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Preface


We currently live in the era of the Anthropocene – the time period where the actions and consequences of human society and practices are the predominant geological, environmental and climate driving forces. As a consequence, the terms “sustainable” and “sustainability” are increasingly becoming common terms in the chemical industry and sociopolitical discussions as we look to a future beyond unsustainable fossil-based resources. These terms, at least in the public domain, are typically associated with the agricultural industry but also with ever-increasing exposure in the context of energy, fuel and consumer product provision. This latter point relates to societies dependence on fossil-fuel-derived products (e.g. gasoline, plastics, etc.) and their ever-dwindling reserves. Therefore, human society is looking to the development of innovative and “green” technologies to address the challenge of providing for an ever-increasing population. This must be approached without reducing the capability of future generations to live in the manner in which the western world is accustomed and allow the developing world to achieve the same standards. Underpinning a “sustainable” society will the development of innovative materials ideally based on abundant precursors/elements, synthesised in a “green” manner, providing the necessary application behaviour suitable to provide sustainable energy, chemicals and products for society.

Perhaps one of, if not the most, important elements of the sustainable challenge, is carbon. In the context of our existing and hopefully a future sustainable society, carbon will be present in many forms. For example, CO2 is the major product of the combustion of carbon-based fossil fuels that is driving the greenhouse effect and associated changes in the global climate. In a closed cycle, CO2 could be taken up by photosynthetic organisms (e.g. green plants) and converted to solid sinks of carbon (e.g. biomass) ultimately transforming back into the fossil deposits that underpin our current society. However, the latter process unfortunately occurs on a time scale that is not relevant to human society, with consumption occurring at a rate resulting in the near exploitation of reserves by the end of the current century. Therefore, new cyclical, carbon-neutral energy and chemical provision schemes are needed to allow the establishment of a sustainable society. As will be briefly introduced in this book, alternative schemes such as the Biorefinery and Methanol Economy have been proposed and aspects of each scheme are gradually entering the energy, fuel and chemical market place. Notably, both these alternative future economies rely on CO2 and its natural derivatives (e.g. biomass). Furthermore, as for existing industrial practices, these new economies will require the development of increasingly efficient, active materials to perform the conversion, catalysis and separation processes needed to synthesize and produce the myriad of (e.g. carbon-based) products that modern society demands.



The establishment of a sustainable society represents one of the greatest challenges facing human kind and will require the transition from an essentially resource consumptive economy to a new sustainable, carbon-neutral (and even carbon-negative) approach based on renewable resources to deliver the material, chemical and energy demands of a modern sustainable society. To establish sustainable chemical, energy and fuel provision, the development and ultimately implementation of innovative sustainable chemical practices is required. With regard to current energy and chemical provision, fossil-based industries (e.g. petrorefineries, coal-fired power stations, etc.) still dominate, although their viability will dwindle over the coming century. To counteract this reduction, future energy/chemical supply from renewable energies (e.g. solar, water, wind, etc.) will dramatically increase over the same time frame. This in itself creates challenges regarding cost-efficient energy storage and transportation. In this regard, there are several options by which to generate and store renewable energy provided by the sun, wind, water, geothermal or biomass sources. These solutions will all be reliant on porous materials technologies to allow for their efficient implementation and conversion and storage of photonic, thermal or kinetic energy into suitable chemical energy-vector molecules. The materials developed to address this task should be low cost, scalable, industrially and economically attractive, based on renewable and highly abundant resources, whilst of course achieving application performances that exceed the performance of existing technologies.

In this regard, new porous materials (e.g. catalysts, separation media, etc.) with improved properties relative to the current state of the art are required, synthesised with as minimal a carbon footprint as possible. If these synthetic approaches can be based on sustainable resources (e.g. biomass), abundant elements (e.g. C, N, P, etc.) and sustainable synthetic techniques, this has the potential to aid the overall “C” balance in the material or chemical synthesis pathway. This book aims to demonstrate how this might be possible via a number of emerging approaches, predominantly focusing on carbon-based materials. Furthermore, from a materials-chemistry perspective, sustainable biomass precursors appear to be excellence platform compounds from which to synthesise a variety of carbon-based materials, particularly when one considers the range of naturally occurring nanostructures and also the range of opportunities that molecules including the saccharides, polysaccharides, nucleotides, and proteins offer, (e.g. in terms of functionality, self-assembly properties, etc.). It is in this context that this book draws its inspiration.



The natural products of CO2 capture and recycling, namely biomass, as this book will highlight, can be transformed into useful, applicable, carbon-based porous materials. It is also important to highlight the significance of porous materials in both current energy and chemical provisions (e.g. the petrorefinery) and the aforementioned alternative future provisions schemes. In the context of sustainable precursors and specifically biomass-derived compounds, their direct conversion into carbon-based materials typically requires high temperatures and/or activation agents, resulting in the production of either nonporous or predominantly microporous, hydrophobic materials. As an example, such materials may not be suitable for the aqueous phase catalysis required in the Biorefinery, although they may find application in gas-separations challenges of the Methanol Economy. Therefore, there is a need to develop new synthetic practices with regard porous carbon materials that enable control over physicochemistry (e.g. surface functionality, conductivity, hydrophobicity, etc.) in tandem with material texture and porosity (e.g. micro- vs. mesoporosity, hierarchical structuring, particle morphology, etc.). The following chapters will introduce to the reader solutions to this problem based on the use of sustainable precursors and technologies, allowing the preparation of a range of materials with properties that have the potential to fill the “gap” between classical inorganic and organic materials (e.g. mesoporous silica vs. microporous carbon).

The book introduces approaches to this end using sustainable, predominantly biomass-derived precursors, with a particular focus on the two leading synthetic approaches; namely Starbon® technology and hydrothermal carbonisation (HTC). The book features contributions from a global collective of up and coming young scientists revealing the wide range of materials and applications that are possible using the aforementioned synthetic platforms and derivations therefrom. The book starts with an introduction from the Editor, providing a context for the following chapters with regards to the demands of future energy and chemical provision schemes, whilst highlighting the material demands of these cyclical economies. Part 1 provides contributions on the topic of Starbon® technology, developed and elaborated predominantly at the Green Chemistry Centre of Excellence, University of York, (York, UK), demonstrating the exciting porous properties of these polysaccharide-derived materials, with promising application in aqueous-phase heterogeneous catalysis (e.g. esterification of succinic acid) and separations science (e.g. separation of polar sugar analytes). Part 2 covers the topic of hydrothermal carbonisation as a platform for the conversion of biomass to porous carbonaceous materials, a topic initially reinvigorated by researchers from the Max Planck Institute for Colloids and Interfaces, (Golm, Germany), which has now proliferated, as reflected by the authors assembled, to the different corners of the scientific globe. Hydrothermal carbon materials are discussed in the context of porosity development (e.g. templating, gelation, etc.) and functionality control (e.g. heteroatom doping), with the resulting materials discussed in the context of applications in heterogeneous catalysis, electrochemistry (e.g. battery electrodes, metal-free oxygen-reduction reaction, etc.) and gas sorption (e.g. CO2 capture). Part 3 introduces and discusses the challenges and analytical techniques associated with the development and characterisation of the innovative porous carbon materials discussed in Parts 1 and 2 (e.g. gas sorption, microscopy, etc.). Finally, the book concludes in Part 4, with a brief review of more recent, emerging platforms for the synthesis of porous carbons from sustainable precursors that are still in their infancy (at the time of writing). Part 4 also provides an overview of the commercial efforts underway to bring porous carbon materials sustainably from the laboratory curiosity to industrial-scale products (e.g. Starbon® Technologies).



This book is aimed at a broad readership, encompassing advanced undergraduates, graduates, researchers and industrialists alike whose interests lie in the topics of renewable energy, nanomaterials, sustainability, green chemistry, and functional/porous materials. The book brings together, for the first time in one volume, the different approaches to porous carbons synthesised from sustainable precursors and hopefully as such provides the reader with an indepth account of the benefits and applications of converting biomass and biomass-derived precursors into functional, porous carbon-based nanomaterials for a variety of increasingly topical applications.

The Editor would like to express his gratitude to all the contributing authors who have given their time and effort to writing their respective chapters. The Editor would also like to thank the publication team of the Royal Society of Chemistry for all their help in assistance in bringing this book to print – it is very much appreciated.

Robin J. White
Freiburg, Germany
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INTRODUCTION




CHAPTER 1

The Search for Functional Porous Carbons from Sustainable Precursors

ROBIN J. WHITE

Universität Freiburg, FMF - Freiburger Materialforschungszentrum, Stefan-Meier-Straße 21, 79104 Freiburg im Breisgau. Institut für Anorganische und Analytische Chemie, Albertstrasse 21, 79104 Freiburg, Germany
E-mail: robin.white@fmf.uni-freiburg.de

Abstract

The design and development of carbon-based porous materials perhaps represents one of the most adaptable areas of materials science research. These materials are ubiquitous with the current energy and chemical production infrastructure and as will be highlighted in this book will be absolutely critical in technology development associated with green, sustainable energy/chemical provision (e.g. electricity generation and storage; the Methanol Economy, Biorefinery, etc.) and environmental science (e.g. purification/remediation, gas sorption, etc.). However, alongside these environmental and sustainable provision schemes, there will also be a concurrent need to produce and develop more sustainable porous carbon materials (e.g. microporous, mesoporous, carbon aerogels, etc.). This is particularly relevant when considering the whole life cycle of a product (i.e. from precursor “cradle” to “green” manufacturing and the product end-of-life “grave”). In this regard, carbon materials scientists can take their inspiration from nature and look to the products of natural photosynthetic carbon cycles (e.g. glucose, polysaccharides, lignocellulosics, etc.) as potential precursors in the synthesis of applicable porous carbon materials. If such synthetic strategies are coupled with simpler, lower-energy synthetic processes, then materials production (e.g. the separation media) can in turn contribute to the reduction in greenhouse-gas emissions or the use of toxic elements. These are crucial parameters to be considered in sustainable materials manufacturing. Furthermore, these materials must present useful, beneficial (and preferably tuneable) physicochemical and porous properties, which are least comparable and ideally better than carbon materials (e.g. carbon aerogels, activated carbons, etc.) synthesised via more energy-intensive and less-sustainable pathways. This introductory chapter introduces these concepts and provides the basis for the following book which will provide an introduction and discussion of the possible synthetic pathways to the production of applicable porous carbon materials from sustainable precursors and practices. Furthermore, throughout this book, the application of these exciting sustainable carbon-based materials in the increasingly important field of sustainable chemical and energy provision will be introduced and discussed.


1.1 Introduction and Sustainable Precursors

We currently live in the era of the “Anthropocene” – the interval of global environmental change, induced as a consequence of human activity; predominantly the result of fossil-fuel combustion and the emission of greenhouse gases (GHG) (e.g. CO2, CH4, etc.).1–3 We must limit this change and ultimately reverse the direction of these emissions. Therefore, there is a need to transit from a petro- to alternative energy/chemical delivery schemes – perhaps best epitomised by the German concept of the “Energiewende”.4–9 To stay below a mean global temperature increase of 2 °C (considered “safe”) Germany – an example of a developed nation – has calculated that it must reduce its own CO2 emissions by ca. 95% across all sectors including transportation, energy and chemicals (relative to levels in 1990) by 2050.10 Put simply, this represents one of the greatest challenges facing our society and will require the transition from an essentially resource consumptive economy to a new sustainable, carbon-neutral (and even carbon-negative) approach based on renewable resources to deliver the material, chemical and energy demands of modern sustainable society. This transition will require scientists to develop and ultimately implement sustainable chemical practices in the production of energy and chemical products. To increase the efficiency of synthesis and production, new nanomaterials (e.g. catalysts, separation media, etc.) with improved properties relative to the current state-of-the-art will be required. At this point, it is important to note that the production of such materials will have to be conducted in a manner which reduces the carbon footprint of a given product. Therefore, if new nanomaterials can be synthesised based on renewable resources, abundant elements and sustainable synthetic routes, this can potentially aid the overall “C” balance in the material or chemical synthesis pathway, provided the synthetic routes themselves offer advantages (e.g. reductions) in terms of energy and resource consumption.



With regard to our current energy and chemical provision, fossil-based industries (e.g. petrorefineries, coal-fired power stations, etc.) still dominate, although their viability will dwindle over the coming century. Many nations are considering future energy/chemical supply and it is the general consensus that the contribution to worldwide consumption from renewable energies (e.g. solar, water, wind, etc.) should dramatically increase during the same time frame. This in itself creates challenges regarding cost-efficient energy storage and transportation. In relation to liquid energy fuels (e.g. for transportation) and feed stocks for the chemical industry, alternative platform chemicals will have to be explored in the near future. Independently of source, chemical compounds – derived from fossil or renewable resource – will at some point in their life cycle, require a chemical transformation, conversion and/or separation. Here, the use of industrially applicable nanomaterials (i.e. catalysts) is an absolute necessity, to provide efficient access (i.e. via lower-energy pathways) to the range of precursors and compounds required to meet growing consumer demand, particularly in the developing world.

Therefore, to address future energy demand of an ever-increasing global population and to address the environmental consequences of a fossil fuel-based society, very innovative and increasingly sustainable solutions must be found.11 In this regard, there are several options by which to generate and store renewable energy provided by the sun, wind, water, geothermal or biomass sources. These solutions will all be reliant on materials technologies to allow for their efficient implementation and conversion and storage of photonic, thermal or kinetic energy into suitable chemical energy vector molecules – e.g. an artificial photosynthesis.12 The materials developed to address this task should be low cost, scalable, industrially and economically attractive, based on renewable and highly abundant resources, whilst of course achieving application performances in renewable energy conversion or environmental applications that exceed the performance of existing technologies.

Concurrently with the opening of fossil-fuel exploitation and the development of associated industries during the first quarter of the 20th century, the majority of carbon-based materials have been typically synthesised using fossil-derived precursors (excluding some activated carbons). During the same period there was also extensive academic and industrial interest in the exploitation of renewable lignocellulosic biomass for the production fuels, chemicals and materials. As will be discussed in Part 2, a Nobel Prize was awarded to Friedrich Bergius for his contribution to the invention and development of chemical high-pressure methods, particularly the production of synthetic fuel from coal.13,14 He was also interested in the natural processes leading to the formation of coal from biomass. And it is from this work that the first “hydrothermal carbonisation” experiments on cellulose were performed – a synthetic coalification. However, as a consequence of the abundance of chemicals and fuels being produced by the burgeoning petrochemical industries of the first half of the 20th century, this work and indeed fuels and materials derived from sustainable sources was largely forgotten. From a materials-chemistry perspective at least, this seems rather odd particularly when one considers the variety of naturally occurring nanostructures and also the range of opportunities that molecules including the saccharides, polysaccharides, nucleotides, and proteins provide in the synthesis of new (predominantly carbon-based) materials. Indeed Koopman et al. and others (including the US Department of Energy) have commented on the significant potential of biomass-derived platform molecules in the context of future chemical and energy industries.15,16 It is in this context that this book draws its inspiration.



After oxygen, carbon is the most abundant element within the natural environment. Natural systems use these elements coupled with hydrogen as the chemical platform for renewable energy storage (e.g. photosynthetic carbohydrates). Analogously, carbon-based materials are performing an increasingly more important role in renewable energy conversion technologies: electrodes in energy-storage devices, electrocatalysis, photocatalysis, heterogeneous catalysis, biofuels, etc. (Figure 1.1).17,18 Carbon-based materials are also extensively used in water purification, gas separation (e.g. CO2 capture)/storage, and as a soil additive.19–25



[image: image]

Figure 1.1 Classical and potential applications of porous carbon materials. Reproduced with permission from ref. 26.

The importance and potential of these carbon-based materials is best exemplified by the award of the some of the highest scientific awards to carbon materials scientists including the 1996 Nobel Prize in Chemistry (fullerenes), the 2008 Kavli Prize in Nanoscience (carbon nanotubes), and the 2010 Nobel Prize in Physics (graphene). Generally speaking, modern carbon materials and the carbon allotropes (e.g. nanotubes, fullerenes, graphene, etc.) are not typically derived from renewable resources and require complex synthetic approaches that are often difficult to scale, leading from a material chemistry perspective, to condensed, hydrophobic carbon structures.27–31 Furthermore, these structures are, as will be discussed throughout this book, arguably not suitable for the challenges presented by future chemical/energy provision schemes (e.g. the aqueous-phase-based chemistry of the Biorefinery).32–34

In the context of new material development, nanomaterials currently used industrially are typically optimised for small hydrophobic molecule transformations (e.g. microporous zeolites, Pd/carbon black, etc.) and in certain sectors (e.g. pharmaceutical), they are based on precious metals (e.g. difficult to recycle homogeneous catalysts), whilst the chemistry is normally performed in harmful, volatile organic solvents. Therefore, to increase efficiencies of existing sectors and to elaborate sustainable energy and chemical provision in the near future, the development of new functional, sustainable nanomaterials must be conducted in the context of the following challenges:


	Based on sustainable, globally accessible precursors.

	Capable of storing and converting stable CO2 (e.g. hydrogenation at low temperatures and pressures).

	Tuneability – to enable optimisation of structure, chemistry and activity for performance in a wide range of environments (e.g. aqueous, acidic, organic and high-temperature gas phases).

	Capable of alcohol/saccharide transformations (e.g. dehydrogenation).

	Facilitate the substitution of precious metal catalyst with more sustainable alternatives (e.g. nonrare metals, metal-free, organo-catalysis).

	Produced via industrially attractive, cost effective routes based on the principles of Green Chemistry.



In this regard, nanomaterial synthesis based on abundant carbon-rich biomass (and derived compounds) seems appropriate and as will be demonstrated throughout this book, is increasingly being considered as a promising route to porous, functionally tuneable, carbon-based nanomaterials.26

Green photosynthetic plants convert atmospheric CO2 and water to saccharides (e.g. glucose, amylose, cellulose), and poly(aromatics) (e.g. lignin) – ­lignocellulosic biomass – the natural CO2 sink or sequestration mode. If these natural precursors are converted to other (more stable) carbon forms (e.g. nanomaterials), perhaps mimicking natural “coalification” processes, this would represent in effect the sequestering of CO2 in (potentially useful) solid materials.32,35,36 If renewable resource-derived nanomaterial synthesis is achieved with as low a carbon footprint as possible, coupling the resulting biomass-derived nanomaterials in a given chemical process (e.g. catalysis), provided there are application advantages (e.g. improved yield, turn over number, catalyst lifetime), would be a serious sustainable innovation. Furthermore, if such nanomaterials are used to mitigate GHG emissions (e.g. as catalysts to couple H2 and CO2 to form CH3OH) or replace scarce, expensive rare metals, this would potentially represent a combined, synergistic carbon capture and utilisation (CCU) and sustainable materials approach, which could ultimately improve the CO2 balance of a given process. It is the integration of these themes that provides an opportunity for the chemical and energy industries to “future proof” themselves as fossil reserves become increasingly unavailable. If, in such a scenario, abundant elements, renewable resources and sustainable synthetic pathways are used, then CO2 cycling loops (e.g. biomass utilisation, biomass-to-fuels, methanol cycling) can be established, utilising the materials component as a more permanent sequestration point, whilst also transforming this GHG from a liability to an energy gas of the future.



With regard to sustainable precursors, biomass is the most abundant renewable resource in the biosphere. Dry terrestrial biomass growth has been estimated previously to be ca. 118 billion tonnes per year,37 with 14 billion tonnes coming from agricultural production of which ca. 80% is essentially considered as waste. Therefore, there are significant volumes of sustainable biomass (e.g. at relatively low costs) that can be used in the production of fuels, chemicals and materials. Biomass as a precursor for industrial practices will also become increasingly more attractive as the fossil reserves continue to dwindle in the coming century, and can be envisaged to be utilised in a number of ways. Perhaps the greatest option for sustainable biomass conversion is the production of liquid fuels (“biofuels”), which has the potential to radically reduce CO2 emissions in transportation sector. The conversion of biomass to liquid fuels has been reported using gasification, fermentation and catalytic liquefaction.38–42 One key aspect of the “Principles of Green Chemistry” relates to the conversion of biomass to alternative platform chemicals for the synthesis of modern consumer chemical products (e.g. pharmaceuticals, polymers, surfactants, etc.).43,44 In this regard, white biotechnology (i.e. micro-organisms) can be used to enzymatically catalyse the synthesis of high-purity materials (e.g. enantiomers) at typically low temperatures and pressures. The classic example of this approach is the production of polylactic acid.45 Whilst the areas of biofuel and platform chemicals can be considered the dominant themes in the context of biomass conversion, the conversion of such sustainable precursors into carbon-based materials and more specifically porous variants, is a rapidly growing area of research and indeed of commercial interest, as the potential properties of carbon-based materials (e.g. metal-free electrocatalysts) are considered to be beneficial in the development of sustainable technologies and energy/chemical provision.26,46–49



It is perhaps appropriate to note that the materials chemist can draw inspiration from a variety of natural processes (e.g. coalification, photosynthesis) and structures (e.g. crustacean shells, plant tissues, etc.) to produce the variety of complex nanostructures materials needed to address the energy and chemical challenges of a future sustainable society. In this context, this book aims to introduce the reader to the latest progress in the synthesis of porous carbon materials from sustainable precursors via processes conforming to the principles of Green Chemistry.32,33,43,44 The latest trends in the synthesis, characterisation and application of novel carbon materials are presented with contributions from the leaders of this rapidly expanding field. In this context, it is important to note the necessity in modern-day research and development of global networks to generate and iteratively improve the innovative solutions required for a sustainable and clean future for all – and in the context of this book, a sustainable base from which to develop present and future carbon nanomaterials science.



1.2 Principles of Green Chemistry and Sustainability

It is generally agreed from both the political and the chemical viewpoint that if society is to progress towards a sustainable and “greener” future, chemists and chemical engineers must develop new routes, synthesis and processes that enable the products desired by the modern age, in the most efficient and clean a manner as possible. Green Chemistry defines the area of chemical science research that aims to achieve this, challenging conventional theory and practices from the stand-point of improvement, innovation and resource preservation. Green Chemistry has been described perhaps most elegantly by one of the main protagonists in the field. Paul Anastas in his defining text “Green Chemistry: Theory & Practice” defined Green Chemistry as:50

“… the utilisation of a set of principles that reduces or eliminates the use or generation of hazardous substances in the design, manufacture and application of chemical products”

However, if the modern chemical industry is to adopt “greener” chemical routes, processes and technologies, the advantages and benefits of such strategies must be well developed, demonstrated and ultimately cost effective. In essence, for a new synthesis or material to have a real impact it must show an improvement on existing practice, whether from an economic or application viewpoint (ideally both), at every level of the product supply chain. Therefore, reducing the environmental impact must stand side by side with presenting a competitive market advantage, if the adoption of a “Green” route is to occur. Green Chemistry is therefore in essence a form of pollution prevention and has a certain synergy with the concept of Sustainability:51



“Given reasonable assumption concerning progress in the technology and the activities of a civilisation, a sustainable civilisation is one in which the net sum of the daily activities of the people who comprise it, individually and collectively, can be carried on into the indefinite future without undermining the ability of future generations to leave with at least a comparably advantageous welfare.”

Therefore the goals and concepts of sustainability and Green Chemistry are intertwined, a fact recognised by the United Nations as long ago as 1992, in the Rio Declaration proposed at the Environment and Development summit:52

“Human beings are at the centre of concerns for sustainable development. They are entitled to a healthy and productive life in harmony with nature.”

In 2002, Anastas and Kirchoff took these ideas one step further and suggested that:44

“The challenge of sustainability will be met with new technologies that provide society with products we depend on in an environmentally responsible manner.”

Therefore, such definitions may be combined to produce what has been described by socioeconomists as the “Triple Bottom Line” principle, which defines that the sustainability of a particular chemical or chemical reaction can be divided into three facets: Social, Environmental and Economic Factors.50 Therefore, when approaching a new chemical process, all three aspects must be addressed if a process is to be considered green. In discussing the ideas and basis for the Green Chemistry movement, Anastas and Warner proposed the following twelve founding principles:


	It is better to prevent waste than to treat or clean up waste after it is formed.

	Synthetic methods should be designed to maximise the incorporation of all materials used in the process into the final product.

	Wherever practicable, synthetic methodologies should be designed to use and generate substances that possess little or no toxicity to human health and the environment.

	Chemical products should be designed to preserve efficacy of function while reducing toxicity.

	The use of auxiliary substances (e.g. solvents, separation agents, etc.) should be made unnecessary wherever possible and, innocuous when used.

	Energy requirements should be recognised for their environmental and economic impacts and should be minimised. Synthetic methods should be conducted at ambient temperature and pressure.

	A raw material or feedstock should be renewable rather than depleting wherever technically and economically practicable.

	Unnecessary derivatisation (i.e. blocking group, protection/deprotection, and temporary modification of physical/chemical processes) should be avoided whenever possible.

	Catalytic reagents (being as selective as possible) are superior to stoichiometric reagents.

	Chemical products should be designed so that at the end of their function they do not persist in the environment and break down into innocuous degradation products.

	Analytical methodologies need to be further developed to allow for real time in process monitoring and control prior to the formation of hazardous substances.

	Substances and the form of a substance used in a chemical process should be chosen so as to minimise the potential for chemical accidents, including releases, explosions and fires.





These twelve principles have a number of primary aims – the main emphasis being the idea of reduction at every step in a process, see Figure 1.2.
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Figure 1.2 The primary aim of Green Chemistry in the context of a chemical synthesis – to reduce. Adapted from ref. 53.

Therefore, when approaching a chemical process or synthesis, the chemist or chemical engineer should consider the twelve principles and ultimately aim to reduce consumption and production of wastes during all synthetic steps or processes. This approach applies equally to the synthesis of a new chemical compound and solid material. A new process must therefore aim to be:


	atom and C efficient;

	ideally “one step” (or as few steps as possible;

	safe (avoidance of hazardous reagents or conditions);

	environmentally acceptable and legal;

	not reagent wasteful;

	simple and elegant;

	use readily available materials;

	aim for 100% yield/conversion.



Therefore, with regard to the topic and content of this book, when considering the synthesis of a new porous carbon, the use of sustainable renewable precursors and the utilisation/valorisation of waste(s) (e.g. biomass) appear appropriate, whilst water or biosolvents (e.g. bioethanol) can be considered suitable preparative media. These points combined with synthetic strategies that aim to use or incorporate the entire “C” of the reagents in the final product or products should hopefully help in reducing the carbon footprint of material preparation and concurs with the ideas of Green Chemistry and sustainability. When the resulting materials are capable of demonstrating application benefits compared to state-of-the-art equivalents, this will emphasise the potential of porous carbons synthesised from sustainable precursors.





1.3 Future Energy/Chemical Economies and Sustainable Materials

As mentioned earlier in this chapter, we are currently living in the era of the Anthropocene and as such we have the opportunity to ultimately dictate the manner in which we provide society with the energy and chemical products that it desires. It is becoming increasingly clear, primarily as a result of the observed consequences of human-driven climate change and the future inaccessibility and finite nature of a current platform, the fossil fuels, that a transition and development of alternative provision schemes are necessary. A number of proposals have been proposed over the last three decades or so, including the “Hydrogen Economy”,54–56 “Methanol Economy”,57,58 the “Biorefinery” concept33,41,59 and more recently an “Ammonia Economy”.60–62 All these “economies” have their relative merits, public/political traction and it is the author’s opinion that the Methanol and Ammonia economies have the potential to overcome a number of limitations presented by a H2-based economy (e.g. transportation, infrastructure, safety, etc.), whilst CO2 and biomass should be viewed as our carbon sources of the future. Essentially there is no one “economy” that fits all, as factors associated with distribution networks, resource (geo)-availability (e.g. biomass or wind energy potential) and public opinion will affect the viability of a scenario in a given location. However, it is important to note, independently of these points, that to address and establish any of these economies, the development of sustainable, functional and applicable materials will be absolutely critical. In the following subsections, two chemical and energy provision schemes receiving perhaps the most public traction and political attention will be briefly discussed in the context of porous sustainable materials.

1.3.1 The Methanol Economy

This concept was proposed by Olah, Goeppert, and Prakash and describes an energy/chemical economy based around the capture and recycling of CO2 via its hydrogenation product, CH3OH (Scheme 1.1).57,58 This C1 alcohol would then act as the platform compound from which to access future chemicals and energy.63–65 Under standard conditions CH3OH is a liquid and is as a practical and safe molecular vector to transport H2, from example, produced from renewable energy (e.g. via photocatalytic water splitting). CH3OH is relatively easily stored and transported, meaning it can essentially be “dropped in” to existing fuel infrastructure. Furthermore, it is an excellent fuel for internal combustion engines (octane No.: ≥ 100). Using simple chemistry and well-established dehydration catalysis (e.g. zeolite catalysis), methanol can be converted to dimethyl ether (CH3OCH3; DME) – a diesel substitute (cetane No.: ≥ 55).66 The chemical technology used in CH3OH production can also employed to produce derivatives (e.g. methanol-to-gasoline (Mobil’s MtG process)67 or syn-gas to hydrocarbons via Fischer–Tropsch (FT) synthesis). Upgrading chemistry can also be used to make other products (e.g. olefins, formaldehyde, acetic acid, etc.), including a variety of important industrial compounds (e.g. ethylene, propylene)67 and subsequently a substantial amount of consumer plastics.
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Scheme 1.1 A simplified depiction of the Anthropogenic Carbon Cycle based on CH3OH cycling, as proposed by Olah, Prakash and Geppart, indicating a (green) link to the biorefinery and materials production.

Elaboration of the Methanol Economy concept will require new, sustainable functional nanomaterials if atmospheric CO2 levels are ultimately to be reduced (e.g. CO2 hydrogenation catalysts, fuel-cell electrodes, H2O splitting catalysts, CO2 capture materials, CH3OH upgrading catalysts, etc.). Furthermore, when CO2-free electricity (e.g. wind, tidal, solar, etc.) is used to power CO2 conversion/CH3OH production, then the resulting chemicals (e.g. a liquid fuel) – will be a store of C, H, and intermittent/surplus renewable electricity – overcoming limitations of a hydrogen-based economy (e.g. large infrastructure adaptation, safety risks, low energy density, etc.). When renewable electricity (e.g. powering the electrolysis of H2O to H2 and O2) is used in the production of CH3OH, then electrical energy stored in this liquid can be converted to kinetic energy (e.g. the internal combustion engine) or viewed as a chemical flow battery whereby electrical energy is recovered using fuel cells, recovering the chemically stored electrical energy at potentially higher efficiencies.68 In this regard, direct methanol fuel cell (DMFC)-powered automobiles have been reported as 2.6–3.5 times more efficient than the combustion equivalent.69 Furthermore, if H2 can efficiently be extracted from CH3OH or other chemical vectors (e.g. reforming of CH3OH to H2 and CO2), CO2 can be viewed as an “energy gas” to transport H2 to fuel cells (e.g. polymer electrolyte membrane fuel cells) without invoking any CO shift chemistry or additional clean-up steps.70 The Methanol Economy therefore represents a closed (i.e. noncarbon emitting) energy provision loop provided the resulting CO2 is (efficiently) recycled (Scheme 1.1) analogous to the natural carbon cycle (and indeed the Biorefinery concept).



The simplest of the alcohols, CH3OH can be efficiently synthesised based on the mildly exothermic hydrogenation of CO2 (e.g. sourced from high-­pressure fossil power plants) in the presence of a catalyst (eqn (1.1)). This is significant, as CO2 capture/recycling will be the basis for future CH3OH supplies, as fossil-based CH3OH production is phased out.
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Promisingly, generally abundant Cu and Zn are used in the preparation of Cu/ZnO-based catalysts for this hydrogenation, relying typically on Al2O3 (5–10 mol%) supported Cu nanoparticles (NPs) where ZnO is commonly employed as a “chemical promoter”.71,72 Characterisation of the active site (e.g. industrially used Cu/ZnO/Al2O3) suggest that combinations of crystal lattice strain (e.g. at the Cu NP interface with ZnO), and a high number of crystal defects (e.g. edge sites) leads to increased activity.73,74 This is of interest and potentially provides scope to control crystallisation and induce specific defect chemistry in the active phase to potentially enhance catalytic activity (e.g. at low temperatures or pressures to convert CO2 captured from the air). In terms of carbon materials development in this context, systems based on carbon nanotubes (e.g. Pd/ZnO/CNT) have been proposed and are of particular interest as a result of the capability to reversibly adsorb large quantities of H2.75,76

To meet the demands of other energy/transport sectors, CH3OH will have to be “upgraded” to higher-energy hydrocarbons (e.g. aviation kerosene, high octane petrol) – Mobil’s “methanol-to-gasoline” (MtG) process.67 Upgrading of CH3OH proceeds via dehydration to DME, followed by further dehydration to olefins (e.g. ethylene, propylene) – the “methanol-to-olefins” (MtO) process.77–79 Olefins are also converted using solid acid catalysts composed of abundant elements (e.g. zeolites – H-ZSM-5, SAPO-17, SAPO-34, etc.) to produce complex hydrocarbon mixtures, the distribution (i.e. Cn
) of which is determined by a limited equilibrium and the catalyst employed, such that the formation of heavy products is restricted, with kerosene the highest Cn
 product formed. However, problems can arise regarding active-site accessibility and mass transfer/diffusion limitations, which can result in pore and site blocking due to coking/carbon formation. To overcome these problems there has been significant interest in the synthesis of zeolites featuring mesoporosity in order to enhance reagent/product diffusion to and from the catalytically active zeolite wall sites.80–84 The introduction of mesoporosity in zeolite crystals is also extremely relevant in the conversion of large molecules (i.e. polysaccharides, lignin – the Biorefinery).85,86 A full discussion regarding the development and use of zeolite catalysts (e.g. in methanol upgrading) is beyond the scope of this book; a review by Olsbye et al.67 and references indicated therein are highly recommended. For the reader, it is important to note that to solve the “sustainability” challenge of energy and chemical provision, society will need more than purely carbon-based porous materials.



With regard to porous carbons produced from sustainable precursors, nitrogen-doped carbonaceous aerogels synthesised from the hydrothermal carbonisation of glucose and egg protein, ovalbumin, have been used as sacrificial hard templates in the preparation of meso-ZSM-5 single crystals featuring well-developed large-diameter mesoporosity (> 10 nm) (Scheme 1.2).87 The reported templates by White et al. are tuneable in terms of chemistry and dimensions, meaning that mesoporosity properties can potentially be directed in the zeolite crystal, whilst surface chemistry can be manipulated to optimise zeolite precursor/carbon interaction for a given zeotype and enable the formation of single-crystal particles. The templates were also reported as being significantly more cost effective than previous attempt to utilise carbon-based templates (e.g. carbon nanotubes). If the released combustion products during the calcination step in the meso-ZSM-5 are recycled (e.g. to CH3OH), then the cost and sustainability credentials of the approach can be increased. This approach is of note as it demonstrates the tuneable chemistry afforded by using sustainable precursors in the synthesis of porous carbons.
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Scheme 1.2 A generalised synthesis of mesoporous zeolites (e.g., ZSM-5) – Based on (1) and (2) biomass-derived nitrogen-doped carbon (NDC) monolith templates, followed by (3) NDC/(TPAOH)-zeolite preparation via impregnation and hydrothermal treatment, and (4) template removal via calcination to produce the templated mesoporous zeolite. Reproduced with permission from ref. 87.

Chemists and chemical engineers are needed to integrate renewable energies with efficient, selective and cost-effective sustainable nanomaterials to provide the basis for a sustainable CH3OH economy and society. Sustainable nanomaterials will be required to capture/activate/convert GHG into valuable products and easily transported energy-storage or feedstock chemicals (e.g. CH3OH). With regard to CO2 mitigation, and its recycling to CH3OH (or higher fuels and associated chemical products), inputs of H2 and/or heat/electrical energy are required – it is therefore necessary to ask where chemistry and indeed nanomaterials can be improved/developed to achieve this goal in the most sustainable manner possible (e.g. carbon-based precious metal-free catalysts for fuel cells, CO2 hydrogenation catalysts capable of operating at low pressures, mesoporous zeolite synthesis for upgrading reactions). Furthermore, if renewable biomass can be utilised in nanomaterial synthesis then further “C” sequestration benefits may result. Chapter 8 will highlight specifically the use of porous carbons synthesised from sustainable precursors in electrochemical applications (e.g. metal-free electrocatalysts for the oxygen-reduction reaction at the fuel-cell cathode).



1.3.2 The Biorefinery Concept

Biomass, nature’s own CO2 sink, is considered (depending on the biomass potential of a geographical location), an appropriate crude oil substitute from which to produce future chemicals, materials and energy as it is typically available in high quantities, and renewable on relevant time scales.88 This biomass-based Biorefinery concept is described as the integration of different technologies to produce chemicals, biofuels, biomaterials and power from renewable biomass (Scheme 1.3).32,33,89 Biomass is a complex biocomposite consisting of three dominant organopolymer components; cellulose, hemicellulose and lignin – vis-à-vis lignocellulosic biomass. The ratio of these components varies between each (land) biomass source, but as a general principle, cellulose is the dominant component (e.g. ∼ 60 wt%), with hemicellulose and lignin present in equal amounts (e.g. ∼ 20 wt% each).34,41,90
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Scheme 1.3 Simplified representation of the Biorefinery concept and examples of possible end products.



During the course of the 20th century commercially viable plants for cellulose hydrolysis were not cost competitive with the rapidly developing oil industry, mainly due to the low oil prices and the high efficiency of catalytic cracking for the production of high-quality liquid fuels, hence the lack of development with regards to using lignocellulosic biomass as a chemical feedstock.40,91–93 Marine algae and chitin are also interesting as they represent (excluding proteins) one of most accessible naturally occurring sources of N-containing biomolecules (e.g. aminosugars, proteins) and their utilisation in chemical schemes would have little impact on land or food use (Figure 1.3).94,95
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Figure 1.3 Simplified molecular structures of common biomass components; repeat units of the polysaccharides (a) cellulose, (b) chitin, (c) an exemplary structures of hemicellulose and (d) the complex polymer, lignin.

In a 1st-generation Biorefinery, raw biomass (e.g. tree lignocellulosic biomass) is converted into material and bioenergy products. In subsequent iterations of this concept, fractionation/separation of the base feedstock (and derivatives) will be required to allow access to increasingly more valuable components. As cellulose and hemicellulose are the major components of lignocellulosic material, their efficient, selective conversion into valuable intermediates for the chemical industry will become increasingly important. The conversion of polysaccharides (e.g. via hydrolysis/hydrogenation routes) to fine chemicals (or fuels) may ultimately represent, alongside CH3OH upgrading chemistry, as an important process as the catalytic cracking associated with modern oil refineries.96 Lignin will also become an increasingly important resource for aromatic compounds, vital in the production of flavour compounds, medicines, polymers and plastics.97–100 In a 2nd-­generation Biorefinery, lignocellulosics are converted into fuels, chemicals and materials via routes with comparable to or greater efficiency than those currently employed for the utilisation of nonrenewable feedstocks.59,101,102 The first step is feedstock fractionation into the principal cellulose, hemicellulose, and lignin components. In turn, each component has the potential to generate its own Biorefinery stream and associated products. Fractionation and typically fermentation are employed to generate complex aqueous based products mixtures, which in turn must be separated and then converted via chemical transformations into the desired products (e.g. hydrogenation, hydrolysis, dehydrogenation, oxidation, amination, etc.).



In the context of sustainable nanomaterials, it is important to note that current industrial chemical catalytic/separation technologies (i.e. for petrorefining small hydrophobic molecules in hydrophobic environments) will not be suitable for the aqueous phase conversions of the Biorefinery. Therefore to achieve full exploitation of each Biorefinery stream (e.g. cellulose-derived streams), new tuneable, functional, nanomaterials (i.e. catalysts, separation media, etc.) are required to operate on the often acidic, large (polar) molecule products streams of the Biorefinery.16 Furthermore, it is essential that sustainable chemistry and technologies are applied in these conversions to minimise the environmental footprint of each product, and this includes the development of the sustainable nanomaterials to address these challenges. It seems appropriate therefore that the feedstock of the Biorefinery, biomass, is also utilised in the preparation of the nanomaterials needed to perform the catalysis or separations in the overall production scheme. Chapter 3 will highlight the application of porous carbons synthesised from sustainable precursors in Biorefinery-related platform molecule transformations (e.g. the esterification of succinic acid).



1.4 A Brief History of (Porous) Carbon Materials from Sustainable Precursors

Nature is the master of the self-assembly of organic polymers (e.g. polysaccharides, proteins, etc.) to form a variety of structural and storage roles in higher plants and other biological structures. These “biomaterials” are organised in natural systems at the nanoscale to macroscopic scale leading to the production of hierarchical materials of complex forms including spirals, spheroids and skeletons. The natural elegance is perhaps exemplified by a single glycosidic bond; contrast the physiological roles of cellulose (polymeric β(1 → 4)-D-glucose) and amylose (polymeric α(1 → 4)-D-glucose) in the systems of plants. Cellulose provides dimensional stability in plant cells, whilst amylose acts as an energy storage molecule in plant metabolism – the two polysaccharides are chemically identical but nature has utilised this difference in self-assembly as a consequence of the different glycosidic bonds to generate structurally distinct materials. Therefore, as materials chemists can we look to natural systems to aid us in our design of sustainable materials to meet the challenges presented by future energy- and chemical-provision schemes. This represents the main theme of the following chapters of this book.



1.4.1 General Aspects of Porous Materials

Porous materials are considered a specific solid state, with small alterations of the specific surface area and volume ratio significantly altering the physicochemical properties of a given material. Based on a classical definition, a porous material is described as a solid matrix composed of an interconnected network of pores (sometime referred to as voids) filled with a fluid (liquid or gas). The International Union of Pure and Applied Chemistry (IUPAC) has separated the different pore sizes into three classes, with each division relating to a specific pore size regime: microporous, mesoporous and macroporous (Table 1.1).103

Table 1.1 IUPAC classification of pore size and adsorption mechanism.



	Pore type
	Size regime
	Condensation mechanism



	Micropore
	<2 nm
	Three-dimensional



	Mesopore
	≥2 ≤ 50 nm
	Capillary



	Macropore
	>50 nm
	No condensation




As will be discussed in more detail in Chapter 9, gas sorption is the most common technique employed to determine features such as surface area and porosity. In this regard, each pore-size regime relates to a specific nitrogen adsorption/desorption mechanism as manifested in the isotherm profile. In microporous materials, three-dimensional adsorbate condensation proceeds within a strong electromagnetic field induced by the narrow pore dimensions, resulting in the elimination of interphasic adsorbate–adsorbent interactions and the system properties are close to a single phase. In mesoporous materials, adsorption occurs based on the formation of consecutive adsorbate layers, ultimately terminating as the phenomena of capillary condensation occurs. Macropores have pore diameters that present porous properties similar in character to conventional flat surfaces that cannot be filled by capillary condensation.104

The varieties of pore sizes that are possible and associated adsorption properties have led to the range of applications that have so far been explored with porous materials and it is such features that will make them critical in potential future (e.g. energy storage) applications. As a consequence in part of strong Van-der-Waals interactions, micropores have been classically utilised in liquid- and gas-phase adsorption applications. Going beyond the 2 nm pore diameter boundary, into the mesopore domain, lowers the potential energy and escape surfaces, rendering materials particularly suitable for liquid-phase applications including heterogeneous catalysis or chromatographic separation. The pore sizes in this region facilitate a high loading of accessible active sites, whilst concurrently providing the pathways for efficient diffusion/mass transfer of the liquid-phase analyte or substrate. Going further into the macropore domain, provides significantly enhanced system filtering properties and flow/mass transfer/diffusion properties in the material. Typically in a synthetic material, there will be contributions to the porosity from all three types of pore sizes (Figure 1.4).
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Figure 1.4 Schematic representation of (A) the three-dimensional and; (B) the two-dimensional structure of a activated carbon. Reproduced with permission from ref. 105.



As will be highlighted during the following chapters of this book, a wide variety of well-established technologies and applications are only possible as a result of the coexistence of micro and mesopores. It is also important to note that any future applications (e.g. energy generation/storage, gas storage/capture) will only be efficiently possible with the suitable design of porosity and, as will be alluded to during the course of the book, tailoring of suitable materials chemistry. In the context of porous structures, solid porous materials possessing an inhomogeneous pore-size distribution are typically inexpensive and relatively easily prepared. For example the classical conversion of nut shells or olive stones via thermochemical activation to produce, predominantly microporous activated carbons, have been used for example as water purification media for decades.106

The demand for novel, increasingly efficient porous materials to address the challenges presented by tomorrow’s energy and chemical provision schemes is increasing. The main drivers in this search for new materials are derived from the general principles of increased selectivity and application efficiency, whilst more subtle aspects relating to the tuneability of material bulk/surface chemistry are also becoming increasingly important. However, if one is to take the material from the lab to the industrial scale, then ultimately economics and sustainability points have to be addressed. Furthermore, a key feature behind a specific materials efficiency in a given application is the parameter of surface energy. This feature is particularly relevant when describing mesoporous materials, as selectivity for these materials is not based solely on pore size, but strongly influenced by specific surface functionality/polarity. Therefore, the ability to produce materials, as will be discussed throughout this book, with tuneable surface functionality will have pronounced effects on, for example, the activity of a given heterogeneous catalyst (e.g. as a function of hydrophilic/hydrophobic surface group ratio). This concept of “surface energy” leads to highly microporous materials being strongly size selective, whilst the selectivity of mesoporous materials will be defined by surface functionality and it is these two classes of materials that receive the majority of research attention.



Therefore, to reach the goals of “greener” sustainable nanotechnology and indeed society in general, it is of critical nature to marry control of material porosity and functionality together and ultimately allow the production of designer, sustainable porous materials with properties that can easily be dictated for a specific application.

1.4.2 Activated Carbons

The preparation of porous carbons from sustainable precursors has until relatively recently concerned only the synthesis of activated carbons (ACs).26,47,48,107 This class of predominantly microporous materials is commercially available and has proven applications in water treatment,108,109 CO2 capture,110 energy storage (e.g. supercapacitors111), and perhaps most typically heterogeneous catalysis.105,112 Almost 1 million tonnes per years of ACs are produced. ACs for the aforementioned applications are typically produced from low-cost renewable materials (e.g. coconut, wood and fruit stones). Classical AC preparation, based on a thermochemical activation step leads to generation of microporous materials with average pore diameters of < 2 nm (Table 1.2). Activation processes have been widely used to obtain typically inexpensive and highly microporous carbons from various organic precursors, although biomass (e.g. lignocellulosic) are conventionally the precursor of choice. As this topic has been addressed in a wide range of literature, the reader is encouraged to refer to the extensive work of Marsh and Rodriguez-Reinoso.113 Briefly, two different types of ACs can be discriminated; (i) Physically (or thermally) ACs, prepared via selective gasification of individual carbon atoms using CO2 or steam at 800–900 °C; and (ii) Chemically ACs, prepared based on the impregnation of suitable activating reagents (e.g. NaOH) in the organic precursor followed by carbonisation, typically in excess of 650 °C.



Table 1.2 Examples of different routes to mesoporous carbon and their associated textural properties.



	Preparation method



	Group
	Description
	SBET (m2 g−1)
	Vmeso (cm3 g−1)
	Vmeso/Vtotal (%)
	D (nm)
	Examples



	A
	Template methods
	
	
	
	
	



	A.1
	Silica gel as template
	



	A.1.1
	PGC
	120
	0.85
	—
	35
	116



	A.2
	MCM-48 as template
	
	
	
	
	



	A.2.1
	CMK-1
	1800
	1.08
	89
	2.9
	27,117



	A.3
	SBA-15 as template
	



	A.3.1
	CMK-3
	1600
	1.48
	76
	3.4
	118



	A.3.2
	CMK-5
	1850
	1.8
	—
	5.1
	119



	B
	From polymer self-assembly
	
	
	
	
	



	B.1
	C-FDU-15
	612
	0.14
	41
	6.8
	120



	B.2
	C-FDU-18-450
	554
	0.29
	64
	26
	121



	C
	From polymer aerogel
	
	
	
	
	



	C.1
	Carbon aerogel
	1215
	2.44
	90
	6.2
	122



	C.2
	Carbon cryogel
	1107
	1.54
	88
	6.2
	122



	D
	Activation methods
	
	
	
	
	



	D.1
	Steam invigoration
	356
	0.8
	81.8
	5.1
	123



	D.2
	Activation with TiO2
	1230
	0.55
	52.9
	—
	124




Whilst the following chapters predominantly address the synthesis of mesoporous carbon materials, it is worth noting that the introduction of well-defined, high surface area micropores to a carbon material can be particularly beneficial in applications including gas and energy storage (e.g. supercapacitors).114,115 Industrial uses of ACs are somewhat limited in applications including (large-molecule) catalysis, electrochemistry, fuel cells, biomedical devices, personal protection and automotive components partially due to the requirement for tuneable, mesoporous carbon materials. Furthermore, the top-down approach to the synthesis of ACs from natural precursors does not provide the necessary control over material features including porosity, morphology and surface chemistry, whilst limited batch-to-batch reproducibility, final carbonisation yield and the use of harsh reagents during synthesis (e.g. strong acids or bases) to generate porosity are other significant process drawbacks.

1.4.3 Mesoporous Carbons

Regarding the synthesis of carbons materials featuring mesoporosity, there are a number of common synthetic routes that are now relatively well established. These approaches can be divided into four main groups (Table 1.2).


	Replication of a porous inorganic template – Hard templating.

	Polymer blend self-assembly and carbonisation (i.e. composed of a carbonisable polymer and a pyrolysable polymer) – Soft templating.

	Carbonisation of preformed organic polymer aerogel precursor.

	Traditional chemical and physical activation of carbon (see Section 1.3.2).





At the time of writing, the Knox and Gilbert method developed in 1979 for the production robust porous carbon microspheres on an industrial scale is still one of the best examples of a hard templating strategy (Group A).116 In this strategy, a highly porous HPLC silica gel is impregnated with a phenol–formaldehyde mixture. Polymerisation of the organic component with the silica gel pore system leads to an organic/inorganic hybrid. This material is then carbonised at temperatures > 1000 °C (under N2 or Ar). The silica is finally removed using strong alkali solution to form a glassy carbon replica, hence the original name of “porous glassy carbon (PGC)”. PGC has excellent textural properties suitable to act as stationary phase in chromatography; high mesoporosity and large pore volume (≤0.85 cm3 g−1) dominate, with a very small microporosity contribution (undesirable in chromatography and a product of the high-temperature carbonisation step). More details regarding the development of carbons for chromatography will be provided in Chapter 4. PGC has however a rather disordered pore structure, with limited scope for manipulation of pore network or postchemical functionalisation.

The hard templating approach has since been extended to the replication of a wide variety of different ordered inorganic hard templates to generate ordered mesoporous carbons. However, this typically results in the loss of regularly particle morphology and low micropore content. This approach includes the following steps:


	preparation of an inorganic template with controlled pore structure (e.g. surfactant templated MCM-48);

	impregnation/infiltration of the sacrificial template with monomer or polymer precursor;

	thermal carbonisation leading to crosslinking and condensation of the organic precursors leading to the formation of the carbon material.



The last step here is typically performed at temperatures > 600 °C, to render the carbon product chemically resistant to the acidic or caustic solutions employed in the dissolution of the inorganic matrix. This step is not only resource intensive but also leads to increasingly more condensed, hydrophobic and homogeneous material chemistry, which is not amenable to postfunctionalisation and requires further processing to increase the wettability of the material. The conductivity of such materials is often somewhat lacking due to the amorphous nature of the resulting carbon.

The interest in the hard-template approach for the preparation of mesoporous carbons is thanks in part due to the wide range of mesophases and morphologies potentially accessible. Their chemical inertness, stability and inherent advantages over classical microporous ACs are also features of significant interest. With regard to mesopore size and dimensions, Kruk et al. first reported the replication of mesostructured MCM-48 in the synthesis of ordered mesoporous carbons (OMC; e.g. CMK-1).117 Interestingly in this approach, MCM-48 has been impregnated with a sucrose or furfural alcohol – both sustainable carbon precursors – and subsequently converted to graphitic-type material via sulfuric acid-catalysed thermal carbonisation.27 Dissolution of the silica template with NaOH or HF solution yielded the mesostructured replicas with pore diameters in the lower mesopore domain (ca. 3 nm). Further iterations of this approach using hard templates with increased pore wall thickness (e.g. Santa Barbara SBA-15) has provided the opportunity to increase mesopore diameter to > 4 nm (e.g. CMK-3).118,119



Whilst the ordered mesoporous carbons synthesised via nanocasting approaches certainly deliver extremely attractive materials in terms of their order and symmetry (Figure 1.5), they typically do not offer any macroporous character (i.e. pore diameters > 50 nm). The introduction of pores with diameters > 50 nm within a hierarchical pore structure is advantageous, as such voids offer rapid transport pathways for gases and liquids to the active sites within the smaller pores. In this regard, a secondary macropore template is often employed. The utilisation of polystyrene (latex) spheres has been used by Baumann et al. to introduce 100 nm ordered macroporous domains to the structure of 6 nm pore diameter mesoporous carbons.125

[image: image]

Figure 1.5 TEM images of CMK-1 (prepared from a sucrose or furfural alcohol precursor) viewed from the (111) direction (left), and CMK-2 viewed from the (100) direction (right). Reproduced with permission from ref. 28.

A full description and discussion of this extensive area is beyond the scope of this book. Therefore, for further details regarding the preparation, mesophase structures and characterisation of ordered mesoporous carbons using hard template routes, the reader is recommended to the reviews of Ryoo et al.,28 Lu and Schüth,30 Yang and Zhao,29 and Hyeon et al.126 More recent innovations, importantly that have significantly reduced the number of process steps and resource use, have employed soft-templating techniques based on organic–organic self-assembly involving the combination of polymerisable precursors and block copolymer templates into ordered mesophases – essentially an extension of the templating approaches designed for ordered mesoporous silicas to organic polymers, followed by a thermal carbonisation step to produce ordered mesoporous carbons.127 As a primary example of this approach, Zhao et al. have reported a dilute aqueous route for the direct synthesis of mesoporous polymer (FDU-14) and carbon (C-FDU-14) materials via the self-assembly of P123 triblock copolymer templates, utilising resols as carbon precursor.128



However, it should be noted that soft-templating approaches typically suffer from the same limitations as hard-template routes. The resulting carbons typically have small mesopore size (D < 10 nm) and quite developed microporosity, whilst issues regarding mass transfer/diffusion limitations and active-site accessibility generally remain an issue. In the context of porous carbons prepared via soft templating and sustainable precursors, at the time of writing only a few examples exist, namely the synthesis proposed by White et al.129 and Naskar et al.,130 which both employed the Pluronic® F127 block copolymer as the soft template. White et al. utilised the hydrothermal carbonisation approach to convert a fructose precursor to a hydrothermal carbon in the presence of the F127 polymer and a pore-swelling agent (i.e. 1,3,5-trimethyl benzene), resulting in a cubic Im3m mesoporous structure. Naskar et al. by contrast employed Kraft-processed hardwood lignin as precursor and an evaporative self-assembly to produce a carbon material exhibiting a degree of ordered porous structure. Further discussion of these approaches will be made in Chapters 6 and 12, respectively.

During the course of this book, it should be noted that once a qualified description of the decomposition mechanism(s) of a given sustainable biomass precursor have been established, then design of appropriate block copolymers (e.g. control of the hydrophobic/hydrophilic block ratio), should enable the full elaboration of the soft-templating approach in the preparations of sustainable porous carbons. Furthermore, if the block copolymers used in these processes are prepared using simple efficient methodologies, employing sustainable monomer precursors, this would mark major progress in this field; even more so if the decompositions gases from the template removal and carbonisation steps can be recycled (e.g. CO, CO2, H2 to liquid fuels).

For an interesting and concise review regarding the use of the soft templates in the preparation of ordered mesoporous carbon, the reader is referred to the work of the Zhao29,128,131 and Dai groups,132 and more recently the work of the Matyjaszewski group,133–135 as well as a number of other authoritative works on the subject.127,136–138 With regard to these templating approaches, the reader is encouraged to appreciate the aesthetic beauty of the ordered mesoporous materials, which in principle can utilise sustainable precursors (e.g. saccharides) in their preparation. Conversely, these approaches are somewhat wasteful, multistep and employ high temperatures and hazardous reagents (e.g. strong acids or bases in the hard-template-removal step), whilst the synthesised porosity, whilst uniform, does not provide the most efficient mass transfer/diffusion architectures; therefore, based on the aforementioned Green Chemistry principles, new synthetic routes are required to produce porous carbons in as resource efficient a manner as possible and as will be revealed throughout this book, this can potentially be achieved using sustainable precursor and processes.



1.4.4 Carbon Aerogels and Related Materials

An interesting method for the preparation of porous carbon materials without the use of additional hard- or soft-templating approaches is the preparation of carbon aerogels and related materials (e.g. xerogels), based on the thermal carbonisation of organic/polymeric gel precursors. The IUPAC has defined “aerogels” as nonfluid networks composed of interconnected colloidal particles as the dispersed phase in a gas (typically air).139,140 Aerogels are typically lightweight materials, with their low densities arising from the solid phase being composed of an interconnected three-dimensional structure of crosslinked primary particles.141–143 They typically have a density of ≥100 kg m−3 and surface areas in the region of 1000 m2 g−1. Whilst aerogels can either be constructed of organic, inorganic or metallic components, microscopically, they are composed of tenuous networks of clustered nanoparticles, resulting in unique properties, including very high strength-to-weight and surface-area-to-volume ratios.

In the context of porous materials, aerogels present all types of porosity (i.e. micro-, meso-, and macroporosity), with the pore layering typically dependent on the synthesis and subsequent treatment. Aerogels are known in a great variety of compositions and are used in a manifold of high-end applications including chromatography, adsorption, separation, gas storage, detectors, heat insulation, as supports and ion-exchange materials.144,145 The reader is referred to a number of informative reviews on the topic of aerogels.146–151 In the context of this book, perhaps one of the most interesting applications of organic/polymeric aerogels is their carbonisation to synthesise high surface carbon aerogels (Table 1.2). As-synthesised organic aerogels (or indeed, xero- or cryogels) may be transformed into carbon aerogel equivalents via controlled thermal annealing/carbonisation under a nonoxidising conditions (e.g. flowing Ar). The resulting carbons often have well-developed micro- and mesoporosity and associated large surface areas. The carbonised gels are composed of interconnected nanosized primary particles – reflective of the parent gel.

The most common precursor gel phases are those derived from the polycondensation of resorcinol/formaldehyde (RF) mixtures. For RF gel-derived carbon aerogels, micropores develop in the primary particles, with mesopores and macropores resulting from primary particle packing (i.e. the voids originally occupied by solvent used in the synthesis of the organic gel parent) (Figure 1.6). The porous dimensions of the parent organic gels are not automatically transferred into the carbon aerogel as shrinkage, pore closure, and pseudographitisation may occur during carbonisation. Significantly, the amount of micropores and mesopores in these carbon aerogels in principle can be directed separately – a strong advantage of carbon gels as porous carbon materials – with selection of parent organogel composition, drying method, curing time and temperature and of course the temperature employed to make the carbonised aerogel all exerting an influence over the final material properties. For adsorption/energy applications, highly condensed carbon aerogels (e.g. carbonisation at temperature >1000 °C) combine beneficial adsorption properties and structural stability with high thermal stability and in principle electronic conductivity,153–155 thus allowing use in electrical/electrochemical applications (e.g. batteries, supercapacitors, or conductive catalyst supports).156 For those applications, it is important to have additional control over micro- and mesoporosity development – which is a challenge based on the conventional RF-based system. This approach to porous carbon synthesis is also limited with regard to the accessible physicochemical properties and functionalities afforded by phenolic-derived carbons. The highly aromatic/graphitic/hydrophobic structures whilst useful for a variety of applications are not easily modified or the properties moderated for application optimisation. A significant volume of literature is now related to the synthesis of carbon aerogels derived from organic RF gel systems and the reader is referred to a number of significant publications on the topic.126,143–145,153,156,157 Importantly, as will be described in further detail in Chapters 2, 6, and 12, it is now possible to prepare a variety of carbon aerogels (including heteroatom-doped variants) based on the conversion of sustainable precursors including saccharides,158,159 polysaccharides,160–162 and complimentarily to the original RF-derived aerogels, based on flavonoids, tannins and lignin.130,163–169



[image: image]

Figure 1.6 TEM images of selected carbon aerogels reported by Schüth et al. Reproduced with permission from ref. 152.

1.4.5 Graphitic Nanocarbons – Carbon Nanotubes and Graphene

Perhaps of all the carbon nanomaterials, those composed of highly condensed graphitic nanostructures and specifically carbon nanotubes (CNTs), and graphene/graphene oxides (GO), are the most famous and familiar in the public domain. Conventionally, they are synthesised using organic precursors (typically sourced from petrochemical supplies) and appropriate catalysis. This is a massive area of research and as these carbons are not conventionally porous, they will not be covered in detail in this book. However, for completeness, a brief overview will be provided here highlighting those reports demonstrating the synthesis of these carbon nanostructures utilising sustainable precursors. For further details, the reader is referred to a number of topical reviews – CNTs,170–173 and graphene/GO.174–178



CNTs can be considered as a classical, demonstrative example of a carbon-based nanomaterial.179,180 The synthesis and mechanism of growth of CNTs has been described extensively in the literature.180,181 Classically, synthesis uses well-established chemical vapour deposition (CVD) processes, with the CNTs being prepared from a carbon precursor (e.g. methane, acetylene, xylene) and an appropriate catalyst (e.g. metal or mixed metal nanoparticles or surfaces), which are known to catalyse the decomposition of the carbon precursor.182 Research in the area is still focused on the development of methods to convert the carbon precursor in the most efficient manner possible and optimisation of catalyst activity to obtain high yields and high purity (i.e. “pristine”) CNTs (e.g. single, double or multiwall variations). With regard to the preparation of CNTs from sustainable carbon precursors, there are a number of reports that seek to reduce the overall CNT production costs and ultimately improve the “green” credential of the given process and facilitate mass production.183

Unzipping the CNT, leads to the formation of graphene – which is in principle a one-atom thick planar sheet of sp2
 bonded carbon atoms arranged in a honeycomb fashion. The classical preparation of this carbon allotrope is the exfoliation of graphite with “scotch tape”.184 With the interest of mass production in mind, CVD processes have been investigated for graphene synthesis but they suffer from using the high-quality, high-cost, single-crystal substrates, ultra-high-vacuum conditions and the intricate methods required to separate the graphene layer from the substrate. Positively, these approaches do lead to the production of large-area graphene films suitable for high-value applications (e.g. electronics). GO, an oxidised graphene can also be employed in graphene synthesis,185 and is perhaps one of the most attractive routes suited for large-scale production.186 In terms of chemistry, the chemical reduction of GO to graphene is not necessarily 100% complete, and therefore residual oxide moieties can exist, which in turn dramatically alter the properties (e.g. electronic conductivity) of the synthesised graphene.



In terms of sustainable precursors, a carbon-based molecule with a low H content is preferred for the production of high-quality CNT production, as higher H contents are more likely to produce larger quantities of amorphous carbon side products. In this context, sustainable precursors from biomass for example, might appear suitable for this task (e.g. glucose, (C6H12O6); C:H = 1:2; palm oil (C55H100O6); C:H = 1:2). As an alternative to CVD, spray pyrolysis is often used for the processing of liquid precursors whereby pyrolysis of the carbon precursor and deposition occur in one step at high temperature. In this regard, vegetable oils namely turpentine oil (C10H16),187,188 eucalyptus (C10H18O),189 coconut,190 neem,191 and palm oil192–194 have all been employed in the synthesis of CNTs using spray pyrolysis and carefully designed Fe/Co zeolite catalysts, which in the case of eucalyptus oil led to the synthesis of single-walled CNTs of ca. 0.79–1.71 nm diameter.189 This approach can also be extended to multiwalled CNT synthesis with the addition of ferrocene. A complimentary approach has utilised waste chicken fat oil (and a ferrocene additive) as carbon precursor(s) and a mirror-polished p-type (100) Si wafer substrate, for the synthesis of vertically aligned CNTs with good crystallinity (ID/IG ratio of 0.63), a purity of 88.2%, and minimal amorphous carbon content (Figure 1.7).195 Camphor (C10H16O), a crystallised latex sourced from the Cinnamomum camphor tree, has also been used by Kumar and Ando to produce CNTs in large quantities.196 A nanotube garden containing single-wall, multiwall and aligned CNTs was produced from thermal decomposition of camphor under Ar at 875 °C, using a low catalyst amount, whilst amorphous carbon formation was found to be negligible.196



[image: image]

Figure 1.7 (A) TGA and DTGA curves for chicken fat oil. (B)–(D) FE SEM images of vertically aligned carbon nanotubes synthesised from waste chicken fat on a Si substrate with increasing magnification. (E) HRTEM image of multiwalled CNTs. Reproduced with permission from ref. 195.

With regard to graphene production, Ruan et al. have demonstrated that inexpensive carbon precursors including food (e.g. cookies, chocolate), insects (e.g. cockroach legs) and waste (e.g. polystyrene, grass, dog faeces) can all be used (without purification) in the synthesis of high-quality monolayer graphene.197 In this report, graphene was prepared from these precursors directly at the surface of Cu foils under a H2/Ar flowing atmosphere. Graphene was formed as the carbon precursor decomposed after heating to 1050 °C, and decomposition production diffusion to the backside of the Cu foil, leaving other elemental residues on the original surface. Although these waste materials require pretreatment to remove moisture, the synthesis does yield high-quality pristine graphene with few defects and 97% transparency. High-quality graphene has also been prepared from lotus petals or hibiscus flowers, based on thermal exfoliation under Ar at temperatures ≤1600 °C, in the presence of catalytic quantities of nickel.198

As mentioned earlier, the reduction of GO to graphene is a potentially cost-effective large-scale production method. However, it is important to note that many of the chemicals (e.g. reducing agents, surfactants) required for complete GO reduction in the aqueous phase can be considered toxic and harmful. In this context, nontoxic reducing agents have been explored including sustainable options such KOH,199 and biomolecules (e.g. protein).200 The use of protein is noteworthy as it can be employed as a universal adhesive in nanomaterial construction. With regard to biomolecules, sugars (e.g. glucose, fructose) have also been used as reducing agents to prepare glucose oxide graphene nanosheets in an aqueous ammonia solution, with glucose first being oxidised to aldonic acid by GO, followed by conversion to a lactone and a large quantity of –OH and –C(O)OH groups.201 Dextran has been employed in the environmentally friendly synthesis of biocompatible reduced graphene oxide (RGO), whereby the polysaccharide acts as a reducing agent and a surface functionalisation agent, rendering the RGO water soluble and biocompatible.202 Similar biocompatible graphene has also been synthesised using Ginkgo biloba extract as a reducing and stabilising agent.203 Glycine, an inexpensive amino acid, has also been used in the reduction of GO, whereby the amine groups covalently interact with GO and, under reflux conditions, reduces GO to graphene.204 The use and exploitation of sustainable precursors and molecules for the production of RGO represents an interesting approach, particularly if the GO is derived from sustainable sources, and may lead ultimately to a cost-effective and sustainable synthesis of graphene-based materials. It should be noted in the context of porous carbons that these one- and two-dimensional materials do not conventionally present a high surface area or defined porosity (in the traditional sense) and hence numerous reports have focused on the production of graphene aerogels and associated composite (e.g. with CNTs) materials.205,206



1.4.6 Ionic Liquids

Ionic liquids (ILs) are generally considered as interesting, nonvolatile, potentially green solvents with tuneable solvation properties.207 However, their exploitation as precursors in the synthesis of carbon materials has been a relatively new occurrence. A number of research groups have been exploring the possibility of using carbonisable, typically cyano-based, ILs as precursors for the direct synthesis of nonporous and porous carbon including the synthesis of nitrogen-doped,208–211 and sulfur-doped variations.211 In the context of carbon synthesis, ILs are nonvolatile and hence high pressures are not necessary, thus rendering synthesis in principle relatively simple in comparison to other synthetic approaches. In this context, the synthesis of carbons with high nitrogen contents and excellent electronic conductivity and oxidation stability has been reported.212

In this area, the groups of Dai, Antonietti and Thomas are demonstrating the possibility to produce a variety of carbon-based materials featuring the incorporation of wide range of heteroatoms including N, P, S and B. Regarding nitrogen-doping, contents > 10 wt.% have been reported, generating electronic conductivity properties that are considered superior to graphite, whilst oxidation resistance has also claimed to be improved (e.g. as compared to carbon nanotubes).208,211,213–215 In the context of porous materials, ILs have the advantage of being a liquid with negligible vapour pressure, providing scope for replication, impregnation and nanocasting, using the classical techniques of hard and soft templating (Section 1.5.3).216,217 ILs also have strong interactions with (e.g. inorganic) surfaces having good wettability properties, which lead to the very popular use in the replication of inorganic structures. These physiochemical properties makes ILs potentially very interesting material precursors, enabling relatively simple processing and the possibility of shaping without the high pressures and associated safety issues. In the context of materials preparation, ILs can be employed in well-established procedures including dip coating, printing, electrospinning, electrospraying, and templating/nanocasting followed by conversion to the corresponding (often heteroatom-doped) carbon via a final pyrolysis step.209



Typical ILs involved in the preparation of carbon materials are based on cations containing structural nitrogen (e.g. pyridinium, pyrrolidinium or imidazolium – favoured for graphitic structure synthesis), while the anion is preferentially cyano-based (e.g. dicyanamide, tetracyanoborate, etc.
OEBPS/images/bk9781849738323-00003-s1.jpg
Anthropogenic

€O, Recycling

Fossil Bridge
(CH)

Sequestration

Anthropogenic

Upgrading 4—{ CH,0H Carbon Cycle €O, Capture

Syn-gas =
Combustion Point
Emissions
Photosynthesi
mass) Biorefinery

Materials






OEBPS/images/bk9781849738323-00003-s2.jpg
Carbonisation Impregnation Calcination

Templated Mesoporous
NDC Template ~ Carbonised NDC NDC/Zeolite Composite P eolite

= -






OEBPS/images/bk9781849738323-00003-s3.jpg
Separation Examples
Technol
echaglogy Ethanol, Biodiesel

Acetone, Butanol,.
Tetrahydrofuran

BIOMASS

bl Succinic Acid,
) Sucrose

= The

= ermoplastic
[ Starch

o

o Cellulosic fibers

@ Isosorbides,

Lactic acid esters

Corn oil or
(8io) Catalytic triglycerides
Conversion





OEBPS/images/cover.jpg
Porous Carbon Materials
from Sustainable
Precursors

Edited by Robin J White

l ROYAL SOCIETY
OF CHEMISTRY





OEBPS/images/bk9781849738323-00003-t1.jpg
CO, +3H,«——CH,OH+H,0 A H ™ =-48.97 kKl mol™





OEBPS/images/bk9781849738323-00003-f4.jpg





OEBPS/images/bk9781849738323-00003-f5.jpg





OEBPS/images/bk9781849738323-00003-f6.jpg





OEBPS/images/bk9781849738323-00003-f7.jpg





OEBPS/images/bk9781849738323-00003-f1.jpg
Biomass

Energy Generation Enéy Stbrags

POROUS CARBON
MATERIALS

Separation Science ﬁ Il ; Filtration Devices

Catalyst Supports






OEBPS/images/bk9781849738323-00003-f2.jpg
Cost Materials

Risk & hazard Energy

Reducing

Waste Use of nonrenewables





OEBPS/nav.xhtml






Contents





		Cover



		Title



		Copyright



		Contents



		Introduction



		Chapter 1 The Search for Functional Porous Carbons from Sustainable Precursors



		1.1 Introduction and Sustainable Precursors



		1.2 1Principles of Green Chemistry and Sustainability



		1.3 Future Energy/Chemical Economies and Sustainable Materials



		1.3.1 The Methanol Economy



		1.3.2 The Biorefinery Concept







		1.4 A Brief History of (Porous) Carbon Materials from ­Sustainable Precursors



		1.4.1 General Aspects of Porous Materials



		1.4.2 Activated Carbons



		1.4.3 Mesoporous Carbons



		1.4.4 Carbon Aerogels and Related Materials



		1.4.5 Graphitic Nanocarbons – Carbon Nanotubes and Graphene



		1.4.6 Ionic Liquids



		1.4.7 Hierarchically Porous Carbons Synthesised in Deep Eutectic Solvents



		1.4.8 Exploitation of Polysaccharide Chiral Nematic Phases







		1.5 Overview and Outlook of the Book



		References







		Part 1: Starbons®



		Chapter 2 From Polysaccharides to Starbons®



		2.1 Introduction



		2.2 Porous Polysaccharide-Derived Materials



		2.3 First-Generation Starbons® – from Starch to Carbon



		2.4 Second-Generation Starbons®



		2.4.1 Pectin-Derived Starbons®



		2.4.2 Chitosan-Derived Starbons®



		2.4.3 Alginic Acid-derived Starbons®







		2.5 The Synthesis of Starbons – Mechanistic Considerations



		2.6 Outlook and Conclusions



		Acknowledgments



		References







		Chapter 3 Porous Carbonaceous Materials in Catalytic Applications



		3.1 Introduction



		3.2 Biomass-Derived Porous Carbonaceous Materials



		3.3 Sulfonated Starbons® and Carbonaceous Materials as Solid Acids



		3.4 Other Routes to the Introduction of Mesoporosity and Associated Applications



		3.5 Ordered Porous Carbonaceous Materials



		3.6 Application in Hydrogenation Reactions



		3.7 Biofuel Synthesis



		3.8 Photocatalysis



		3.9 Conclusions and Prospects



		Acknowledgments



		References







		Chapter 4 Application of Carbonaceous Materials in Separation Science



		4.1 Introduction



		4.2 Background to High-Performance Liquid ­Chromatography (HPLC) and Introduction of Porous Carbon Stationary Phases



		4.2.1 Overview



		4.2.2 Efficiency of Column Separation



		4.2.3 Requirements for the “Ideal” Stationary-Phase Material







		4.3 Introduction of Porous Carbon Stationary Phases



		4.3.1 Porous Graphitic Carbon and Application



		4.3.2 Chromatographic Applications of Porous Graphitic Carbon



		4.3.3 Synthesis and Drawbacks of Porous Graphitic Carbon







		4.4 Sustainable Porous Carbons in Separation Science



		4.4.1 Starbons®



		4.4.2 Alginate-Derived Mesoporous Carbon Spheres (AMCS)







		4.5 Does a Sustainable Porous Carbon Need to be Graphitic?



		4.6 Other Sustainable Carbons in Chromatography



		4.6.1 “Chocolate” Hydrophilic Interaction ­Chromatography (HILIC)



		4.6.2 Carbon Coating of Silica Particles







		4.7 Future Perspectives



		4.8 Conclusions



		References











		Part 2 Hydrothermal Carbonisation (HTC)



		Chapter 5 Hydrothermal Carbonisation (HTC): History, State-of-the-Art and Chemistry



		5.1 Introduction



		5.2 State-of-the-Art



		5.3 Humins and Associated Materials



		5.4 Societal and Commercial Aspects



		5.5 Chemistry behind the Formation of HTC Materials



		5.6 Outlook and Conclusions



		References







		Chapter 6 Porous Hydrothermal Carbon Materials, Nanoparticles, Hybrids and Composites



		6.1 Introduction



		6.2 Activated Hydrothermal Carbons



		6.3 Porous HTC via Hard Templating: Premade Sacrificial Inorganic Moulds



		6.3.1 Silica-Based Hard Templates



		6.3.2 Nonsilica-Based Hard Templates







		6.4 Porous HTC via Soft Templating



		6.4.1 Supramolecular Self-Assemblies: From OMCs to Hybrid Hollow Spheres







		6.5 Oil-in-Water Macroemulsions: From Hybrid Hollow Spheres to Carbo-HIPEs



		6.5.1 Diluted Macroemulsions



		6.5.2 Concentrated Macroemulsions







		6.7 Polystyrene Latex Dispersions: From Hollow Spheres to Coral-Like Structures



		Template-Free Hydrothermal Carbon Hydrogels and Related Dried Gels



		6.7.1 Salt-Mediated Hydrothermal Gelation Approaches



		6.7.2 Ovalbumin-Derived Gelation Approach



		6.7.3 Phenolic-Derived Gelation Approaches



		6.7.4 Carbon Nanotubes-Assisted Structure Formation







		6.8 Porous Carbons from Direct Hydrothermal Treatment of Natural Systems



		6.8.1 Natural Scaffolds with in situ Hard Templates



		6.8.2 Natural Scaffolds without in situ Hard Templates







		6.9 Biomass-Derived HTC Nanodots and Nanocomposites



		6.10 Summary and Outlook



		References







		Chapter 7 Hydrothermal Carbon Materials for Heterogeneous Catalysis



		7.1 Introduction



		7.2 Heteroatom Functionalised HTC Materials in ­Heterogeneous Catalysis



		7.3 Nitrogen-Containing Carbons in Catalysis



		7.4 Sulfur-Doped Carbons for Catalysis



		7.5 Other Heteroatom-Doped Carbons in Catalysis



		7.6 HTC-Supported Metal Complexes or Nanoparticle-Based Catalysis



		7.7 HTC in Photocatalysis



		7.8 Other Catalysis



		7.9 Conclusions



		References







		Chapter 8 HTC-Derived Materials in Energy and Sequestration ­Applications



		8.1 Introduction – Energy Storage



		8.2 Electrodes in Supercapacitors



		8.3 Electrocatalysts in Fuel Cells



		8.3.1 Anode Catalyst Supports in Direct Methanol Fuel Cells



		8.3.2 Catalysts for the Oxygen-Reduction Reaction (ORR)







		8.4 Electrodes in Rechargeable Batteries



		8.4.1 Li-Ion Batteries



		8.4.2 Anode Materials



		8.4.3 Cathode Materials



		8.4.4 Na-Ion Batteries



		8.4.5 Li–S Batteries







		8.5 CO2 Capture



		8.6 Conclusion



		References











		Part 3 Characterisation of Porous Carbonaceous Solids



		Chapter 9 Porosity Characterisation of Carbon Materials



		9.1 Introduction and Definitions



		9.2 Definitions



		9.3 Methods



		9.3.1 Gas Adsorption Techniques



		9.3.2 Scattering and Diffraction Methods



		9.3.3 Microscopy



		9.3.4 Other Methods







		9.4 Conclusion



		References







		Chapter 10 Bulk and Surface Analysis of Carbonaceous Materials



		10.1 Introduction



		10.2 Thermal Gravimetric Analysis



		10.2.1 Introduction



		10.2.2 Results and Discussion







		10.3 X-Ray Photoelectron Spectroscopy (XPS)



		10.3.1 Introduction



		10.3.2 Elemental Analysis



		10.3.3 High-Resolution C1s Spectra



		10.3.4 High-Resolution O1s Spectra



		10.3.5 Discussion







		10.4 Infrared (IR) Spectroscopy



		10.4.1 Introduction



		10.4.2 Experimental







		10.5 Boehm Titration



		10.5.1 Introduction



		10.5.2 Experimental



		10.5.3 Results and Discussion







		10.6 Bromination



		10.6.1 Introduction



		10.6.2 Experimental



		10.6.3 Results and Discussion







		10.7 Solid-State Nuclear Magnetic Resonance (ssNMR)



		10.7.1 Introduction



		10.7.2 Fullerenes and Nanotubes



		10.7.3 Lignin, Cellulose and Their Chars from Pyrolysis



		10.7.4 Carbonaceous Materials Prepared via Hydrothermal Processing







		10.8 Linear Solvation Energy Relationship Analysis Using 19F MAS NMR Spectroscopic Probes



		10.8.1 Validation of 19F MAS NMR Spectroscopic Probing Method



		10.8.2 Theoretical Background of 19F MAS NMR Probe Spectroscopy



		10.8.3 Estimation of the Electromagnetic Term (δshielding)



		10.8.4 Estimation Adsorption of Aliphatic and Aromatic Reporter Molecules







		10.9 Conclusion



		References







		Chapter 11 Microscopy and Related Techniques in the Analysis of Porous Carbonaceous Materials



		11.1 Introduction



		11.2 Tutorial Overview of a TEM Technique



		11.2.1 TEM as a Visualisation Tool



		11.2.2 TEM as a Tool for Analysing Nanostructure of Porous Carbonaceous Materials



		11.2.3 Electron Tomography – “3D-TEM”







		11.3 Examples of Microscopy Analyses of Porous Carbonaceous Materials



		11.3.1 Ultramicrotome and TEM in the Analysis of ­Nanostructured Porous Carbonaceous Materials



		11.3.2 TEM Tomography in the Analysis of ­Nanostructured Carbonaceous Materials







		11.4 Conclusion



		References











		Part 4 Commercialisation



		Chapter 12 Other Approaches and the Commercialisation of Sustainable Carbonaceous Material Technology



		12.1 Introduction



		12.2 Other Innovative Approaches to Porous Carbons from Sustainable Precursors



		12.2.1 Bacterial Cellulose



		12.2.2 Filamentous Fungi



		12.2.3 Gelatin



		12.2.4 Silk Cocoon



		12.2.5 Flavonoids and Tannin



		12.2.6 Lignin



		12.2.7 Ionic Liquids as a Solvent in Hydrothermal ­Carbonisation







		12.3 Commercialisation of Sustainable Carbon Materials



		12.3.1 Starbon® Technologies Ltd



		12.3.2 Hydrothermal Carbonisation







		12.4 Summary and Outlook



		Acknowledgments



		References











		Subject Index











		3



		4



		5



		6



		7



		8



		9



		10



		11



		12



		13



		14



		15



		16



		17



		18



		19



		20



		21



		22



		23



		24



		25



		26



		27



		28



		29



		30



		31





























































































































































































































































































































































































































































































































































































































































































































































		xi



		xii



		xiii



		xiv



		xv



		xvi



		xvii



		vi



		iii



		ii



		i

























































		1











		vii



		viii



		ix



		x



		iv







OEBPS/images/bk9781849738323-00003-f3.jpg
(a) P HO oM
OH @
O HO; o
HO: O d
OH
OH o
H

\
Cellulose — poly-B(1->4)-glucopyranose J o
o g
o o s
-
>
o= oH o OH

s R _o

Chitin — poly-B(1->4)-N-acetylglucosamine o

o o
c] o
(c) R, ‘o
.

v Model structure of the complex
Q Bio-polyaromatic, Lignin

7o,
"on

Hemicellulose — a hetero poly(arabinoxylan)





OEBPS/images/bk9781849738323-fp001-u2.jpg





OEBPS/images/bk9781849738323-fp001-u1.jpg
ROYAL SOCIETY
OF CHEMISTRY





