BN acted as a
support for the Ni particles dispersion, given to its surface defect engineering. The
preparation of Ni/n-BNNS has been considered as electron donor/acceptor reactions
which can improve the catalytic conversion and adsorption of CHs and CO>. The study
of the structural morphology of nickel oxide was carried out by Kokulnathan and Wang,
(2019), in which they established a 3D flower like NiO embedded with BCN materials.
A combination of hydrothermal method and ultrasonication were used for the 3D
flower-like NiO/BCN composite. The results of their study found that NiO could further
increase the accessible active surface area as well as electron charge transfer of BCN
for electrochemical applications. Their approach was also applied for modifying porous
BN with NiO to obtain a proper adsorbent for wastewater treatment (Song et al., 2020;
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Li et al., 2020). Another novel strategy was presented by Jiang et al., (2020), producing
NiNPs/BNNS catalyst via exfoliation of bulk BN followed by gamma-ray irradiation. To
this end, gamma-ray irradiation was induced to reduction of Ni?* ions in order to in-situ

growth of NiNPs in the interlayers of h-BN.

Furthermore, the interaction mechanism of charge transfer between BN and metal ions
was confirmed further by investigating other transition metals (Ce and Pt) which can
serve as active sites to improve the BN performance (Luo et al., 2019; Wu et al. 2020).
By drawing on the concept of the interaction between BN and Pt catalyst, (Li et al.,
(2020b) developed Pt/BN catalyst through impregnation reduction method, exposing
porous BN to an ethylene glycol solution consisting K2PtCls. In their DFT analysis, they
have been able to clarify that a electron back-donation process took placed to
contribute to the strong interaction between Pt metal and BN support.

The studies presented thus far provide evidence that transition metals can be
introduced into BN either as a metal nanoparticle, or metal oxide. Given that there
have been numurous synthesis stategies for metal modification of BN, the selection of
a specefic procudue is application-dependant. The highest impact of metal
modification of BN from the studies disscussed so far include: a) boosting electron
mobility b) controling the charge and magnetic state and c) increasing the active sites
and surface area. However, there is still room for further progress to determine new
themes of BN/metal hybrids for a particular application.

2.11. Application of porous BN in CO: capture

Following on the discussion above, boron nitride nanomaterials have been the subject
of many classic studies in a wide range of fields. Apart from all valuable applications,
the utilisation of BN materials for CO. adsorption is a major area of interest within the
literature. Recently, there has been renewed interest in porous feature of BN for the
gas sorption properties, in particular CO sorption. Therefore, the issue of selecting a
unique synthesis and modification method has received considerable attention. The
CO: capture performance of the BN porous materials in different conditions has been

investigated in recent years as shown in Table 2.2.
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An initial attempt to synthesise porous BN for gas sorption was made by Janik et al.
(1994), preparing t-BN with surface areas up to 712 m?/g for the adsorption of carbon
dioxide. It was investigated that the gas adsorption behaviour mostly relies on the

microporous nature of BN.

Table 2.2 demonstrates that the template-free strategy has been widely used to
produce pristine porous boron nitride. However, Xiao et al. (2016) investigated pure
porous BNNS by using magnesium diboride (MgB2) as a dynamic template and tested
adsorption of CO2 over N2. More importantly, the CO2 uptake of their work was
relatively low, while it demonstrated good selectivity of CO2 over Na.

One practical way to achieve a high CO adsorption capacity over pristine BN was
reported by Nag et al. (2010). They made a few-layer BN by controlled chemical
composition of urea, indicating that the sample with the lowest layer thickness shows
a high CO2 uptake. In addition, Marchesini et al. (2017a) pointed to some of the ways
to obtain tuneable structure by preparing an intermediate prior to heat treatment.
Although intermediate preparation has a significant impact on porosity, it required a
long drying time. Hence, they have also investigated that tuneable and highly porous
boron nitride could be tailored using multiple N-containing precursor, which showed

enhanced COz capture capacity (Marchesini et al., 2017b).

The literature on CO2 capture of porous BN has highlighted that surface modification
of boron nitride is critical to increase the CO. adsorption capacity (see Table 2.2).
Recently, a number of publications considered the important role of micropore size in
the rate of adsorption kinetics diffusion (see Chen et al., 2018a; Florent and Bandosz,
2018; Lopez-Salas et al., 2018 for further information). In this case, Chen et al.,
(2018a) and Florent and Bandosz, (2018) attempted to hold the view that the
incorporation of C atoms into BN matrix modifies the porosity/ultra-microporosity of BN

which results in a larger CO2 uptake.

Functionalised BN with nitrogen groups is another effective way to promote BN
capability towards CO: capture. In this case, some studies suggest that the nitrogen
group is a principle factor of edge sites adsorption by hydrogen bonding (Owuor et al.,
2017; Chen et al., 2018c). However, Huang et al. (2017) proposed that the electron-
donating with amine groups into electron-deficiency of BN causes increase in the
adsorption of CO2. Despite these promising results of the amino fuctionalization
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approach, questions remain. One of the issues that emerges from the above findings
is that amino groups with porous materials are disabled by weak intermolecular forces
which in turn decreases physical CO, adsoption (Qi et al., 2019).

In another BN functionalised approach, Yang et al. (2019) found that the introduction
of basic sites into BN materials could be promoted to bond with acidic CO,. The
authors highlighted three main mechanisms for CO. sorption occurring on the
factionalised BN/ZnO, in which vacancies/defects, alkaline-edge groups and polarity
of Zn—0 bonds provide adsorption sites.

From a theoretical point of view, BN characteristic bonding and properties provide a
useful account of how to modify its surface to enhance the adsorption/desorption of
CO2 on porous BN materials. In this regard, theoretical studies proved that it is critical
to modify electronic and defect engineering of BN to increase its affinity toward CO:
molecules (Sun et al., 2013; Paura et al., 2014; Guo et al.,, 2015). This may be
explained by the fact that the electron-deficiency of these materials leads to a weak
affinity to CO2 Lewis acidic molecules. Therefore, inducing extra electrons into BN is
favourable to interact with COo.

Together, the key factors of surface area, pore size/shape, defects and surface
chemistry of BN can influence on and link to the CO2 adsoprtion process. Basically, all
of the reviewed studies in this section support the idea that by changing the
structure/porosity and surface chemistry of BN, one could obtain an enhanced CO-
adsorption uptake and selectivity.

All in all, it seems that controlling the parameters of boron nitride properties and
developing novel structures with high capacitive performance for carbon capture

remains a major challenge to overcome.
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Table 2-2 Summary of experimental studies on CO, adsorption using porous BN with brief synthesis conditions

Adsorption
conditions CO:
Description method Surface area [m?/g] Capacity Comments Reference(s)
T(k) P (bar) (mmol/g)

Porous BN - Template-free synthesis CH4/CO: selectivity was
form polymeric precursors followed by 57 24, 273 1 0.4-55  correlated to the micropores size  (Janik et al., 1994)
pyrolysis in vacuum under NHs (800 — of samples
1000 °C) ples.
Few layered porous BN — Template-
free synthesis form thermal The urea concentration could be
evaporation of boric acid and ureain 927 (for sample _ controlled the number of layered
different molar ratio (1:6, 1:12, 1:24, 1:48) 195 Pipo=0.85 7.27 BN and consequently increased (Nag et al., 2010)
1:48, 1:72) followed by pyrolysis at its surface area.
900 °C in Na.
Hierarchically porous BN nanosheets Mg atoms acted as a sandwich
- DV”a”.“C ter_nple_ite method with structure to promote the BN
magnesium diboride (MgB2) template 236 (for BN was 298 1 0.45 crystallisation. The obtained (Xiao et al., 2016)
and ammonium chloride, heated treated at 750°C) sample exhibited aood COx/N
under NHs at varied temperature adsopr tion selectisit 22
(450-1050 °C). p y.
Porous flake BN — Template-free The porosity of BN could be
zy_ntht_ass using bor_lc it ar_1d urea 1016 (for BN with tuned by drying the intermediate ~ (Marchesini, et al.,

ried in oven at varied duration time e 298 1 0.6 .

longer dried time) for longer time at lower 2017a)

(0- 200h), followed by heat-treatment temperature
at 1050 °C in N2. P '
Porous BN with variety morphologies 298 1 16
— template-free synthesis using ' . :
different molar ratio of Urea/ 1924 (for 298 20 8 'l_ésslﬂﬁ ir:lrJ]Iitlp;]lzll:lr}zgic;;:;)ra%oduld (Marchesini, et al.,
melamine/ biuret and boric acid melamine/urea 1:5) CO, ca ac%t 2017b)
precursors mixed and heated at 1050 283 20 10 2 capactly.

°Cin Na.
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Adsorption CO;
o 2 conditions :
Description method Surface area [m?/g] Capacity Comments Reference(s)
(mmol/g)
T(k) P (bar)
3D BN Foam — Synthesised in two : . .
. o . Nitrogen functional groups in 3D

steps: 1) exfoliation of .h'BN with 124 - 56 7.26 foam BN increased BN surface (Owuor et al., 2017)
Intermolecular of bonding of PVA 2) area and CO» uptake capacit
freeze-dried mixture for 24 h 2Uup pactly.

PEI were inserted into BN

nanosheet via acid-base
Amino functionalised BN nanosheet — interaction. The strength of
Synthesised through impregnation 3 (for 54.9% PEI interaction between CO2
using polyethylene amine (PEI) with loading) & 1 Sl molecules and PEI functionalised IFtemg enet, 2070
different loading (wt%) BN attributed to the both

physically and chemically

adsorbed CO:s.
3D porous BCN nanorod — template-
free synthesised using boric acid and Samples are exhibited a highly
melamine in different molar ratio (1:2, porous structure of by (Florent and Bandosz,
2:1, 1:4), followed by heat treatment 1571 (for BM4) 293 1 249 introduction of C atoms into BN 2018)
at 1000 °C under N2z containing 0.5% samples.
NHs

208 1 3.74 Pore size plays an effective role

Porous microbelt BCN — template- in C-doped BN compared to
free synthesised using boric acid and 273 1 5.5 surface area and pore volume.

melamine in different molar ratio (1:4,
2:1) followed by heat treatment at 800
°Cin Ar

877 (for BCN 1:4)

Relatively high CO2 adsorption
capacity observed for BCN
samples due to its ultra-
micropores and defects structure.

(Chen et al., 2018)
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Adsorption

conditions CO:
Description method Surface area [m?/g] Capacity Comments Reference(s)

(mmol/g)
T(k) P (bar)
OH, and NHs functional groups
3D flower-like BN — dynamic-template 273 1 17 are attributed to promote CO:
synthesised using Guanidine capacity. The major contribution
hydrochlc_)rld_e and boron trioxide (5:1 1114 pf CO2 adsorption occurred via (Chen et al., 2018d)
molar ratio) in methanol, followed by in-plane van der Waals
cylinder compression (3 tons), Heated 298 1 0.8 interaction, while a minor
at 1050 °C in N2. contribution was from H- bond on
the edges.
3D BCNO formed by using melamine, 3D architectures and narrow A
boric acid and glucose via freeze- 347 298 1 1.8 micro porosity are attributed to (ZIE)C;%?Z SRl el el
drying and pyrolysis at 1000 °C in N2. capture CO..
Porous BN aerogel — Synthesised by o~
using the homogeneous dispersion of 273 1 4.46 BN aerogel_ eXh.'b'ted a polar
CNT/GO through 3 steps: 1) structure with high pore volume,
9 pS: 1 716.56 which is favourable for CO2 (Kutty et al., 2018)
hydrothermal 2) freeze-drying 3) e .
: o 208 1 3.8 molecules diffusion and selective
pyrolysis at 1600 °C under boron .
) adsorption of CO2/Nz.
oxide and Noa.
Porous BN fibres — Synthesised by Extra micropores distributions
using boric acid and melamlne and 1042 273 1 285 obtained by mtroductu_an of _ (Wang et al., 2019a)
hexamethylenetetramine precursors hexamethylenetetramine during
and heated at 1050 °C in Na. procedure.
Porous BN fibres — Synthesised on Post temperature treatment
two St?pj the1r0rréaal tgaatrrlllent: 1) effected on pore structure of BN
annealed at °Cin N2 . _ ;
844 (for 1400-NHs) 273 1 1.61 fibres. NHs-treatment at high (Liang et al., 2019)

2) post-annealed at 1400/1500/1600
°C under N2/NHs.

temperature could be improved
adsorption capacity due to
chemisorption of N-H groups.
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Adsorption

conditions cO;
Description method Surface area [m?/g] Capacity Comments Reference(s)

(mmol/g)
T(k) P (bar)
CO2 adsorption occurred on 3D

273 1 2.81 s-BNNS/ZnO via 1) in-plane van
3D spherical functionalised BNNS der Waals interaction 2) on the
with ZnO and NHz" through ball milling 71.2 edge sites via H bonds 3) (Yang et al., 2019)
and solvothermal evaporation steps. chemical adsorption with basic

298 1 1.78 sites of ZnO which is dominated

the adsorption capacity
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2.12. Conclusions and knowledge gaps from the literature

The past decade has seen a rapid development of boron nitride nanomaterials in
several fields of interest. In all the studies reviewed in this section, porous BN is
recognised as a tuneable pore structure with flexible morphology, structure and
chemical modification through synthetic methods. Two important themes emerge from
the papers reviewed so far including production of porous BN with high surface area
and porosity via using template or non-template strategy as well as discovery of new
features of BN by introducing organic functional groups or metallic species.

Concerning the first theme, template-free approach is often favoured for its superiority
in terms of obtaining high porosity and surface area with less number of synthesis
steps and chemicals. However, such studies remain narrow in understanding the
effect of various parameters during the synthetic method. The question raised by this
review is finding the factor with the highest impact on CO2 adsorption application. To
the best of our knowledge, precursor is one of the key factors to optimise the chemical
and physical properties of BN for CO2 adsorption. Given that few studies exist on this
issue, considerable work should be done to determine the role of precursors in the
structure of pristine BN.

In the second theme, a considerable potential of BN for CO. adsorption was reported
in those works, which employed surface modification strategies. This is because
surface modification of BN can strengthen interaction to CO2 molecules by providing
either high porosity or adsorptive sites. On one hand, controlling the microscopic
properties of BN with different techniques (e.g. surfactant-assistance, heteroatoms-
doped) is widely applied to increase CO- sorption capacity due to BN with optimal pore
size exhibits high kinetic selectivity (this fact is fundamental in order to tune the BN
pore size with a potential for capturing more CO2 compared to pure BN). On the other
hand, negatively charged BN surface or its enhanced polarizability provide remarkable
increase in its thermodynamic properties for CO. adsorption. In fact, physical CO-
capture commonly occurs at plane sites of BN by weak van der Waals interaction
between CO2 molecules and BN materials. The existence of lattice defects and other
functional groups contribute to enhancing CO2 capacity with acid-base or H-bond

interaction.
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Hence, from thermodynamic and kinetics perspectives, several methods including the
heteroatom functionalisation, polymeric surfactant modification, basicity and
polarizability enhancement can further increase the CO. uptake performance of
porous BN. This finding, while preliminary, suggests that adsorption capacity of BN is
correlated with textural parameters and the surface chemistry of BN.

Among various families of modification strategies, studies of polymeric surfactants and
their impact on BN pore size distribution for carbon capture are limited in the literature
published to date. According to the positive role of structure-directing agent surfactant
on BN pore geometry, one can infer that surfactant modification may boost BN affinity
to capture more CO2. Moreover, the majority of studies proved the significant impact
of metal modification on electronic, magnetic and surface chemistry of BN. However,
not many of these influences were experimentally studied in application of BN for
carbon capture. We hypothesise that transition metal oxides could enhance the CO-
adsorption of BN by creating basic groups given their basic features.

Given the knowledge gaps outlined above, research questions that could be asked
include: (i) how to optimise the chemical and physical properties of pristine BN
production by considering the influence of precursors chemistry and concentration
during the non-template procedure; (ii) how to modify the porosity of BN by introduction
of metal-free surfactant; (iii) how nickel oxide as a transition metal oxide could improve

the interaction between Lewis acidic CO2 molecules and BN materials.

Overall, a reliable pathway for tuning the BN surface area and pore volume needs to
be established. The effect of loading organic surfactant as well as nickel compound
on surface chemistry of BN should also be investigated in more detail, with focus on
its electronic, basic and pore size distribution properties. Finally, the CO2 adsorption
test needs to be applied on pristine and modified BN to evaluate the BN'’s applicability
in carbon capture and to find the link(s) between its properties and CO. adsorption

performance.
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CHAPTER 3

METHODS AND CHARACTERISATION

Outline of the chapter

This chapter describes the methodology of synthesis porous BN using bottom-up
approach. Experimental procedure and various materials characterisation techniques

are considered. The chapter is organised as follows:
3.1. Introduction

3.2. Porous BN synthesis

3.3. Characterisation techniques

3.4. Conclusions
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3. Methods and characterisation

3.1. Introduction

Research on production of porous BN via wet chemical reaction relies on two particular
steps of hydrothermal or solvothermal evaporation and pyrolysis. While the former
step in this process is based on intermediate preparation of precursors, the latter
involves crystallisation growth of BN through decomposition of precursors. Therefore,
factors including the order structure, shape-morphology and size of BN particles are
determined in the pyrolysis stage. As indicated previously in the literature review
section, temperatures, carrier gases and time are the most important parameters
identified in pyrolysis or heat-treatment processes. A more detailed account of the
methodology and synthetic conditions during the decomposition process is given in
the following section (section 3.2). Following on from the aims of this study, the most
suitable porous BN materials will be synthesised for providing the targeted CO-
adsorption capacity. Moreover, findings in this study would make an important
contribution to the area of green synthesis, which is comprised of shorter reaction time,
reduction of energy and yield enhancement. Hence, the proposed methodology for the
BN modification strategies is relatively similar to the production of pristine BN, without
complicating it further.

In addition, characterisation of BN samples is important for an increased
understanding of its nanoscale structure and bulk chemistry properties. The remaining
part of this chapter (section 3.3) will proceed with a brief description of various
techniques used to identify BN properties and its performance for CO. capture.

3.2. Porous BN synthesis

Porous BN powders were synthesised with a bottom-up approach in a wet chemistry
laboratory. In the first step, the mixture of solid precursors containing nitrogen sources
(urea or melamine) and boron sources (boric acid or boric acid-borax) were either
dissolved and heated in ultrapure water or a mixture of water-methanol solvents. Then
the dried powders were placed in alumina boat crucible and transferred into a tubular
furnace for thermal decomposition. The tubular furnace was a PTF series Protherm,
equipped with a quartz horizontal tube with 20x500 mm dimensions. An illustration of
the pyrolysis setup with tubular furnace is shown in Figure 3.1. For all the samples in

Synthesis and modification of porous boron nitride materials for application in carbon dioxide capture



Page 162

this pyrolysis procedure, the precursors were heated for three hours under nitrogen
(oxygen free cylinder, BOC Ltd) at a flow rate of 100 mL/min during the reaction time.
The program controller Eurotherm 3208 Series was set up to gradually increase the
temperature from the room temperature to 1173 K at rate of 5 °C/min with three hours
dwelling time, and then to naturally cool the furnace to ambient temperature at the
same rate. In order to avoid air from entering the tube, both ends of the furnace were
tightened with flange cuffs. Moreover, gas bubbler filled with water was used at the
outlet gases. Hereby, it should be emphasised that in both modification strategies, the
extra precursors, Pluronic P123 triblock copolymers (Mn _ 5800, Sigma-Aldrich) and
Ni (NO3)2.6H20 (Aldrich, 99%) were added to the mixture of BN precursors before the
heat-treatment process. This led to prevention of pores being filled and the porous

order structure from being weakened.

Tubular furnace

Crucible

Plugs

Figure 3.1 Schematic of tubular furnace for pyrolysis process

3.3. Characterisation techniques
3.3.1.  Crystalline structure: X-ray diffraction

X-ray diffraction (XRD) is a technique, which is widely used for characterisation of
unknown crystalline solid materials (e.g. minerals, inorganic compounds). This
technique has the potential to determine the crystal structure and atomic spacing. The
regular structures of solid are examined by X-ray diffraction (XRD). Therefore,
amorphous materials are not traceable in a diffraction pattern. Powder samples for
XRD analysis are homogenised and finely grounded prior to the operation. The X-rays
are diffracted at different angles (6) when their atoms strike on a crystal lattice. These
diffractions are associated with planes of atoms and are detected by scanning the

sample in a range of 26 angles (Figure 3.2.). The position and intensity of diffraction
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peaks are determined by the distance between the parallel set of planes of atoms (dh«)
and the atoms configuration in the entire crystal, respectively. Moreover, the Miller
indices (hkl) of diffraction peaks are analysed in XRD data to identify different planes,
such that each dnx attributes to a family of lattice plane. Then, the Bragg’s law (1)
calculation is used to provide the d-spacing of planes from the following equation:

nA=2d sin6 (1)

Where:

0: is the angle of incidence X-ray;
n: is an integer;

A: is the wavelength;

d: is the spacing between atom planes;

Figure 3.2 X-ray diffraction (XRD) principle

Powder X-ray diffraction (XRD) was performed using an X-ray diffractometer (Bruker
D8 Advance) in reflection mode. The operating conditions ran at an anode voltage of
40 kV and an emission current of 40 mA using monochromatic Cu Ka radiation and
fixed X-ray wavelength (A= 1.541 78 A). The diffraction data can be divided into two
main peak positions (26) and intensities. The distinct limitation of powder diffraction
compared to single crystal diffraction is that individuals’ planes are not detectable in

the former.
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Crystal structures for BN materials are mainly consisted of hexagonal and turbostratic
order. The XRD pattern in hexagonal boron nitride (h-BN) shows sharp peaks with
high intensity; however, the turbostartic BN (t-BN) structure in XRD exhibited two
broad peaks with low intensity. The unit cell lattice of sample phases is determined by
measuring peak positions over the range of 26. The unique characteristic planes for t-
BN are (002) and (100) which are also attributed to the presence of a few-layered
boron nitride nanosheets. In addition, the interlayer spacing value (doo2) for hexagonal
2-dimensional BN is 3.33 A° which is obtained from XRD analysis (Alkoy et al., 1997).
For turbostratic materials, the degree of ordering increases (doo2 spacing value) with
decreasing its crystallization.

3.3.2.Bulk chemistry: Fourier transform infrared spectroscopy
(FTIR)

Fourier transform infrared spectroscopy (FTIR) is a chemical characterisation method
to identify chemical compounds, and functional groups. FTIR spectroscopy is a type
of absorption technique based on molecular vibration mode with infrared light. The
absorption occurs when photons have enough energy for excitation to the next
vibration energy level while the infrared photons interact with a molecule with dipole
change. All FTIR spectrometers rely on the Michelson Interferometer (the core of FTIR
spectrometers). In an interferometer, the infrared waves strike a beam splitter, which
passes light through the mirrors. After recombination of light with beam splitter, it
absorbs a sample and conducts to the detector. The common region for infrared
absorption spectroscopy is applied around 4000 cm " - 400 cm ! since this region is
the absorption radiation of most organic and inorganic ion compounds. The
interferograms peaks are plotted into infrared adsorption spectrum as a function of
absorption intensity (% transmittance) against the wavelength.

The chemical properties and intermolecular bonding of the BN material can be
characterised by Fourier-transform infrared (FTIR) spectroscopy. The spectra of BN
were recorded from 4000 to 400 cm™ using a Nicolet Avatar 370 spectrometer
equipped with an ATR diamond. First, the background spectrum needs to be collected,
before collecting the single-beam spectra of the sample. The FTIR background

spectrum is the information including the interferometer, detector, and source.
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According to the data analysis of pure BN sample, the sample spectrum of absorption
frequency is recognised as the normal mode of in-plane B—N and out-of-plane B—N—
B vibration bonds.

3.3.3.Nano-scale morphology: Scanning electron microscopy
(SEM)

A scanning electron microscope (SEM) is a type of electron microscope that is
designed to make high quality images from bulk specimens. In general, the electron
microscopes focus a beam of electrons instead of light on to a specimen, which yields
the surface and composition information. The electron beam in SEM is accelerated
and emitted from a filament (cathode) in electron gun and followed into the metal plate
(anode) with a positive voltage in a range of 1 to 30 keV. Then, the sample is irradiated
by the beam and the interactions occur inside the sample. These interactions are
detected and transformed into an image. In particular, the characteristics to obtain
through SEM examination are: (i) topography (the surface features of a sample and
its texture) (ii) morphology (the shape and size of the particles making the sample)
and (iii) composition (the elements and compound that the sample is composed and
the relative amount of them). Most of the SEM instruments consist of following

components:

e Electron gun (filament)
e Electromagnetic lenses
e Scanning coils

e Sample stage

e Detectors

e Vacuum system

The electron beam follows a path through the electromagnetic lenses in the column of
microscope. Once it hits the sample, other electrons backscattered, and secondary
electrons are ejected from the sample. Detectors collect the secondary or
backscattered electrons and transfer them to a signal which produce an image.
Furthermore, as can be seen in Figure 3.3, different signals occur when the incoming
electron beam hits the sample. The secondary electron (SE) is generated from the
collision between the primary electrons and the sample’s outer electrons. Only
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electrons close to the surface can escape due to SE low energy electrons (~10-50 eV)
(Vernon-Parry, 2000). Contrary to SE, the backscattered electrons are generated with
high energy electrons (elastic scattering)(Vernon-Parry, 2000). Therefore, images in
backscattered electron have a lower resolution compared to secondary electrons (SE)
and it is suitable for observing compositional difference. Characteristic X-Ray signals
are emitted when an electron in the outer shell moves down and releases energy in
the form of X-rays (Vernon-Parry, 2000). The amount of released energy in the X-ray
is a function of the difference between shells of individual elements. Therefore, the
Energy Dispersive X-ray Spectroscopy (EDX) can be utilised in order to collect the
released energy and in order to highlight the chemical compositions of the sample.

Secondary electron Primary elc-lzctron beam

\ Backscattered electrons I
X-rays

1
1
1
1
1
1
1
1
1
\ \ A 4

Figure 3.3 Signals from the sample in SEM

The morphology of porous BN samples was evaluated, using a scanning electron
microscope (SEM, PEMTRON PS-230) in secondary electron mode (SE detector) at
10 kV. The microscope was equipped with an energy dispersive X-ray (EDX, OXFORD
X-act) with energy resolution at 5.9 keV for the local elemental analysis. For imaging
in the SEM, the specimen should be electrically grounded and conductive. To do so,
the samples were ground, deposited on carbon tape, and coated (BIO-RAD sputter

coater) with gold to reduce charging in the microscope.

3.3.4.Nano-scale morphology: Transmission electron microscopy
(TEM)

Transmission electron microscopy (TEM) is another electron microscopy technique
which is used to study the inner structures such as the growth of layers, crystal defects,
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dislocations and grain boundaries. The magnifications in a TEM is much higher than
an SEM and users can magnify their samples by more than 50 million times.

Similar to SEM, in a TEM microscope, electrons are produced from electron guns and
pass through the samples, using magnetic lenses. Based on the angle of incident, the
beam is partially transmitted and diffracted (Williams and Carter, 1996). The resultant
beam is conducted through the magnetic objective lens and the aperture in order to
eliminate the diffracted beam. Thus, the final image is obtained when the transmitted
beam is passed via intermediate and projector lenses (Pennycook et al., 2010). The
magnified image is recorded on a fluorescent or CCD screen. This high contrastimage
is called Bright Field Image.

Porous materials may lead to more electron beams to pass as a result of their low-
density properties. For porous BN, transmission electron microscopy (TEM)
characterisation was carried out using a JEOL 1400 Plus. Generally, TEM sample
preparation is quite a complex procedure and samples need to be very thin and flat.
Prior to the test, finely ground samples were dispersed in n-octane and subjected to
an ultrasonic bath and the suspensions are then dropped on carbon-coated copper
grids for the TEM observations.

3.3.5.Textural properties: Nitrogen sorption isotherms at 77 K
The solid powder material exhibits different properties within its structure such as
cracks, cavities and pores form its bulk form. These unique characteristics of powder
were investigated via a volumetric Micrometrics surface area-measuring instrument at
cryogenic temperature. The nitrogen adsorption/desorption isotherm plot is collected
by calculating the amount of nitrogen adsorbed onto the sample with the volume and
pressure sets data. Every standard profile of adsorption-desorption isotherm offers the
gas uptake of the sample (low or high surface area) and the size of the pores

(microporous — mesoporous or NoNporous).

The Brunauer—-Emmett-Teller (BET) theory continues to be the most widely used
procedure for evaluating the surface area of porous materials (Naderi, 2015). The
linear equation for the BET theory is:

Synthesis and modification of porous boron nitride materials for application in carbon dioxide capture



Page 168

P 1 Cc-17pP (1)
=—-—+ )
V,(P,—P) V,C ' V,.C ‘P,

where V; denotes the quantity of gas adsorbed at pressure P. The quantity of gas
adsorbed due to a value of specific monolayer capacity is shown as Vi, and P is the
equilibrium pressure of the gas. C is a constant and Py is the saturation pressure of
the gas.

The C value indicates the shape of isotherm in the BET plot, in which associated to
the monolayer adsorption energy (Thommes et al., 2015). According to the linear
equation of the BET plot, a series of V, vs. P/Po data points may be difficult to collect.
In this case, some micrometrics instruments modify a single point linear in equation

(1) to the smaller slope to yield the BET single point model as given in equation (2).

P 1P (2)
Va(Po—P) VP

Further gas adsorption analysis provides information of pore size (up to 300 nm), total
pore volume, adsorption/desorption value, t-plot and micropore report. Based on the
IUPAC classification, pores in microporous samples are defined as smaller than 2 nm,
mesopores samples are between 2 nm and 50 nm and macropores samples are larger
than 50 nm (Lowell ef al., 2004). Variation of gas sorption calculation methods is
divided as follows:

Micropore filling: Density functional theory (DFT) and Horvath-Kawazoe (HK),
(P/P, range:1x10° to 0.02).

e Monolayer complete: BET, Langmuir, (P/P, range: <0.05 to 0.3).

e Multilayer formation: t-plot, (P/P, range: > 0.1).

e Capillary condensation: Barret, Joyner and Halenda (BJH), (P/P, range: >
0.35).

Pore volume distribution as function of pore size in a range of meso — and macropores
(>2nm) is achieved using the Barret, Joyner and Halenda (BJH) method. The condition
for calculating pore size distributions should be considered by reducing isotherms data
about 0.05 P/P, and saturation, where all pores are filled at 0.995 relative pressure. In
addition, density functional theory (DFT) offers a modern, microscopic method based
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on molecular simulation for both micro- and mesopores size range. While the BJH
method underestimates pore widths of less than 10nm by a degree of up to 20% to
30%, a much more predictable pore size distribution analysis over the complete pore
size range (micro-mesopores) can be performed by a DFT method (Cychosz et al.,
2017a).

The single point adsorption total volume of pores was calculated at P/Po = 0.95 - 0.98

close to unit, where all pores of samples are already filled with liquid N2, using equation

3)

Pstandard Vadsorbed VM (3)
RT

Viot =

where:

Pstandard: Standard pressure (10° Pa).

Vadsorbed: VOlume of nitrogen adsorbed at P/Po ~1

Vu: liquid molar volume of N2 at 77 K (34.65 cm?/mol).
R: gas constant.

T: standard temperature.

For BN samples, the nitrogen adsorption/desorption isotherms were carried out using
a porosity analyser (Micromeritics ASAP2060) at 77 K. Prior to the measurement, the
samples were degassed for 1 hour at 363 K followed by 18 hours at 423 K both under
vacuum. Pore size distribution plots obtained from N2 at 77 K by applying both non-
local density functional theory (NLDFT) and Barret, Joyner and Halenda (BJH)
methods.

3.3.6.Thermal stability: thermogravimetric analysis (TGA)
The basic principle of a thermal gravimetric analyser relies on heating a material under
gas flow environment (air, N2, CO2, He, Ar, etc) at a defined rate. The mass of
substance is monitored as a function of temperature or time (Brown, 2001). Most of

the TGA instruments are dynamic TGA, in which the temperature continuously
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increases at a constant rate and TGA monitors sample mass changes. The weight
change versus temperature is plotted and it is known as a thermogravimetric curve or
thermogram. This is a useful technique for testing the sample purity, thermal stability
and chemical dehydration, decomposition analysis (Earnest, 1988). A differential
scanning calorimetry (DSC) measures the heat flows of a sample as a function of
temperature or time. DSC measurements provide information about physical and
chemical changes of processes (exothermic or endothermic) and the heat capacity.

The thermal stability tests of BN samples were performed using thermal gravimetric
analysis (TG-DSC), ultra-micro balance, Mettler Toledo, both investigating TG and
DSC profiles. The apparatus consists of three major parts of a furnace including a
microgram balance, an auto sampler and a thermocouple. An alumina crucible pan
was loaded with 5-10 mg of sample material and heated from room temperature to
1173 K at a rate of 10 K/min in either air or N2 atmosphere.

3.3.7.C0O2 sorption test: thermogravimetric analysis (TGA)

CO2 adsorption-desorption test with temperature gravimetric analyser (TGA) is
considered as a better option compared to the volumetric adsorption technique as it
can be applied at high temperatures (= ambient temperature). Both CO> sorption of
BN samples and their cyclic stability tests were conducted with TGA/DSC 3+ micro
balance, Mettler Toledo. gravimetric instrument. Figure 3.4 presents a schematic
representation of CO2 test with thermogravimetric analyser. As can be seen in Figure
3.4, the TG profile curves are recorded, using an electronic microbalance and a
furnace. The samples were placed into alumina crucible from the microbalance inside
the furnace. Nitrogen flow gas (99.999%, 150 mL/min) is applied in drying (at 393 K
for 6 hours) and stabilisation (298 K for 15 min) processes. Finally, the CO2 capture
capacity of the sorbents were collected after switching to the pure CO2 (99.999%, 50
mL/min) flow, followed by measuring the mass uptake of the sample. Further details
of the procedure on dynamic CO: testing with the BN synthesised materials will be
given in Chapter 7.
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Figure 3.4 lllustration of CO- sorption experiment with thermogravimetric analyser

3.4. Conclusions

In summary, the methodological approach taken in this study is a mixed methodology
based on building new BN adsorbents, characterisation processes and BN adsorbents
screening to assess their productivity and working capacity in carbon capture
applications.

Data for this study were collected using various techniques such as X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), electron microscopy
instruments  (SEM-TEM), nitrogen  adsorption-desorption isotherms and
thermogravimetric analysis (TGA) to name a few. This chapter has demonstrated that
each of these characterisation and process techniques are particularly useful in
studying properties such as material’'s morphology, size, structure, chemical
properties, stability and gas adsorption performance. A major advantage of using
gravimetric analyser for CO2 adsorption is that it can be applied in a wide range of

temperatures above 298 K as a fixed-bed reactor in carbon capture technologies.
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CHAPTER 4

PRECURSOR-MEDIATED SYNTHESIS
OF POROUS BORON NITRIDE

Outline of the chapter

This chapter discusses the impact of different reactants on production of pristine
porous boron nitride. Experimental procedure and samples characterisation are also
considered in this chapter. The effect of urea composition ratio, with two different
solvents composition and using multiple boron precursors on the structure, surface
chemistry, stability and textural properties of porous boron nitride are extensively
explained. The chapter is organised as follows:

4.1. Introduction

4.2. Materials and synthesis

4.3. Effect of urea proportion on porous boron nitride

4.4. Effect of solvent on Porous BN

4.5. Effect of using multiple boron precursors on porous BN

4 4. Conclusions
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4. Precursor-mediated synthesis of porous boron nitride
4.1. Introduction

Both template and template-free methods can lead to porous boron nitride with
variation of morphologies and structure such as nanorod (Zhang et al., 2006),
nanofibers (Lin et al., 2016), (3D) BN foam (Maleki et al., 2016) and Layered
nanosheets (Wang et al., 2018a) to name a few. As indicated in the literature review
chapter, numerous soft (dodecyl! trimethyl ammonium chloride (DTAC) cetyl-trimethyl
ammonium bromide (CTAB), hard (silica, activated carbon, zeolites) and dynamic
(Magnesium diboride (MgB:2) templates were commonly used as templates during
production of porous BN materials (Zhang et al., 2014, Ning et al., 2016, Xiao et al.,
2016). However, these approaches have several limitations such as impurity and lower
surface area obtained in final the products. Therefore, various process conditions were
made based on non-template strategy in order to obtain a higher specific surface area
(SSAs) and porosity with less synthetic steps and impurities compared to the template
method. The majority of previous studies employed a wet chemical reaction of boron
and nitrogen precursors followed by high temperature treatment (pyrolysis) under
either a nitrogen, an ammonia or nitrogen/hydrogen atmosphere (Song et al., 2017,
Weng et al., 2014, Maiti et al., 2017). Despite the fact that changing the morphology
and structure of porous BN are easier using the template method, using the non-
template procedure can also result in diverse structural features of BN nanomaterials.
This variation can be achieved by changing precursors, their molar ratio, temperature
and solvent during non-template techniques. Thus, it is essential to study different
synthetic conditions during the fabrication process in order to achieve well-defined
porous BN for a specific purpose. So far, very little attention has been paid to
investigate the role of precursors in controlling BN properties in terms of morphology,
chemistry and porosity. Both boron and nitrogen precursors and their usage amount
share a number of key features in creating porous structural networks of BN.
Moreover, if BN is to be applied in gas adsorption applications, it is important to obtain
a certain level of control over its porosity and microscale properties. Given that, the
following part of this chapter moves on to describe how to select different experimental
conditions, which may provide a high impact on the porosity of the final products.

In what follows, the role of using different precursors with different molar ratios will be
discussed as well as solvent-mediated on the porosity, structure and chemistry of BN
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via template-free method. This approach produced porous BN materials, which are
practical for gas adsorption properties. Characterisation of samples is important for
better understanding of their properties. To do so, a number of techniques including
X-ray Diffraction Pattern (XRD), Fourier Transform Infrared Spectroscopy (FTIR),
Raman, Scanning Electron Microscopy (SEM/EDX), Transition Electron Microscopy
(TEM) and nitrogen adsorption/desorption isotherms were applied for each of the
samples. This chapter provides a deeper understanding of pure BN formation through

template-free method.

4.2. Materials and synthesis

Porous boron nitride was synthesised with a two-step method of solvent evaporation
and high thermal decomposition (detail of the methodology is discussed in Chapter 3).
In the first step of precursor-mediate, various amounts of urea (for synthesis, Sigma-
Aldrich) and boric acid (ACS reagent, Sigma-Aldrich) in molar ratios of 15:1 and 30:1
were dissolved in a mixed solution containing 20 ml of methanol (analytical standard,
Sigma-Aldrich) and 20 ml of water at 338 K (Figure 4.1). Furthermore, to evaluate the
solvent’s impact on the production of BN materials, porous BN was prepared with 50
ml of distilled water without using methanol under the same conditions. In the second
step, multiple-B precursors were applied using boric acid (ACS reagent, Sigma-
Aldrich), borax (99%, Sigma-Aldrich) and urea (for synthesis, Sigma-Aldrich). All the
solutions were heated and stirred vigorously until a white powder was obtained and
were further dried in an oven at 338 K for 24 hours. Finally, these powders were loaded
in alumina boat crucible and heated in a tubular furnace under nitrogen flow from room
temperature to 1173 K at the rate of 8 K min-'. This temperature was maintained for
three hours followed by cooling to the room temperature at the rate of 8 K min-'. All
the prepared samples are shown in Table 4.1 with different composition ratio of

reactants.
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Figure 4.1 Template-free synthesis schematic of h-BN

Table 4-1 Sample notation of porous h-BN fabricated under different conditions

Sample Urea (mol) Boric acid (mol) Borax (mol) Solvent

BUss 15 1 — Methanol/Water
BU30 30 1 — Methanol/Water
BU30 30 1 — Water

BU15B4 15 1 1 Methanol/Water

4.3. Effect of urea proportion on porous boron nitride

This section reviews the effects of different urea molar ratios on BN structure,
chemistry and porosity. The optimisation of urea proportion is essential in order to
obtain high specific surface area and proper structure for the application of gas
adsorbents properties.

4.3.1.Analysis of structural, chemistry and porosity features
In the first investigation of applying different urea proportions, X-ray diffraction was
performed to find out the structural properties using an X-ray diffractometer in
reflection mode. In typical XRD patterns, the results of both samples displayed clear
peaks around 20 ~ 26° and 42°, which are attributed to the (002) and (100) reflections
corresponding to hexagonal boron nitride (Figure 4.2a) (Kurakevych and Solozhenko,
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2007). The weak crystalline B2O3 peaks appeared around 26 ~ 15° for the sample with
lower urea molar ratio was removed by utilising a higher amount of urea. It seems
possible that these peaks appeared during the dehydration of boric acid that were
formed as a residual B>Os (Balci et al., 2012). Notably, the peaks of both samples
reveal the presence of turbostratic and amorphous materials (Alkoy et al., 1997). It is
interesting to note that in most cases of the template free conditions, turbostartic
crystalline orders were reported in the literature. We believe that if the purpose of using
these materials is for adsorption properties, the low crystalline order is a more
favorable option. This is due to the fact that in this type of structure, the defects

appearing on porous surfaces may improve the adsorptive performance.

Moreover, the chemistry of samples was analysed using FTIR spectroscopy. As
shown in Figure 4.2 (b), both peaks exhibited two main characteristic bonds of boron
nitride at ~ 1360 and 800 cm™' corresponding to in-plane B-N transverse optical mode
and out-of-plane B-N-B bending mode, respectively (Geh et al., 1966). The small peak
observed around ~ 2300 cm™! for the sample with lower amount of urea is due to the
presence of CO2 and can be ignored. The results show that there is not a significant
difference between the two samples in this chemical feature analysis. In total, the
structural and chemical results of both samples, indicating a successful preparation of

BN material via template-free method.

The characteristic feature of pore strucure is vital and needs to be investigated for
sorbent materials. Therefore, In order to find a proper sample for CO. adsoprtion
properies, the materials were characterised by nitrogen sorption isotherm at 77 K. The
isotherms and the resulting pore size distributions are shown in Figure 4.2 (c). The
plot for boric acid/urea 1:30 has been moved vertically upward. Thus, the surface area
increases with an increasing proportion of urea in the reaction mixture. A possible
explanation of this finding is the decrease in the number of layers which previously
reported by Nag et al., (2010). The resultant BET SSAs were 85 and 753 m?/g for boric
acid/urea ratio of 1:15 and 1:30, respectively. Moreover, what can be clearly observed
in Figure 4.2 (c) is the growth of microporosity in BU30 sample. This remarkable
change in textural parameters demonstrates the influence of urea as a nitrogen
precursor on BN pore structure. Therefore, with the findings in this section, one could
suggest that the amount of nitrogen precursors is a practical issue to direct the material

to micro porosity scale.
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Figure 4.2 (a) XRD patterns; (b) FTIR spectra and (c) Nitrogen sorption isotherm at 77 K (insert
shows pore size distribution) of BN samples using different urea proportion.

4.3.2.Analysis of morphology
SEM images for both samples are shown in Figure 4.3(a, b). Noticeably, despite the
quite similar structural results found in the previous section, the samples exhibited

different morphologies with regards to various levels of urea. Images in Figure 4.3(a,
b) show the thin layered-like morphology for the porous BN using high urea molar ratio,
whereas the rod shape with visible macropores was observed for porous BN with lower
urea molar ratio. Additionally, to get a better insight into the BN micro scale,

Transmission Electron Microscopy (TEM) was used for the BUsp sample, which

showed thin layers of boron nitride that were rolled and knotted, creating an ideal
substrate (Figure 4.4a-d). Micrographs were collected in bright-field (BF) mode and
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with different magnifications (from 1 ym to 100 nm). Figure 4.4 (a) illustrates tiny
nanoparticles with sizes less than 10 nm where homogeneously dispersed (blue
dashed circles).

Figure 4.4 TEM images for BU30 sample (a-d)
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4.4. Effect of solvent on Porous BN

This section investigates the impact of using two different types of solvent during the
thermal evaporation step on the production of porous BN. As it can be seen in Table
4.1, BU3o was synthesised in a mixture of both water and water/methanol followed by
high thermal decomposition process. The significance of this study is linked to the CO-
adsorption result, which will be discussed in more detail in chapter 7. Potential readers
should note that the importance of this aspect on catalytic activities of BN was
highlighted by Wu et al., (2016b) which shows that a low boiling point of solvent has
the potential to accelerate the recrystallization of urea, further increasing the higher
SSA of BN.

4.4.1.Analysis of chemical features and porosity

Chemical composition of both samples (boric acid and urea with a molar ratio 1:30
dissolved in distilled water and water/methanol) were characterised by EDX. As can
be seen in Figure 4.5 (a, b) both samples were composed of similar boron (B), nitrogen
(N) and oxygen (O) elements. This observation may specify that solvents have no
major effect on the chemical compositions of porous BN. However, the thermal stability
of samples indicated different degradation behaviours using TG analysis (Figure 4.5c).
BN-water/methanol is stabilised and reached saturation point (plateau) around ~ 600
K, whereas the BN-water sample continuously losing weight before ~ 948 K where it
becomes stabilised.

Further exploration of using different solvents was determined by N2 adsorption at 77
K. The isotherms in Figure 4.6(a) belongs to type Il /IV based on IUPAC classification
and type H3 hysteresis loops indicate the presence of disordered micro and
mesoporous adsorbents. What is striking in Figure 4.6(a) is the sharp rise of isotherms
in low relative pressure for BN-Water/Methanol sample, which indicates presence of
microporous structures. According to the non-local density functional theory (NLDFT)
shown in Figure 4.6(b), BN-Water/Methanol sample underline the prominent formation
of highly microporous structures, while a significantly lower microporosity (almost zero)
was observed for the sample synthesised with water as a solvent. The BET surface
area of BN-Water/Methanol and BN-Water are reported as 753 m?g™! and 102 m?g™’
respectively. This result could be explained by the fact that the porosity of BN materials
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remarkably decreases via dissolution of the precursors in water. Understanding the
role of large surface area and the effect of using different solvents on CO adsorption
properties of BN are crucial and will be investigated in Chapter 7.

Element Weight % Atomic %
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Figure 4.5 EDX spectra and corresponding atomic % of elements for BN-Water and BN-
Water/Methanol samples (a, b); TG curves of the same samples (c)
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Figure 4.6 (a) Nitrogen sorption isotherm at 77 K and (b) NLDFT pore size distribution of BN
sample produced using different solvents
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4.5. Effect of using multiple boron precursors on porous BN

The influence of nitrogen sources and use of various solvents during the fabrication
process on porous BN have been investigated so far. This section is looking at the
effect of using multiple boron precursors on the structure, chemistry and porosity of
BN. Moreover, after proceeding the experimental procedures of this plan, the section
has argued whether using multiple boron sources can be a successful way to

synthesise pure BN as it is able to be applied in gas adsorption properties.

Herein, borax was used as a secondary B-precursor together with boric acid (Table
3.1.). In this experiment, after heating, boron sources (Na:B40O7.10H20 and H3BO3)
were transformed into Na20.2B203; and B203; respectively, as governed by chemical
reaction type (1) and (2) (Zhang et al., 2015a). At 948 K, solid Na2O played the role of
supporting structure and HsBO3z helped Na>O particles to move and rearrange
themselves by pervading into the interior of the structure.

Na2B407.10H20 —» Na20.2B203 + 10H20 (1)

2H3;BO3; — B203 + 3H20 (2)

4.5.1.Analysis of structural, chemistry and porosity features
Contrary to our expectations, the XRD result of multiple boron sources indicates a
significant difference to other XRD findings reported so far. As shown in Figure 4.7.
(a) the d-spacing was decreased by using multiple boron source precursors and a
more crystalline nature of material was formed (Figure 4.7a). It can be concluded that
using borax leads to promote ordering from t-BN to h-BN (Ning et al., 2016). The XRD
pattern highlighted that the use of multiple boron source components had no effect on
phase composition to form BN (according to the Powder Diffraction File (PDF) 00-009-
0012). In order to confirm further structural analysis, the sample was analysed by
Raman spectrometry. The peak at ~ 1373 cm™ is detected in Figure 4.7 (b) which
corresponds to the B-N vibration mode (E2g). In addition, the chemical analysis of the
sample was characterized using FTIR spectra. Peaks in Figure 4.7 (c), displayed no
evident change compared to single boron used precursor. Similar to the previous FTIR
results which were pointed out earlier, two broad peaks around ~ 1365 and 750 cm’
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are assigned to in-plane B-N transverse optional modes of hexagonal boron nitride
and N-B stretching vibration modes respectively.

It could conceivably be hypothesised that the observed difference in crystallinity
between single and multiple B precursors could influence the particle size as well as
morphology aspects of materials. To investigate this, the N> adsorption-desorption
isotherms were carried out for two samples (BU1s and BU1s5B+) with similar proportions
of urea to boric acid (1:15 molar ratio boric acid/urea) with two types of boron sources,
being single and multiple boron sources (Figure 4.8a). The most important result of
this section is that the BET surface area obtained for the BU1sB1 sample (BU1sB1ssa =
34 m?/g) which is the lowest specific surface area (SSA) among the pristine BN
samples. This finding, while preliminary, suggests that the use of borax leads to
creation of materials with lower surface area and porosity for multiple B-precursors.
Moreover, the sample, as shown in Figure 4.8 (b, c), exhibited plate-shaped
morphology in SEM images. Comparison of the findings with those of other reported
in this chapter confirms that the current sample is not a proper candidate for adsorptive
application. To get a better view of the material properties of this sample, its
performance has been investigated and will be explained in detail in Chapter 7.
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4.6. Conclusions

An initial objective of the project was to synthesise pure porous BN materials (without
using modification steps) and to identify some practical samples for modification steps
and consequently, conduct CO> adsorption tests (which will be discussed in the
following chapters). To this end, an overview of research on precursor-mediate
synthesis of boron nitride in terms of synthesis, structure and properties has been
presented in this chapter. The first set of experiments in section 4.3 established that
using an excess of urea as a nitrogen source is essential to create a higher porosity,
which is one of the criteria for adsorptive applications. Therefore, the highest specific
surface area, which is recognised in this chapter, belongs to the BU3so methanol/water
sample of about 753 m?/g. According to SEM results, a difference was observed in
morphology between samples with higher and lower use of urea proportion. While the
layered structure obtained with lower proportion of urea, the rod-like morphology
observed for the sample with lower consumption of urea. It is difficult to explain this
result in detail; however, it would suggest that it is related to thermal decomposition of
urea during the pyrolysis step, which might lead to obtaining various shapes. Other
characteristics in terms of structure and chemistry features of these two samples are
shown to be relatively the same.

Furthermore, dissolution of precursors in the mixture of methanol/water had significant
impact on obtaining the high SSA as discussed in section 4.4. There were also slight
changes detected in the thermal analysis of samples with two different procedures of
solvents usage. In particular, the analysis of thermal stability was performed to show
the thermal stability of pristine BN.

In section 4.5, the preparation of BN with multiple boron sources turned to an
enhanced hexagonal structure of these materials with clean plate shape, while the
SSA sharply diminished. The main disadvantage of the experimental method is that
the production of pristine BN has a relatively low porosity and surface area when borax

is used as a second sources of boron precursors.

Overall, the studies presented thus far considered possible influences of using
different precursors on porous BN structure, chemistry and porosity networks. Owing
to the essential properties of solid sorbent materials, it is postulated that the formation

of BN with higher porosity and SSA is more favorable for CO2 adsorption.
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CHAPTER 5

METAL-FREE MODIFICATION OF
POROUS BORON NITRIDE

Outline of the chapter

This chapter focuses on metal-free modification strategy to achieve highly porous BN
with tuneable porosity, which is useful in carbon capture applications. Moreover,
experimental methods and sample characterisation are considered in this chapter. The
effect of adding Pluronic P123 triblock copolymers surfactant as an extra reactant on

porous BN materials properties is discussed. The chapter is organised as follows:
5.1. Introduction

5.2. Materials and synthesis of porous BN using structure directing agent

5.3. Results and discussion

5.4. Conclusions
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5. Metal-free modification of porous boron nitride

5.1. Introduction

Carbon capture based on dry sorbent materials requires development of robust and
reusable solids for a long-term deployment. Recently, porous boron nitride materials
have gained renewed interest to be applied for carbon capture due to their cost-
effectiveness, high chemical stability and ease of production. Despite these properties,
most of the researchers on this topic take extra attempts to control BN material
properties to develop its performance. The relatively low efficiency of pure BN (without
taking surface functionalisation/modification steps) to CO2> molecules is likely to be
related to its pore size and surface area properties. However, from a theoretical
perspective, there are evidences suggesting weak interaction of Lewis acidic
molecules and electron deficiency of boron atoms in B-N bonds (Choi et al., 2011; Sun
et al., 2013; Paura et al., 2014; Tan et al., 2016).

The characterisation results of the designed pristine porous BN samples in the
previous chapter suggested potential of BN as a good candidate for CO-
capture/release with high chemical and thermal stability. Now, a key issue is to take a
further challenge to promote a better porous BN adsorbent. In this case, one of the
main objectives is designing porous BNs to achieve a material with a high surface area
and porosity for CO2 adsorption, which is discussed in the current chapter. Evidences
in Chapter 4 indicate that precursor is among the most important synthetic factors for
creating pores. It can therefore be assumed that adding an extra precursor into boron
and nitrogen sources may change porous BN construction. Some approaches have
deliberated the impact of tri-block copolymers on creation of porosity during the
decomposition process of BN materials (Li et al., 2013; Xiong et al., 2016; Xiong et al.,
2017). Although the above studies utilised surfactant directing-agents to develop
activated porous BN with outstanding porosity, a debated question is whether this

strategy (metal-free modification of BN) is beneficial for the CO. adsorption process.

To address this question, in this chapter, we selected Pluronic P123 triblock
copolymers to tune the pristine BN samples, aiming at enhancing the adsorption
performance. Metal-free modification of porous boron nitride (BN) was carried out by
simple heat treatment procedure under N2 flow. This synthetic procedure relies on
using triblock copolymer P123 during the precursors evaporation step of BN and does
not show major impurities (Xiong et al., 2016).
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The following section (section 5.2.) is a brief description of the method and the raw
materials, which were used during the process. Then the characterisation results on
urea-based and melamine-based BN modified sample are described in section 5.3 in
terms of structure, morphology, chemistry, optical and textural analysis. The
characterisation results of these two modified samples will be compared and
discussed by pure BN sample (without applying modification step). This chapter aims
to contribute to this growing area of research by exploring the new formation of porous
BN.

5.2. Materials and synthesis of porous BN using structure directing
agent

Metal-free modified BN was synthesised with a two-step method of solvent
evaporation and high thermal decomposition. Boric acid (ACS reagent, Sigma-
Aldrich), urea (for synthesis, Sigma-Aldrich) or melamine (99%, Sigma-Aldrich) and
Pluronic P123 triblock copolymers (M, = 5800, Sigma-Aldrich) based on poly (ethylene
glycol)-poly (propylene glycol)-poly (ethylene glycol) were used as raw materials. In
detail, urea: boric acid and urea: melamine with molar ratios of 30 and 4 were mixed
and dissolved with deionised water. The urea ratio was chosen based on previous
results in Chapter 4 as it is more effective for adsorptive performance. Then, 0.5 g of
P123 was introduced into the mixture solution and heated up at 338 K under vigorous
stirring. A white precipitate was obtained after complete evaporation of water at that
temperature. Afterwards, the precursor was dried in the oven for 24 hours and
annealed at 1173 K under Nz gas (the flow rate was 150 mL/min) for three hours. The
heat treatment step is vital to achieve the porous samples, as discussed in Chapter 4.
Finally, modified porous BN were collected with two different nitrogen precursors. For
comparison, pristine BN was also prepared following the same procedure without
adding any surfactant.

5.3. Results and discussion

In this section, we considered modified urea-based BN sample first which was named

BN-P123. A number of techniques were employed to determine the influence of using
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structure-directing agent over porous BN structure, chemistry and textural properties.
In order to get a better understanding of the role of P123, all these results were also
associated with pristine BN. Furthermore, the effect of P123 on the chemistry,
morphology and pore structure of melamine-based BN sample was discussed. This
sample was performed to estimate the different features of BN using various nitrogen

sources.

5.2.1.Morphology and chemical features of modified urea-based
BN

The morphology of the samples was studied using scanning electron microscopy
(SEM). The pristine BN exhibited an ultrathin flake-like morphology, as displayed in
Figures 5.1(a, b). Two SEM images as well as the insert of BN-P123 presented a
similar shape to pristine BN with a cloud-like sheet structure and interconnected
network of porous structures (Figures 5.1c, d). To compare samples chemical
properties, the formations of pristine BN and BN-P123 were studied by EDX and
elemental mapping (Figures 5.2 a, b). From the results, it is obvious that the product
is mainly comprised of boron (B), nitrogen (N) and oxygen (O). The EDX results in
Figure 5.2b shows a slight increase in the BN-P123 sample in terms of oxygen content
compared to pristine BN. The observed increase in oxygen may be due to the

introduction of P123 into BN formation.
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Figure 5.1 SEM images of (a, b) pristine BN; (c, d) BN-P123.The insert shows the
interconnected porous structure
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Figure 5.2 EDX spectra of (a) pristine BN; (b) BN-P123 and the insert show the elemental
mapping and corresponding atomic % of elements.
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5.2.2.Structural and optical analysis of urea-based BN
The structures of both samples were analysed using the outputs given in Figure 5.3a
which depicts the XRD patterns of the prepared samples. No structural differences
were found in the modified sample after utilising surfactant. Similar to the hexagonal
structure of BN, two characteristic peaks around were observed ~25° and ~42° which
are ascribed to the (002) and (100) crystal planes, respectively (Kurakevych and
Solozhenko, 2007). Additionally, the peaks of both samples confirmed the poor
crystallization with the presence of turbostratic material. Compared with the pristine
BN, the (002) diffraction peaks of BN-P123 shifted to a lower angle, which promotes
a more disordered hexagonal boron nitride (h-BN) structure. Moreover, the optical
properties of samples were examined, using UV-vis absorption. The peaks in Figure
5.3b indicates a highly transparent form visible to UV wavelength (Ba et al., 2017) .
The maximum absorption peak around 209 nm is attributed to intrinsic excitation
absorption band of h-BN. Besides, small humps around 265 and 352 nm were

detected in BN-P123, corresponding to impurities which were negligible.
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Figure 5.3 (a) XRD patterns; (b) UV-Vis of prepared samples

5.2.3.Chemical and thermal decomposition properties of urea-
based BN

Having discussed the formation of pristine BN and BN-P123 with EDX elemental
mapping, this section addresses the chemical features which were supported by
Fourier transform infrared (FTIR) spectroscopy. There are no additional functional
groups shown in Figure 5.4.a for the BN-P123 sample. Both peaks exhibited two main
characteristic bands of boron nitride at =1300 and 800 cm™' corresponding to in-plane
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B-N transverse optical mode and out-of-plane B-N-B bending mode, respectively (Liu
et al., 2015). According to this finding, we can suggest that P123 was eliminated from
the as-prepared BN during the decomposition process and did not affect the surface

functional bonding.

Additionally, to check the thermal stability of samples, a thermal gravimetric analyser
(TGA) test was performed in air atmosphere (rate = 10 K/min) and the results are
shown in Figure 5.4b. The TG thermograms reflected the weight loss of 19% for both
samples, representing the removal of moisture adsorbed on the material surface. After
573 K, the lines show the thermal stability nature of BN at a high temperature and that
there was no significant weight loss up to 1273 K. So far, above all characteristic
results of both samples, it was found that the structure and chemical nature of BN has
not changed after modifying BN with the surfactant compound and both samples
revealed almost similar features. We assumed that the utilisation of block copolymer

(P123) can affect the textural properties of pristine BN.
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Figure 5.4 (a) FTIR spectra; (b) TGA thermal decomposition curves in an inert nitrogen
atmosphere of both samples.

5.2.4. Analysis of modified melamine-based BN
Porous BN shows different morphologies using melamine as a nitrogen source since
different structures of precursors were used for the formation of BN. Therefore, one of
the interesting issues that emerges from BM4-P123 is its morphology results, which
are depicted in Figures (5.5a, b). What can be determined from figures (5.5a, b) is that
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when melamine was employed, porous BN showed a whisker-like structure, which is
previously mentioned in the literature (Li et al., 2016). In contrast, a typical FTIR
spectra of melamine-based BN exhibits similar bands like urea-based BN for boron
nitride B-N in-plane transverse stretching mode at ~1346 cm™" and B-N-B out-of-plane
bending mode at 779 cm* (Figures 5.5c). However, the broad peak of ~3359 cm' and
the small peak at ~1095 cm™ were also observed which could be attributed to O-H
and C-O chemical structures respectively.

In order to further understand the chemistry of BM4-P123, the decomposition profile
of melamine-based BN was analysed by TGA. Two main stages of degradation can
be found in Figures 5.5(d), which ~ 12 wt% of mass loss for the first stage. The second
step of degradation occurs over a broad temperature starting from 870 K, which
corresponds, to decomposition of remaining products. Additionally, melamine
precursors begins to decompose at a higher temperature than urea between 473 K
and 761 K (Hoffendahl et al., 2014). To better investigate the effect of using melamine
as a nitrogen precursor in the formation of BN, the sample was analysed with EDX
(Figure 5.6). Results showed that the atomic composition of elements is oxygen (O),
nitrogen (N), boron (B) and carbon (C). The Si peak appears from Si dead layer of Si
(Li) detector. Taken together, it should be underlined that the use of melamine in
porous BN leads to presence of carbon content which brings about an increase of the

impurities.
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Figure 5.5 (a, b) SEM images; (c) FTIR Spectra; (d) TG curve of BM4-P123
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Figure 5.6 EDX spectra and corresponding atomic % of elements of BM4-P123

5.2.5.Textural analysis of modified BN
So far, the possible impacts of using structure directing-agent on porous BN
construction and stability has been investigated. Now, the textural properties of the
samples are considered which are expected to improve. Porosity analysis of all
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samples which was derived from nitrogen adsorption/desorption isotherm at 77 K are
summarised in Table 1. The isotherm results display a typical type IV curve based on
IUPAC classification and type H3 hysteresis loop in the partial pressure range 0.4—
1.0, which indicates presence of mesopores and slit shape pores (Pang et al., 2018)
(Figure 5.7a). More importantly, there is a trivial rise in N2 adsorption-desorption
isotherm of BU30-P123 at lower pressure (P/Po < 0.25), which is caused by presence
of micropores (Bi et al., 2018). The BJH adsorption theory was used to calculate pore
size distributions. As expected, the dV/dD pore volume of BN-P123 increases
dramatically with abundance of micropores (Figure 5.7b). Meanwhile, using the
Brunauer-Emmett-Teller (BET) method (Brunauer et al., 1938), the specific surface
areas are calculated showing that the BET surface area of samples with P123 are
higher than pristine BN and the highest SSA referred to BU30-P123 (Table 5.1). This
result allows us to conclude that urea as a nitrogen precursor has greater impact on
surface area as opposed to melamine. Besides, it is clear from the above
measurements that the P123 introduced into precursors during the fabrication process
is highly effective on the microscale structure of porous BN and improves surface area
and pore volume of the sample.
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Figure 5.7 (a) Nitrogen adsorption-desorption isotherm of pristine BN and modified BN; (b)
BJH adsorption dV/dD Pore Volume of the same samples.
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Table 5-1.Textural properties of prepared materials.

Sample Seer? (M?lg)  Viotar? (cm®/g)

BN 102 0.46
BN-P123 476 0.83
BM4-P123 143 0.57

' Specific surface area (m2/g) obtained by Brunauer-Emmett-Teller (BET) method. 2 Total pore volume
(cm?3/g) calculated at P/Po = 0.99.

5.3. Conclusions

This chapter highlights one of the modification strategies based on controlling the
porosity parameters of porous BN formation. The porosity of boron nitride has been
successfully tuned by introducing the triblock copolymer surfactant (P123) during the
preparation process of BN precursors.

This approach is tested on two different types of pristine BN. While urea-boric acid
was used for pristine BN type one, the second type of pristine BN was formed using
melamine-boric acid. A thorough comparison of these two forms enables us to
discover the influences of the interaction between P123 with chemical formation of the
precursors. In general, we found that utilising P123 into boron and nitrogen precursors
leads to improving the porosity of samples. Particularly, in the urea-based BN modified
sample (BN-P123), the surface area and total pore volume revealed a remarkable
change (SSA = 476 m?/g and Vi = 0.83 cm3/g). To be more precise, the textual
properties results were virtually quadrupled as a result of the modification. This
significant change is attributed to the formation of more gases during the
decomposition process, thereby P123 acts as a porogen agent which gives rise to
tailor the pore chemistry of BN. However, this outcome is contrary to the BM4-P123
sample, which observed a slight growth in textural pore properties (SSA = 143 m?/g
and Vi = 0.57 cm®/g) after tuning the sample with surfactant template. These
differences are likely related to the urea proportion and its decomposition reaction,
which have relatively good impact on porosity parameters. Given the findings on the
presence of carbon impurity, which is confirmed in the BM4-P123 sample by EDX
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elemental mapping analyser, the addition in melamine proportion is not a good idea to
achieve a more tuneable porous structure of BN. Another important change by means
of applying melamine instead of urea is the shape of BN, which is transformed from

flake layered structure to whisker-like morphology.

Furthermore, based on the other characterisation results obtained in this work, all
samples share almost similar chemical features. Therefore, it can be concluded that
this synthetic condition (the addition of P123 surfactant) is less likely to change BN

chemical bonding.

All in all, a key outcome of this chapter is modifying the pore morphology of the BN
productions without significant impurities. With this method, a greater understanding
of the formation of porous BN with high levels of porosity is reached. It is believed that
these findings make a significant contribution to the field of novel adsorbents when

they are used for application in carbon capture.
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CHAPTER 6

METAL MODIFICATION OF POROUS
BORON NITIRDE

Outline of the chapter

This chapter focuses on the metal modification strategy of porous BN to improve the
interaction between the BN sample and CO> molecules in carbon capture applications.
Furthermore, experimental method and sample characterisation are considered in this
chapter. The influence of Ni impregnation of porous BN surface on chemistry, structure

and porosity of sample is discussed. The chapter is organised as follows:
6.1. Introduction

6.2. Materials and synthesis of Ni loading on porous boron nitride

6.3. Results and discussion

6.4. Conclusions
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6. Metal modification of porous boron nitride

6.1. Introduction

Following the strengths of solid sorbents, porous materials are commonly used in
numerous adsorptive applications, in particular for CO2 adsorption. Recent
investigation of the literature has confirmed the fundamental features of porous
materials for carbon capture processes. These factors include tuneable porosity
(Rehman and Park, 2018), surface polarity (Singh et al., 2017, Ren et al., 2017) and
tolerance against water to name a few (Yoo et al., 2016). Porous BN materials with
partly ionic structure and their unique pore structure have been popular candidates for
CO2 adsorption applications. However, much of the research up to now has reported
that the poor interaction of pristine boron nitride with CO2 molecules causes a decline
in boron nitride’s carbon capture performance. As mentioned in the literature review,
the modification strategy is considered as an effective way to promote the BN affinity
to adsorb more CO.. The most obvious finding to emerge from the BN analysis is that
BN’s textural and chemical properties are correlated to increase its efficiency through
CO:2 capture. A series of experimental demonstrations of BN textural effects were
carried out in the previous chapter with the aim of assessing the use of structural
directing agent in improving BN porosity/pore size and surface area. The second
question in this area sought to determine the impact of metal modification approach
on CO>'s total adsorption by changing the surface chemistry of BN. Hence, according
to the Lewis acidic molecules of CO2, we now consider providing polar active site
groups, which are favourable to interact with CO.. This chapter describes the
synthesis and characterisation of loading Ni (Il) compounds by simple impregnation
and calcination methods to modify basicity of the BN surface. The facial synthesis was
carried out using boron and nitrogen precursors for the production of porous BN.
Consequently, Ni (NO3)2.6H20 was loaded before the heat treatment step. The details
of the synthesis are described in section 6.2. The material characteristics of all the
samples are discussed in section 6.3 by using various techniques. This section
analysed the structure, morphology, chemistry, optical and porosity aspects before
and after metal modification of BN surface. All these properties are important to figure
out the main effect of Ni loading on porous BN for its CO2 uptake behaviour. To find

this, the next chapter will provide CO2 sorption tests using a gravimetric technique at
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a low (<1 bar) pressure for all the relevant results discussed in this chapter. Overall, a
summary of the main results of four samples is provided in this chapter.

6.2. Materials and synthesis of Ni loading on porous boron nitride

Porous BN with different levels of Ni (II) were prepared through a template-free heat-
treatment approach. In a typical experiment, firstly boric acid (ACS reagent, Aldrich),
urea (synthesis grade, Aldrich) with a molar ratio 1:30 were dissolved in deionised
water (50 ml). Then a certain amount of Ni (NO3)2.6H20 (Aldrich, 99%) was added into
the mixture followed by heating and stirring to completely evaporate the excess water
before the sample was dried overnight at 348 K. The light green powders were then
transferred into alumina crucibles and annealed in a tube furnace at 1173 K for three
hours under N2 atmosphere (oxygen free cylinder, BOC Ltd). Further calcination was
applied where the samples were placed in a muffle furnace at 673 K for an hour to
obtain a nickel oxide phase. The resulting samples are referred to as: BN-(X) Ni where
X was 0.1%, 0.5%, 1% molar percentage. For the sake of comparison, pristine BN
prepared based on the same procedure without adding Ni (NO3). 6H20. Samples with

various composition ratio of Ni are presented in Figure 6.1.

BN-1%Ni BN-0.5%Ni BN-0.1%Ni

Figure 6.1 BN, BN-0.1%Ni, BN-0.5%Ni, BN-1%Ni powders

6.3. Results and discussion

This section has reviewed fundamental aspects of Ni@BN material properties of the
prepared samples. Firstly, to investigate how certain amounts of Ni (NO3)2.6H20 were
distributed on the surface of porous BN, various material techniques were used to
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characterise the structural, morphology and chemical properties of all samples. These
techniques include XRD to find the crystallographic order, FTIR to identify functional
chemical bonding, SEM/TEM and EDX/LIBS to explore shape and elemental
composition of the samples respectively. Secondly, due to the intrinsic electronic
properties of Ni as a transition metal, could have important effects on the optical
properties of porous BN. Therefore, UV-vis absoption and fluorescence spectroscopy
were applied to describe the influence of loading nickel on luminescence properties of
BN. Moreover, it is hypothesied that introduction of Ni (ll) into porous BN might control
the pore size and consequently impact on textural properties (surface area and pore
vulume) of BN. Thus, nitrogen adsorption/desorption isotherms were obtained using a
porosity analyser (Micromeritics ASAP2060) at 77 K. The thermal stability of samples
was also performed using thermal gravimetric analysis (TG-DSC), Ultra micro balance,
Mettler Toledo, both investigating TG and DSC profiles.

6.3.1.Structural and chemical analysis of Ni loading on porous
BN

The evaluation of the crystalline phases of samples was carried out through Powder
X-ray diffraction (PXRD) measurements. As indicated previously in Chapter 4, the
wide-angle diffraction pattern reveals two broad peaks at 2Theta approximately 25°
and 42° for pristine BN (refer to Figure 6.2 (a)), corresponding to the (002) and (100)
reflections of hexagonal BN lowly organised turbostratic phase (Kurakevych and
Solozhenko, 2007). In the BN-1%Ni sample, it is also possible to identify the Ni-
containing phase (inset of Figure 2) as metallic Ni (PDF Card 4-0850). Owing to the
low Ni content in the BN-0.1%Ni sample, no evidence of any Ni-containing phase can
be revealed. Surprisingly, for the BN-0.5%Ni sample, the same treatment leads to the
formation of a polymorph of ammonium borate phase with orthorhombic crystal
structure (PDF Card 31-0043) accompanied by the presence of NiO (PDF Card
47-1049) as shown in the inset of Figure 6.2 (a)). Actually, NiO is the expected phase
from the Ni(NO3)2.6H20 decomposition by calcination and the BN phase evolution
towards the orthorhombic phase is the most feasible as reported by other authors
(Alkoy et al., 1997). The reduction of Ni (ll) to Ni (0) during the calcination treatment
of the BN-1%Ni sample could be the reason of the formation of the enigmatic phase
(PDF Card 19-0072) with unknown crystal structure.
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Furthermore, the characteristic of chemical functional groups of BN-0.5%Ni and
BN-1%Ni samples is determined by Fourier transform infrared (FTIR) spectroscopy
(refer to Figure 6.2 (b)). As can be seen from Figure 6.2 (b), all peaks exhibited two
main characteristic bonds of in-plane B—N transverse optical mode and out-of-plane
B—N-B bending mode (Liu et al., 2015). As expected, the stretching vibration mode of
NiO bond was detected in the BN-0.5%Ni sample after calcination step.
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Figure 6.2 (a) XRD pattern; (b) and FTIR spectra of different amount of Ni loaded BN
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Elemental analysis techniques were also employed in order to confirm homogenous
impregnation of Ni (II) into BN frameworks. To do so, Laser-induced breakdown
spectroscopy (LIBS) provided elemental analysis on BN-0.5% Ni sample. As it is
shown in Figure 6.3 (a), Nickel was detected in the UV scan range. The LIBS signals
of nickel target within the wavelength range of 300 nm-350 nm were observed under
pulse laser ablation. Further investigation of elemental analysis on BN-(0.5%) Ni was
subjected to EDX analyser. It is evident that the sample is mainly contained of boron
(B), nitrogen (N) and oxygen (O) and very low amount of nickel (Ni) elements (refer to
Figure 6.3 (b)). Similar to the discussion in Zhu et al. (2016), the outputs of the
experiments show that the amount of oxygen mainly resulted from the nickel oxide
and slight surface oxidation of the material under ambient condition. This result has
also been confirmed in this study through XRD results as discussed in the previous

section.
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Figure 6.3 (a) LIBS; (b) Elemental mapping by EDX spectroscopy for BN-(0.5%) Ni and the
atomic % of elements
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6.3.2.Morphology
Scanning Electron Microscopy (SEM) along with Transmission Electron Microscopy
(TEM) were further employed to visualise the morphology of samples and to determine
whether metal particles were embedded within the BN sheets. SEM imaging of pristine
BN shows a layered-like morphology as previously stated in Chapter 4 (Figure 6.4a).
These sheets were clustered and shaped to a fluffy structure in the BN-0.5% Ni sample

(Figure 6.4b). This may lead to more disordered formation of the structure.

Additionally, TEM analysis of BN-0.5% Ni showed a different nano-scale morphology.
It can be observed from the TEM images that the size of metal-base particles varies
from 50 to 200 nm. Moreover, a component constituted by thin layers was rolled and
clustered (refer to Figure 6.5 (a, b)). The tubular structures with diameters from 100 to
200 nm and length no less than 2 micrometers also detected as given in Figure 6.5 (c,
d). These structures seem to be constituted by empty cylinders with a smaller size that
put together to form the final tube of micrometric size. Dark-field (DF) images show
crystalline walls of 5-7 nm related to the tubular structures. The micrograph of BN-
0.5%Ni sample homogeneously distribution of metal oxide nanoparticles evidenced by
darker spots due to highest Z-contrast as provided in Figure 6.5 (e, f).

Figure 6.4.SEM images of (a) BN and (b) BN-0.5%Ni
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Figure 6.5 (a — f) TEM images BN-0.5%Ni

6.3.3.0ptical and photoluminescence analysis
Another crucial composition effect of Ni(ll) impregnation of BN is determined by optical
techniques. To this end, the optical properties of all the samples were charaterised by
UV-vis absorption and fluorescence spectra. UV-vis results indicate the absorpation
peaks before 250 nm which is ascribed to intrinsic excitation absorption band of h-BN
(Kumar et al., 2016). In addition, the intensity of absorption in the visible range was
improved for the Ni-doped samples (refer to Figure 6.6(a)). This can be brought about
by the slight shift of optical band gap to the lower energy with incorporation of Ni into
the BN lattice (Ge et al., 2011). The changes in fluorescence emissions of BN samples
are reported in Figure 6.6(b). The maximum fluorescence intensity was achieved at
487 nm with an excitation wavenumebr of 240 nm and no significant shift difference
was observed. A decrease in fluorescence emission of samples is detected with an

increase in nickel concentration (Thangaraj et al. 2016). This observation could be
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justified by the fact that Ni loading causes the recombination of photoinduced electron-
holes pair in which hindering the charge-seperation efficiency occurs as emphasised
in Tonda et al., (2014).
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Figure 6.6 (a) UV-vis absorption; (b) Fluorescence emission spectra of all samples (Aex= 240
nm).

6.3.2. Thermal decomposition and textural analysis

The thermal stability of samples is one of the significant properties, which needs to be
considered prior to the gas sorption test in order to be commercially used as a solid
sorbent. Hence, the thermogravimetric (TG) analysis was carried out in N2 (rate = 10
K/min) from room temperatures up to 1173 K. The thermal decomposition of samples
could be observed at the beginning of the TG process, which was linked to the removal
of physically adsorbed water and other impurities as shown in Figure 6.7(a). As shown
in Figure 6.7(a), the pure BN and the modified BN with very low amount of Ni (0.1%)
are more stable than the higher doped ones. Besides, the total weight loss of samples
has been increased with growing Ni particles. However, the pristine BN shows higher
weight loss (19%) compared to BN-0.1% Ni, presumably because of the high moisture
content. It may be the case therefore that these variations are observed. In the case
of BN-1% Ni sample, the thermal analysis indicates the highest weight loss. Moreover,
it showed that the sample is stabilised at a higher temperature of 666 K as a result of
incorporation of metallic concentration of Ni ions into BN structure (Das et al., 2018).
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Accordingly, the DSC curves display an exothermic peak that reaches the temperature
about 640 K followed by prominent endothermic drop occurring near 1140 K due to

the complete degradation as can be seen in Figure 6.7(b).
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Figure 6.7 (a)TG; (b) DSC curves of prepared samples

The textural properties of samples are vital to gain a better understanding of textural
influences of Ni with different concentration ratios of loading. Hence, the nitrogen
sorption was measured using a porosity analyser at 77 K. According to the IUPAC
classification, N2 adsorption-desorption isotherms of all samples belong to type IV and
type H3 hysteresis loop, which indicates the disordered pore networks (Figure 6.8a)
(Cychosz et al., 2017b). Additionally, the pore size distributions were reported by the
BJH method as given in Figure 6.9(a- d). It can be observed that the proportion of
microporosity (d <2 nm) and dV/dD pore volume increased with loading a small ratio
of Ni. The BET surface area and total pore volume of porous BN and prepared BN-Ni
samples were reported in Figure 6.8(b). As expected, the BET surface area and
volume of pores have shown an increase in BN-Ni and it reached 660 m?/g in BN-
0.1%Ni sample with small amount of nickel loading. However, one important finding is
that further increasing the Ni loading in BN-1% Ni sample leads to dropping the value
of Sger as well as pore volume to 63.02 (m?/g) and 0.37 (cm®/g) respectively. This
inconsistency may be attributed to the aggregation of Ni nanoparticles, which weakens
the pore structure. It is also interesting to notice that though the surface area
diminished with the excess in Ni content, the total pore volume in BN-0.5% Ni displays

the highest value of 0.61 (cm?3/g) compared to other samples. All above measurements
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demonstrate that metal modification of BN had a fundamental effect on the microscale
structure of pristine BN and improves the adsorption properties of BN materials. To
have further insight on gas sorption properties, as the final step of this dissertation, we

investigated whether in-cooperation of Ni into the matrix of BN could enhance the CO:

adsorption.
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6.4. Conclusions

This chapter has identified a facial synthesis of porous boron nitride based on the
metal modification method. Porous boron nitride was doped successfully with varying
levels of Ni concentration by following a simple yet effective high thermal treatment

procedure.

The presence of Ni species was confirmed by structural and elemental
characterisation. The XRD analysis is highlighted the partial oxidation of BN to
ammonium borate (BON) as a consequence of calcination treatment needed for the
NiO formation. The homogenous dispersion of Ni on BN surface was also confirmed
by the TEM results. Notably, there is not a significant variation observed in morphology
and shape of the samples. The SEM images revealed the flake and layered structure.
Moreover, the results of photoluminescence analysis indicated that the optical
absorption behaviour is highly dependent on the Ni concentration on porous BN. The
highest absorption intensity in visible light belonged to the sample with 1% Ni loading.
To establish whether the prepared samples have high stability to heat, thermal
analysis was carried out in a range of temperatures from room temperature to 1173 K.
The TG results confirmed that all samples are thermally stable.

One unanticipated finding was that the Ni modification procedure had a significant
effect on the pore structure of porous BN. Basically by changing the molar ratio of the
Ni precursor, a porous BN with varied BET surface area (from 102 to 660 m?/g) was
obtained. Porous BN with low amount of Ni led to a high micropore volume and surface
area, making it a desirable candidate in adsorptive performance, particularly in carbon
capture. The highest surface area belonged to the BN-0.1% Ni sample, while the
maximum pore volume (0.61 cm?/g) is reported to be for that of the BN-0.5% Ni.
Overall, the findings of this chapter have several important implications for future of
the solid sorbents practice, which have been discussed in Chapter 7.

Synthesis and modification of porous boron nitride materials for application in carbon dioxide capture



Page 1109

CHAPTER 7

EVALUATION OF POROUS BORON
NITRIDE FOR CARBON DIOXIDE
CAPTURE

Outline of the chapter

This chapter describes CO- sorption procedure on prepared and designed porous BN
samples. It includes a dynamic CO2 sorption test via gravimetric technique at low
pressure. The chapter is organised as follows:

7.1. Introduction

7.2. Materials and Dynamic CO. testing

7.3. CO2 sorption on non-metal modified porous BN
7.4. Effect of Ni loading porous BN on CO2 adsorption
7.5. Cycle tests on pristine BN at 303 K

7.6. Conclusions
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7. Evaluation of porous boron nitride for carbon dioxide
capture

7.1. Introduction

The recent surge in fossil fuels consumption such as coal, oil and natural gas has
brought about a massive increase in the amount of CO2 emissions worldwide. To
tackle these issues, the Paris agreement of the United Nations Framework Convention
on Climate Change (United Nations Climate Change, 2016) was set up in 2015 to
keep the temperature rise below 1.5 degrees Celsius above pre-industrial levels. As
part of this agreement, accelerating the rate of deployment of carbon capture and
storage (CCS) is essential and there is a need to improve technologies, particularly in

the area of carbon capture.

As mentioned in the literature review, to date, chemical absorption technology (e.g.
using advanced amines), which has been used to remove CO: from natural gas
reached a commercial phase (Akinpelumi et al., 2019, Mantripragada et al., 2019).
However, it is clear that using traditional solvent-based processes for CO> capture
calls for a relatively high-energy penalty, whereas using dry sorbents reduces the
energy requirement owing to their feasibility in a wide range of temperatures and
pressures. Returning (briefly) to the subject of various dry solid sorbents, porous
materials are commonly considered as highly robust adsorbents for CO2 adsorption.
This group of materials includes porous carbon (Sevilla and Fuertes, 2011; Ello et al.,
2013), zeolite and silica materials (Yang et al., 2013), metal-organic frameworks
(MOFs) (Cota and Martinez, 2017; Zhang, 2013; Wu et al., 2012; Yazaydin et al.,
2009) as well as porous boron nitride (BN) (Wang et al., 2019; Liang et al., 2019) to
name a few. For the last two decades, the research on boron nitride nanostructure has
been a matter of interest for CO2 capture. The literature in this area supports the
hypothesis that pure porous BN without functionalisation treatment shows weak affinity
to interact with CO2 molecules. From thermodynamic and kinetics perspectives, some
strategies in view of tuning the structure/defects, pore size and chemistry of the BN
are capable to deal with BN disadvantages. The presence of ultramicroporosity and
functional groups such as -NH2 and -OH are shown to affect CO2 sorption capacity
(Kutty et al., 2018; Chen et al., 2018d). Therefore, the main challenge in adsorbents
development is to optimise BN pore geometry and surface chemistry for a large
enhancement of BN for CO> sorption capacity.
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Before proceeding to control BN properties with modification techniques, it is important
to synthesise pristine BN, which is known to be a good candidate in CO> adsorption
applications. Thus, in Chapter 4 of this study, pristine BNs were prepared by a
template-free approach under different conditions. The main objective of this method
was to examine the effect of boron, nitrogen and solvent precursors during the thermal
evaporation step on structure and chemistry of pure BN. After carrying out several
techniques on each of the obtained samples, those samples with a fine structure, high
porosity and relatively good thermal and chemical stability were proposed to be tested
for carbon dioxide capture. Furthermore, the same samples were used for modification
purposes in Chapters 5 and 6. Tuning the porosity of pristine BN with organic
copolymer surfactants is another important objective, which is considered in Chapter
5. Results of modified BN with surfactant directing agents have emerged as being of
higher pore volume and surface area compared to pristine BN. It can thus be
suggested that the metal-free modification of BN has a pivotal role in the improvement
of BN CO. adsorption capacity. What follows is an account of capability of developed
porous BN with surfactant agents toward CO> sorption test at an ambient condition.

In the literature on CO> sorption mechanisms, different physical and chemical
interactions between CO, and BN materials were proposed including in-plane van der
Waals interaction, H-bond with OH, and NHs functional groups and acid base
interaction (Chen et al., 2018d ; Liang et al., 2019; Yang et al., 2019). In addition, the
theory of BN construction (Sun et al., 2013; Paura et al., 2014) provides a useful
account of how modification and doping provoke significant changes in its electronic
and surface chemistry. Considering this approach, the prepared pure porous BN was
doped with nickel transition metal compound as was explained in Chapter 6. As
previously stated, three different concentration levels of Ni were considered during the
fabrication process. The results, which were presented in Chapter 6, imply that a
higher CO2 uptake is obtained with metal-modification samples due to having a better
control over BN pore structure and chemistry. Figure 7.1 illustrates two possible
mechanisms for the samples. It can be explained that a combination of van der Waals
interaction and Lewis acid-base interaction takes place during the sorption process for
the Ni-modified BN samples.
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o vas ,

van der Waals interaction Lewis acid-base interaction

Figure 7.1 Schematic of the interaction between BN and CO2 molecules.

So far, this dissertation has focused on synthesis, design and characterisation of novel
BN materials to obtain a better understanding of their properties and to link those
properties with their potential applications in the carbon capture process. The following
section will show limited sorption capacities on pristine BN and discuss how
modification steps, which were applied, on pristihe BN enhanced its
adsorption/desorption CO2 performance.

This chapter began by describing the dynamic breakthrough curve and explaining that
gravimetric sorption technique drives by breakthrough experiment in section 7.2. It
proceeds to suggest that the thermal gravimetric sorption analyser is a valuable
process for assessing adsorbents working capacity in a wide range of temperatures.
This chapter considers the non-metal modification of obtained samples for CO2
sorption at a low (<1 bar) pressure and room temperature and compares the results
with pure porous BN at the same conditions in section 7.3. In section 7.4, the results
of testing pure CO- adsorption at three different temperatures (298, 345, 393 K) and
low pressures (<1 bar) on porous BN samples with Ni loading has been discussed. It
attempts to show the implementation of each sample at different temperatures and
investigates the factors that determine their adsorption behaviours. The experimental
work presented here provides one of the first explorations into how Ni incorporation of
BN causes a higher CO2 uptake compared to the pure BN results.

Additionally, we turn our attention to explore the effect of using different solvents in
synthetic procedure for BN@Ni samples for CO. adsorption. Therefore, the TGA
analyser was run for the BN-0.1%Ni and BN-0.5%Ni samples which were prepared
with solvents in diverse polarity at two different temperatures (298 and 345 K). As far
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as reusability of adsorbents is concerned, the final section of this chapter (section 7.5)
provides cycle tests based on the temperature swing CO2 adsorption/desorption
technology for three types of pristine BN, which were prepared for different objectives.
All cycle tests were carried out at ambient conditions and the findings were discussed
after eight continuous cycles.

7.2. Materials and Dynamic CO: testing

The well-defined porous BN based on metal and non-metal modification as well as
different fabrication process were selected for application in carbon capture. A
summary of BN adsorbents along with their fabrication targets described below.

Sample Synthesis’ Targets

BU30-P123 Metal-free modification of urea-based BN

BM4-P123 Metal-free modification of melamine-based BN
Ni-BN/water Effect of loading Ni on CO- adsorption

Ni-BN/various solvents Effect of polar solvent on CO; adsorption

BU30 Cycle performance on high urea concentration

BU15 Cycle performance on low urea concentration

BU15B1 Cycle performance on multiple B-containing precursors

The objectives on modification process exhibited different chemistry and pore
structure as indicated previously in the introduction section. Furthermore, to
understand the significance of the solvents used during synthesis, in particular Ni (ll)
impregnation of BN, the procedure was carried out in water and water/methanol
mixture for immobilisation. The influence of all synthesis’ targets was assessed in this
chapter for carbon dioxide adsorption applications. The cycle test on pristine BN
samples with various adsorbents property (as mentioned in Chapter 4) are
investigated to assess their reusability performance. Here, urea-based BN materials
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with high and low proportion of urea as well as boron rich BN materials were selected
for the regenerability process.

Determination of CO- uptake and the breakthrough curve (theory)

In this study, thermogravimetric curves of CO2 adsorption can be considered as
"breakthrough curves" due to the crucible examined as a fixed-bed reactor. Therefore,
CO. adsorption of the sorbents has been determined by studying the "breakthrough
curves’ first. A breakthrough experiment is an S-shaped plot measuring the adsorption
in the adsorbent bed, which takes place due to mass change concentration (a sample
breakthrough curve is given in Figure 7.2). This process provides an explanation of
the mechanism that adsorbate (CO3) is distributed within a fixed bed reactor when gas
flows containing a certain amount of carbon dioxide feed through a fixed bed until the
adsorbate is removed in the exit. In both post and pre combustion capture stages of
this process, the capture capacity of sorbents decreases steadily with the process of
carbonation. To repeat the reverse process, the used sorbents follow the regeneration

step by decarbonisation under cycle process (Ji et al., 2020).

Saturation
point

Breakthrough
curve

C/Co

Breakthrough
Ch point

ty tos ts

Operation time (f)

Figure 7.2 Typical breakthrough profile in a fixed-bed adsorption process (Adapted from
(Nassar, 2012)).
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In a typical breakthrough experiment, the gas flow passes into a defined dynamic bed
and then the adsorbate is adsorbed. This continues as long as the sorbent has
adequate available sites (e.g., the green area in fixed-bed columns are illustrated in
Figure 7.2). When the saturation point is reached, the CO2 capture rate declines slowly
until no further adsorption takes place. The breakthrough curve is determined from the
temperature of adsorption and the kinetics rate. A shorter breakthrough occurs as the
temperatures of adsorption process increases. Furthermore, at lower rates of flow, the
breakthrough curves become steeper (Marsh and Rodriguez-Reinoso, 2006). In order
to maximise the sorption process, optimising the operating conditions with minimum
mass transfer is needed. This can be associated with microporosity or particle size of
adsorbents, temperature and flow rates in the fixed-bed column.

Gravimetric sorption techniqgue at low pressure

The adsorption performance of pure CO2 was carried out at low pressure (up to 1 bar)
TGA/DSC 3+ micro balance, Mettler Toledo. First of all, samples were dried at 393 K
with a heating rate of 10 K/min from 298 K under flowing N2 (150 ml/min) for 6 hours
to ensure a complete removal of moisture. Then the process was allowed to reach to
the sorption temperature in which the test is to be carried out. When the sorption
temperature was reached, samples were stabilized under flowing N2(99.999%,150
ml/min) for 15 min and then N2 flow was switched to pure CO2 (99,999%, 50 ml/min)
flow for 6 hours. The mass uptake during this stage was interpreted as the CO- capture

capacity.

Cycle test based on temperature swing adsorption

Temperature swing CO2 adsorption/desorption tests were conducted with a TGA/DSC
3+ micro balance, Mettler Toledo using N2 as the purge gas and CO. gas as the
reactive gas. Firstly, samples were degassed at 393 K for 6 hours at atmospheric
pressure. Adsorption was performed at 303 K by flowing CO2 (50 mL/min) for 3 hours.
Desorption was performed by increasing the temperature to 75 °C (10 C/min) under
N2 gas flow (100 mL/min) for 3 hours. CO2 adsorption/desorption capacities were

calculated by the change in mass of the samples.
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7.3. CO: sorption on non-metal modified porous BN

Due to the relatively large porosity of modified samples by introducing the triblock
copolymer surfactant (P123), the materials were assessed for CO2 capture under
ambient conditions. The adsorption capacities of pure CO2 on pristine BN and metal-
free modified BN-P123 based on both using urea and melamine precursors were
determined by thermogravimetric analysis. The mass uptake during this stage was
interpreted as the CO2 capture capacity. Figures7.3. illustrates the TG profiles of CO>

uptake along with weight change results of all samples.
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Figure 7.3 TG profiles of CO, adsorption on pristine BN, BM4-P123 and BU30-P123 at 298
K (a); (b) CO. sorption capacity vs Vi for all samples; (c, d, f).TG profiles of weight change
on the same samples.

The experiments revealed that pristine BN from urea-based precursor shows a CO
capacity of 2 mmol/g at 298 K, which was enhanced by about 34.5% with the addition
of P123 copolymer (2.69 mmol/g for BU30-P123 at 298 K). This improvement also
appeared in the BM4-P123 sample (2.2 mmol/g), which indicates relatively lower
capacity than BU30-P123. The augmented CO2 adsorption on non-metal modified
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samples is undoubtedly as a result of the pore network structure of prepared BN,
whereas pristine BN exhibits lower porosity. Given that the CO> sorption capacity did
not directly associate with BN surface area, the total pore volume of corresponding
samples was plotted in Figure 7.3 (b). It can be observed in Figure 7.3 (b) that the CO-
sorption capacity indicates a relatively high correlation between pore volume and CO-
sorption capacity of the samples. The porous boron nitride prepared by urea as a
nitrogen source and Pluronic P123 indicates the highest value of pore volume
compared with other two samples. On the question of nitrogen sources, this study
found that use of high proportion of urea induces major changes in cumulative pore
structure of BN, whereas melamine did not significantly affect porosity in this measure.
Accordingly, based on the kinetic principle, the BU30-P123 sample with optimal pore
size detected a great physisorption CO2 uptake as given in Figure 7.3(a). The TG
profiles of weight change on all samples in Figure 7.3(c, d, f) provides the gravimetric
sorption procedure at low pressure. In the first step, the observed inconsistency of
weight changes among samples depends on moisture content of each sample that

needs to be eliminated through N2 purge gas.

The existing literature on this area highlights that higher microporosity provides more
active sites and storage space to boost the adsorption performances (Li et al., 2013a,
Xiong et al., 2017, Liu et al., 2018). To the best of our knowledge, the result of this
synthetic method is superior to other modification methods such as (3D) BCNO
structure (1.8 mmol/g) at 298 K as reported by Lopez-Salas et al., (2018) and closer
to porous BCN (2.49 mmol/g) at 298 K and porous BN fiber (2.85 mmol/g) at 273 K
(Florent and Bandosz, 2018, Wang et al., 2019). However, the use of melamine in
porous BCN as well as BN fiber leads to presence of carbon content and consequently
decreases the stability upon exposure to ambient air. In another major study, the effect
of high-temperature treatment in different gases was studied in Liang et al., (2019),
where porous BN fibers treated in NH3 gas at 1673-1773 K enhanced CO- adsorption
capacity (from 0.45 mmol/g to 1.6 mmol/g). Nonetheless, this outcome is not a
satisfactory result. One possible insight of this finding is that pyrolysis temperature and
carrier gas does not lead to a remarkable change in CO2 uptake.

Interestingly, directing triblock co-polymer was also used to design a hierarchical
carbon sorbent (To et al., 2016). This hierarchical structure is desirable for CO-
capture as it shows superior capacity (4.5 mmol/g) under ambient conditions. It is
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noteworthy that at lower pressures (bar < 1), the density of pore volume, especially
the micropores volume plays a critical role in capturing CO2 (Li et al., 2013e).
Therefore, high surface area and porosity of BN-P123 has brought about a positive

adsorption interaction.

What is surprising is that for the pristine BN (without adding surfactant), the CO2
adsorption capacity on the sample exceeds those materials reported by Marchesini et
al., (2017b), Marchesini et al., (2017a). Although they accomplished highly porous
boron nitride with a high surface area (>1900 m?/g), the CO- adsorption capacity of
their sample was up to 1.6 mmol/g under the ambient condition. Given the results of
this approach, one can conclude that though the specific surface area (SSA) is one of
the main factors to increase the CO, capacity, obtaining a high SSA (e.g. >1000 m?/g)
does not lend itself to an increased CO2 capacity. Hence, the unique characteristics
of the modified boron nitride opens up new routes for designing porous BN, which
could be employed for optimising CO adsorption.

7.4. Effect of Ni loading porous BN on CO: adsorption

As part of our study, we found a correlation between the adsorption capacity of BN
and its textural properties (surface area and pore size/shape) (Hojatisaeidi et al.,
2020). This section now moves on to consider another specific objective of this study
to examine CO- adsoption test on a new plan of metal-modification of pristine BN. To
this end, Ni transition metal compound has been doped on porous BN and the
characterisation results have been given in Chapter 6. In this section, BN@Ni samples
have been tested for CO. adsorption test in order to reflect the influence of chemistry
and microscale properties of BN in adsorption performance. The adsorption
performance of pure CO2 was carried out at different temperatures by
thermogravimetric analysis (TG). The CO: breakthrough curves may be classified into
three main sections: pre-breakthrough, active-breakthrough and post-breakthrough.
The pre-breakthrough portion is the initial part of the adsorption. During the
pre-breakthrough portion, the CO- gas is initially absorbed into the sorbent, and the
product gas contains low levels of COx. In the first stage of the active-breakthrough
region, the CO. adsorption reaches the exit of the sorbent bed where the CO-
concentration begins to increase with time. During the process of post-breakthrough,
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the sorbent bed approaches complete conversion and all of the CO: in the feed gas
passes through the sorbent bed. The effluent CO2 concentration in this region matches
the CO2 concentration in the feed gas (99.999% by volume). To help to ensure clarity,
the post-breakthrough has been taken into account to evaluate the CO2 capacity of
each sorbent considering different adsorption temperatures and Ni concentration.

Figure 7.4(a-c) illustrates the TG profiles of CO. capacity of Ni-loaded and Ni-non-
loaded samples under different operational conditions. Based on all experimental
results, it can be found that 0.5% proportion of Ni on BN exhibited the highest
adsorption capacity (2.63 mmol/g) at 298 K. Moreover, the variation of CO2 capacity
with Ni loading at different temperature is summarised in Figure 7.5. It is observed that
the increase in the metal content of BN strongly affects the CO2 adsorption capacity
of pure BN. For instance, at the room temperature (298 K), the capacity was gradually
enhanced up to 2.4 mmol/g and 2.6 mmol/g when loaded with 0.1% and 0.5% of Ni
respectively. However, it was reduced significantly and reached 1.59 mmol/g for the
sample with 1% Ni loaded. This finding supports the idea that no simple correlation
exists between the accessibility parameters (Sger and Vp) and the sorbent
performance, which should be governed by some other features of the solid. Such a
behaviour is explained by two factors: firstly, increasing the Ni loading provides more
active sites due to the basic feature (electron donors) of transition metal oxide particles
which is favourable for the adsorption of CO. (Jang and Park, 2012 ; Schott et al.,
2017). Secondly, higher loading of Ni may cause aggregation of metal particles and
consequently hinders the diffusion of CO.. Nevertheless, the lowest capacity of CO-
is for BN-0.1% Ni which was obtained at high temperatures (T= 345-393 K). The BN
sample with high molar ratio of Ni (1%) showed a higher capacity (up to 1.92 mmol/g
at 345 K) compared to the other two samples with lower concentration of Ni (Figure
7.4). This combination of findings provides some support for the conceptual premise
that surface chemistry and polarizability of BN influence an association with the CO:>
adsoprtion process. As comparison, some preliminary studies suggest that
functionalised BN with nitrogen groups may promote BN capability towards CO:2
capture (Huang et al. 2017; Owuor et al., 2017; Chen et al., 2018b). As pointed out in
the literature review chapter, the presence of nitrogen groups may not only tune the
pore size and increase the BN surface area to physically capture CO2 with van der
Waals interaction, but also provides a negative charged surface for acid-base

Synthesis and modification of porous boron nitride materials for application in carbon dioxide capture



Page 1120

interaction. However, there is no unanimous agreement yet on the role of nitrogen
groups in porous materails and how it leads to enhance CO2 capture through acid-
base interaction (Qi ef al., 2019).

Aditionally, several reports have proved the significant effect of transition metal oxide
modification of porous materials (e.g. porous carbon) on CO> adsorption behaviour
due to their basic features, high stability and low-cost (Jang and Park, 2012; Schott et
al., 2017; Yang et al., 2019). For instance, in a similar study to this research, Yang et
al. (2019) emphasised that chemical adsorption of CO. with basic sites in
functionalised 3D BN nanosheets/ZnO is the main contributor of adsorption capacity.
The main weakness of this method is that the highest CO2 uptake at ambient condition
was about 40 cm®/g, i.e., 1.78 mmol/g, which is a relatively low value. This can be
attributed to the low porosity of the sample and therefore, it leads to reduction in the
physical adsorption of CO. In summary, from the discussions so far, one could
conclude that the designed materials exhibit a higher CO2 capture capacity at 298 K
as well as 345 K which makes them good candidates to use in practice as the flue gas
temperature is above 298 K. Notably, as far as we are concerned, this approach is the
first in the literature presenting CO2 adsorption tests on Ni-doped porous boron nitride
validating the applicability of transition metal modified BN for improved capacity of pure
COa..
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Effect of solvent-assisted metal modification of porous BN on the CO» sorption

Comprehensive study into solvent-assisted BN-Ni during the synthesis are
significantly important to control the crystal structure, size and shape of the adsorbent
materials. In this context, the discussion in Chapter 4 showed that the production of
pristine BN in water/methanol solvents has a higher specific surface area (SSA) and
pore volume than in water solvent. Considering the dominant role of SSA and total
pore volume in the CO> adsorption performance, previous studies investigated the
correlation between solvents and material’s porosity in order to strengthen the quantity
of adsorption (Hong et al., 2013; Mohd Daud et al., 2016). However, one should note
that the aforementioned observation does not apply to Ni (II) modified BN and that
using water/methanol solutions has failed to enhance the capturing values.

Here, the modification of Ni doped porous BN was carried out both in aqueous and
alcohol solutions via impregnation and calcination treatment and the CO2 adsorption
performance was studied using TGA analysis. Typical TG curves at 298 K and 345 K
for BN-0.5% Ni in water and BN-0.5 Ni in water/methanol are plotted in Figure7.6. (a,
b). What is worthwhile to note is that at both temperatures, there is a remarkable
change in CO2 uptake between the two samples using various solvents during the
fabrication process. As shown in Figure 7.6.(a, b) the BN-0.5% Ni in water has a higher
affinity to CO2 than BN-0.5% Ni in the water/methanol sample. Furthermore, a similar
approach was also confirmed by lower percentage of Ni compound for BN-0.1% Ni
samples under ambient conditions (see Figure 7.6c). It seems possible that these
results are due to the good dispersion of nickel particles in water polar solutions, which
derive much higher CO2 uptake in BN-water sample than BN-water/methanol.
Additionally, one possible implication of this is that the lower polarity of alcohol to water
leads to reduction in solubility. Accordingly, the choice of solvents depends on its
polarity enrichment (Ho and Van Zee, 2000). Details regarding the influence of solvent
as a function of polarity on CO2 capacity of BN-Ni samples are summarised in Figure
7.6 (d), which clearly indicates that the higher-polar solvent (pure water) group
recorded by far a higher quantity of CO2 adsorbent than the lower-polar solvent (mix
water/methanol). The results of this study are fundamental to design the fabrication
process for future research. A further study with more focus on solvents is therefore

suggested.
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Figure 7.6 TG profiles of CO, adsorption on BN-0.5%Ni-W and BN-0.5%Ni-W/M at 298K (a);
345 K (b); BN-0.1%Ni-W and BN-0.1%Ni-W/M at 298 K(c); Summarise of the quantity of
adsorbent for the same samples (d)

So far, this Chapter has evaluated the CO. adsorption isotherms for the first cycle
based on different synthesised materials. To obtain a better view of current data, the
results for all samples with various synthetic conditions have been reported in Table
7.1.
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Table 7-1 Summary of CO, adsorption of all the samples reported in this study at 1 atm

Materials and methods Seer (M?/g) | Viotal Adsorption  CO: Capacity
(cm?®/g) temperatures (mmol/g)

T (k)

BN - Template-free synthesis form 298 2.00

. . 102 - 0.46

boric acid/urea precursors followed

by pyrolysis at 900 °C in N2

BU30-P123 - Metal-free 298 2.68

modification of urea-based BN D=0

using Pluronic P123 surfactant

BM4-P123 - Metal-free modification 143 — 0.57 298 2.2

of melamine-based BN using

Pluronic P123 surfactant

BN-0.1%Ni - Metal modification of 660 — 0.52 298 24

BN with Ni loading through

impregnation and calcination steps 345 1.63
393 0.05

BN-0.5%Ni 213 -0.61 298 2.63
345 1.8
393 1.03

BN-1%Ni 63 - 0.37 298 1.58
345 1.92
393 0.15

BN-0.5%Ni-W/M - Using mixture of - 298 0.7

water/methanol solvent 345 08

BN-0.5%Ni-W/M - 298 0.8

7.5. Cycle tests on pristine BN at 303 K

The stability of sorbents throughout consecutive cycles is of utmost importance for

their long-term reusability. Herein, the CO2 sorption and desorption cyclability was

calculated via temperature swing adsorption/desorption using TGA analysis. The cycle
test was carried out at 303 K on different types of BN production (BN-U15, BN-U30

and BU+1sB) as shown is Table 7.2.

The stable reusability of the BN sorbent for CO2 capture for up to eight consecutive

cycles can be observed in Figure 7.7 (a-d). The graphs present that BN material with

higher proportion of urea indicates the highest capacity and the use of an additional

B-containing precursors suppress the performance. This is attributed to the vital role

of the BN pore chemistry in CO2 capture performance. Figure 7.7 (a-c) shows the
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thermogram referred to CO2 adsorption/desorption cycles of the corresponding
samples. During the adsorption steps at 303 K, there is an increase in weight until the
saturation is achieved for each sample. The CO2 desorption steps occur through the
nitrogen flow at 348 K, which leads to decrease in weight of the samples. One of the
issues that emerge from these findings is the weight loss that appeared with a
combination of N2 as the protective gas and CO: as reactive gas as Mettler-Toledo

measurement could not provide an adequate explanation for this phenomenon.

Overall, the prepared pristine BN samples reveal to be potential CO2 capture
materials, showing a good stability throughout several cycles. It is widely accepted
that CO2 adsorption/desorption cycles is a substantial aspect to reuse sorbents for the
subsequent separation of the captured CO: through different chemical processes.
However, there is a need for an optimisation plan with considerable variations in order
to perform a better cyclic process. Hence, further studies considering these variables
should be undertaken.

Table 7-2 CO; uptake values for various samples following the cyclic adsorption test

CO:2 uptake (mmol/g)

NO Samples CO; 1+t 2nd 3 4th 5th 6t 7th gt Average
Tadas cycle cycle cycle cycle cycle cycle cycle cycle
(K)
BU30-W/M 303 0.833 0.85 0935 0.575 1.246 0.712 0.949 0.558 0.832
BU15-W/M 303 0.653 0.432 0.534 0.406 0.502 0412 0.463 0.364 0.470

BU15B1-W/M 303 0.468 0.483 0.161 0.164 0412 0.146 0.391 0.147 0.296
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Figure 7.7 Gravimetric CO, adsorption- desorption cycles with temperature swing desorption
between 303 K and 348 K on (a) BU30-W/M; (b) BU15-W/M; (c) BU15B1-W/M; (d) Gas
sorption at low pressure for the corresponding samples.

7.6. Conclusions

In this chapter, a range of favourable porous born nitrides were selected for a dynamic
CO2 adsorption test. These samples were classified as pristine BN (prepared by
different synthetic approaches), non-metal modification of pristine BN with surfactant

agents and metal-modification of pristine BN with Ni (Il) loading in section 7.2.

In section 7.3, it was found that utilising P123 into boron and nitrogen precursors leads
to improved CO2 adsorption capacity up to 2.69 mmol/g, as compared with pristine
porous BN, which was found 2.00 mmol/g. This significant change is attributed to the
creation of high porosity levels by introducing the triblock copolymer surfactant. A
natural progression of this work is to describe how textural property parameters of BN

lead to higher interaction between BN and CO2 molecules.

Metal modification approach using Ni (lI) impregnation procedure of porous BN was
also performed for CO2 sorption with different temperatures in section 7.4. The results
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indicate that BN-Ni has stronger affinity for CO., whereas at 298 K the capacity of pure
CO2 was enhanced by about 31% compared to pristine BN (2.62 mmol/g for BN-0.5%
Ni vs 2.00 mmol/gr for BN). We observed that the adsorption of CO2 dropped when
the temperature increased. Additionally, the most optimised sample in each
temperature (which is BN-0.5% Ni for 298 K and 393 K and BN-1% Ni in 393 K)
revealed a promising outcome in terms of capacity. Taken together, this approach
confirmed the influence of total pores volume and chemistry properties of BN on van
der Waals and Lewis acid-base interaction respectively. Notably, Ni (lI) impregnation
of BN procedure not only contributes to the tuning of total porosity, but also increases
the number of basic sites and consequently improves its adsorption capacity.

Moreover, another significant challenge of BN's performance toward CO- capture is
the effect of solvent properties on porous BN. The findings of this study are also
discussed in this section. According to the CO2 sorption tests, the results revealed a
stronger affinity in solvents with a higher level of polarity due to solubility behaviour of
the products. Though the findings of this study are persuasive, a more comprehensive
study needs to be carried out.

In the final part of sorption experiments (section 7.5), the CO2 cyclability was measured
by temperature swing desorption over the eight adsorption-desorption cycles. This
finding has important implications for developing BN materials for commercial
benchmarks. However, the results were not encouraging enough as a result of
possible back-pressure phenomena. This study would emphasise the importance of
undertaking further work in order to optimise each operating cycle.

The present work could be extended by exploring other parameters (e.g., electronic
features or surface chemistry of BN), which could influence BN to capture more CO..
Overall, the analyses of this chapter demonstrate applicability of modification strategy
of BN for enhanced capacity of pure CO.. These findings suggest that there is an
optimisation challenge between surface modification strategy and the BN materials

properties, which needs to be deliberated.
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CHAPTER 8

CONCLUSIONS AND
RECOMMENDATIONS FOR FUTURE
WORK

Outline of the chapter

This chapter provides some concluding remarks of the dissertation and discusses a
summary of the level of success with each of the dissertation objectives. In addition, it
offers some avenues for future research, which could be followed either to improve
this work or to take a new direction towards carbon capture. The chapter is organised

as follows:
8.1. Conclusions

8.2. Challenges and recommendations for future work
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8. Conclusions and recommendations for future work

8.1. Conclusions

The present research has investigated the synthesis of porous boron nitride and
attempted to design new porous BN materials as effective adsorbents for carbon
capture. Pristine porous BN materials were synthesised based on a bottom-up
approach, using the template-free strategy. Two main modification strategies were
studied to determine the effect of porosity and surface chemistry of BN CO:2
adsorption. Experimental design, characterisation techniques and adsorbents
screening have been implemented for different approaches. The dynamic CO:
adsorption process at a low pressure has been employed under laboratory gravimetric
experiment conditions. Regeneration process based on heat operation (temperature
swing adsorption) has been applied to evaluate porous BN reusability and stability for

future industrial operation where the real gas mixture exists in cyclic conditions.

In this investigation, the aim was to develop a highly performing porous BN adsorbent
to enhance capacity of pure CO>. This aim has been achieved by meeting the following
objectives on each chapter as follows:

Review the previous carbon capture technologies and highlight adsorption method

based on dry-sorbent materials

Recent carbon capture development and methods for separation and capture of CO>
has been reviewed in the second chapter with a focus on using porous materials as a
future carbon capture and sequestration technology with high impact on the cost-
optimum deployment of CCS strategies. This could fit to this research aim considering
the low-cost porous BN for future application in carbon capture.

Highlight the advantage of using porous BN for carbon capture application with

investigation of its properties, experimental synthetic and modification methods

After reviewing the current solid adsorbents, which have been implemented in CO:2
physisorption studies to date, this research discussed the reasons for focusing on BN
materials due to the advantages mentioned in the literature review chapter. The

structural and morphology properties of boron nitride nanomaterials have been
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reviewed to show the diversity of microscopic structure of BN nanomaterials that can
be obtained on a laboratory scale. The fabrication procedure of porous BN has been
divided into template and non-template methods. Much of the current literature on
synthesising porous BN pays particular attention to template free approach, which
resulted in porous BN materials with high porosity and fewer steps. The impact of
various conditions including the nature of precursors, solvents, carrier gas and
temperature of synthesis in non-template fabrication of porous BN has been reviewed
in chapter two. The review of chemical modification strategies of porous BN is also
given in chapter two due to the popularity in the literature. Taken together, this section
enabled us to find the research gaps in the formation of pure BN as well as exploration
of novel modification strategies to achieve a better result compared to pristine BN

materials.

Investigate the precursors effect on pristine BN production

Synthesising and characterising pure porous BN nanomaterials is often considered as
a critical step which can be tailored as an alternative to other successful porous
adsorbents for carbon capture applications. A non-template method with various
synthesis conditions including boric acid: urea molar ratio of 1:30, use of second boron
sources (borax), solvothermal evaporation (methanol/water) and hydrothermal
evaporation (pure water) have been carried out in Chapter 4. The highest porosity
levels have been achieved for pristine BN production at boric acid: urea molar ratio of
1:30, in methanol/water mixture and decomposition temperature of 1173 K under N2
flow gas. However, fine textural and structural properties for CO. adsorption test have
been also observed in other samples named as BU1s (methanol/water), BU3o (pure
water) and multiple boron precursors BU1sB1 (methanol/water).

In conclusion, precursors with a variety of molar ratios and solvents mixture are key
factors in obtaining highly porous BN with micro- and meso- porosity levels. High
thermal stability was observed among those samples with less impurity in comparison
to carbon-based materials. Samples with high purity obtained as templated were not
used in this investigation. The insights gained from this study will be of assistance to

control porous BN properties for operating in CO2 adsorption process.
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Design of a highly porous BN with metal-free modification strateqy

Thus far, one of the main adsorption challenges that have been argued in the
academic literature is the low CO2 capture capacity of porous BN materials. Therefore,
achieving high levels of porosity a significant aspect to improve porous BN CO-
capture capacity has been considered in this study. The triblock copolymer surfactant
(P123) has been introduced for both boric acid-urea and boric acid-melamine
precursors (as discussed in Chapter 5). The use of additional structure directed agent
served as a porogen during the decomposition step. The improvement of specific
surface area and total pore volume has been achieved in both the modified samples.
The overall structural, chemistry and stability properties of samples remained
unchanged to pure porous BN without adding surfactant. Hereby, we would like to
emphasise that the contribution of this study is to confirm the positive impact of P123
surfactant on porous BN materials, which acts as an adsorbent to capture a higher
level of CO2. This new approach has been published in the Energies journal and

interested readers are referred to for further information (Hojatisaeidi et al., 2020).

Investigate the effect of Ni loading on porous BN chemistry and porosity properties

A novel exploration of metal modification of porous BN has been examined in Chapter
6. Varying molar ratio of Ni concentration have been impregnated with boric acid and
urea mixture before the heat treatment process. Solvent-assisted procedure has been
considered by dissolving reactants in pure water or mix water/methanol solvents. The
empirical findings in this procedure provide a better understanding of the correlation
between the polarizability of solvents into formation of BN-Ni samples and their CO-
adsorption performance.

A narrow distribution and small size (10-15 nm) of Ni nanoparticles has been observed
by transmission electron microscopy (TEM) analysis. The Laser-induced breakdown
spectroscopy (LIBS) and elemental mapping spectroscopy findings have defined the
presence of Ni into porous BN framework. This research proved that the presence of
Ni metal sites has clearly affected the optical and photoluminescence properties of
porous BN. The intensity of absorption in visible light has been increased with high
concentration of Ni compund. Dissimilar behaviour among samples has been also

observed in fluorescence spectra data as a result of porous BN surface
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fuctionalisation. The basic sites of porous BN has been confirmed by XRD analyser,
which is favorable for acid-base interaction between samples and acidic CO:
molecules. The textural properties of samples have been calculated, an enhancement
was found in specefic surface area and pore volume results for samples with lower

proportion of Ni doped.

Overall, this work contributes to the existing knowledge on how evaluating influences
and their optimisation can enhance the CO- uptake of porous BN by incorporation of
Ni (II) into pristine BN samples. Prior to this study, evidence of the role of Ni sites on
the surface of porous BN was purely anecdotal. To the best of our knowledge, this
work is the first comprehensive investigation in the published literature, which
examines the association between Ni (ll) basic sites of porous BN, its porosity/pore
size, and chemistry which results in a high CO sorption of BN. A manuscript of this
approach is currently in preparation to be submitted to a high impact journal.

Study of CO. sorption test on pure and modified porous boron nitride samples at

different temperatures

In Chapter 7, preliminary dynamic CO2 sorption tests were conducted on a range of
produced porous BNs at a low (<1 bar) pressure and different temperatures. The
adsorption performance of pure CO:2 flow (99,999%, 50 ml/min) at 298 K has been
analysed on modified porous BN (BM4-P123 and BU30-P123) and was compared to
pure BN. The CO2 uptake of both samples has been relatively enhanced and the
highest adsorption capacity was about 2.69 mmol/g for BU30-P123. This new
understanding could help to improve predictions of the impact of each textural property
parameter (specific surface area, total pore volume and pore size) on porous BN CO-
uptake. In general, therefore, we found that the total pore volume and the volume of
microporosity distributions play significant roles compared to the surface area of

sorbents. The findings of this investigation complement those of earlier studies.

The CO2 adsorption performance for BN-Ni samples has been carried out at a low (<1
bar) pressure and three targets of temperatures (298 K, 345 K and 393 K) in Chapter
7. This set out experiments that confirmed the designed BN-Ni materials can be
assessed even above the ambient temperature. It has been demonstrated that the
highest uptake of CO: is for BN-0.5% Ni (2.63 mmol/g) at 298 K. For the sake of
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comparison, the data at 298 K on four samples indicated that the metal modification
strategy has been accomplished and the capacity of pristine BN has been gradually
improved when loaded with 0.1% and 0.5% of Ni. The findings from this objective
contribute to the current literature. First, this approach will prove useful in justifying the
impact of the key variables (e.g. tuning porous and chemical structure of BN) involved
in reaching a higher CO. uptake. Second, the present study has gone some way
towards enhancing the understanding on the behaviour of CO2 adsorption mechanism.
Another major investigation of the metal modification plan was to determine the CO:
adsorption behaviour on samples, which dissolve in pure water and water/methanol
solvents. The CO2 uptake has remarkably decreased with BN-Ni water/methanol
samples at 273 K and 345 K. As far as we are aware, this analysis is one of the first
attempts to examine the impact of composition of different solvents on Ni modification
of porous BN CO- adsorptive performance.

Study of cyclic CO2 adsorption performance on porous BN

The regenerability and stability of pristine porous BN has been conducted on eight
cycles through temperature swing adsorption/desorption at 303 K. The findings on
cyclic tests have proved the feasibility of porous BN adsorbent for the carbon capture
application. Overall, porous BN can be taken into the next generation of porous

materials with lower regeneration energy requirements.

8.2. Challenges and recommendations for future work

The choice of using porous BN materials as a potential and alternative dry-sorbent
technology for carbon capture is enormous in comparison with the conventional
solvent-based absorption processes or other solid sorbents. This could be justified in
terms of their low-cost, mechanical and thermal stability and tunability properties.
However, challenges in adsorbent materials development remain and need to be
solved before being integrated in CCS large scale projects. The following section

provides insights for future research for enhancing the process.
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Apply Response Surface Methodology (RSM) technique to model and optimise the

metal modification process

It was previously demonstrated that by changing the structure, porosity and chemistry
of porous BN, the materials CO> uptake could be influenced. Therefore, one could
extend the present work to find out the optimal condition to make porous BN with Ni
composition. RSM is a useful technique to design and optimise the experiments to
identify a number of independent variables. With regards to the approach taken in this
study, these variables can be examined as reactant composition ratio, solvents and
temperature of adsorption. The yield of CO2 capture capacity can be characterised as
a response. Developing a quadratic regression model is recommended for such
applications to evaluate a relationship with process variables.

Performance evaluation of selectivity

Selectivity has an instrumental role in evaluation of how porous BN materials separate.
One future research area is to investigate if the developed material has desirable
characteristics with regards to its selectivity and working capacity. Hence, one
recommendation is to perform a thorough study for investigating the selectivity of
porous BN for different gases (pure CO2 and N) in adsorption measurements.

Cycle design for a breakthrough experiment

One potential avenue for future research is to optimise the cycle process in order to
select the best operating conditions and incorporate the materials in actual conditions.
More broadly, further research is required to determine all potential cycles for each
porous BN adsorbent with different material properties. In particular, we strongly
believe that by combining a simulation approach and experimentation, promising
porous BN sorbent recovery can be achieved via cyclic test. Given that the adsorption

screening is crucial, this would be a useful area for further work.
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